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Abstract 

Detection and quantification of protein-ligand binding interactions is extremely 

important for understanding interactions that occur in biological systems.  Since 

traditional techniques for characterizing these types of interactions cannot be performed 

in complex systems such as cell lysates, a series of energetics-based techniques that are 

capable of assessing protein stability and measuring ligand binding affinities have been 

developed to overcome some of the limitations of previous techniques.  Now that the 

capabilities of the energetics-based techniques have been exhibited in model systems, 

the false-positive rates of the techniques, the range of biological questions to which the 

techniques can be addressed, and the use of the techniques to discover novel interactions 

in unknown systems remained to be shown.  The Stability of Proteins from Rates of 

Oxidation (SPROX) technique and the Pulse Proteolysis (PP) technique were applied to a 

wide range of biological questions in both yeast and human cell lysates to evaluate the 

scope of these experimental workflows.  The false-positive rate of iTRAQ-SPROX 

protein target discovery on orbitrap mass spectrometer systems was determined to be < 

0.8 %.  The iTRAQ-SPROX technique was successfully applied to the discovery of both 

known and novel protein-protein, protein-ATP, and protein-drug interactions, leading 

to the quantification of protein-ligand binding affinities in each of these studies.  In the 

pursuit of discovering geldanamycin protein interactors, the use of iTRAQ-SPROX and 
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SILAC-PP in combination was determined to be advantageous for confirming protein-

ligand interactions since the techniques utilize different quantitation strategies that are 

subject to separate technical errors in quantitation.  Finally, the iTRAQ-SPROX and 

SILAC-PP techniques were used to evaluate the interactions of manassantin A in a 

human cell lysate.  In this work, Filamin A was detected as a manassantin A protein 

target using both the iTRAQ-SPROX and SILAC-PP protocols.  The work completed in 

this dissertation has expanded the understanding of the limitations of energetics-based 

techniques and shown that biological replicate analyses are essential to confirm ligand 

interactions with novel protein targets. 
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1. Introduction  

This Introduction Chapter comes largely from the review article titled 

“Energetics-Based Methods for Protein Folding and Stability Measurements”(1).  Protein 

stability measurements are important in a number of different areas of biochemical 

research from fundamental studies of protein folding and function to drug 

development. A commonly used measure of the thermodynamic stability of proteins is 

the folding free energy (i.e., ΔGf value).  Measurements of ΔGf values are frequently 

used to assess thermodynamic stability changes due to point mutations in site-directed 

mutagenesis experiments on proteins designed either to better understand the function 

of naturally occurring proteins or to evolve new proteins with altered functions.  

Because of the close link between protein folding and ligand binding (2), ΔGf value 

measurements made on proteins in the presence and absence of ligands can also be used 

to detect and quantify the strength of protein-ligand binding interactions.   

Energetics-based approaches have been developed that are high-throughput and 

applicable to unpurified proteins in complex biological mixtures, such as cell lysates.  

For many decades, optical spectroscopies (e.g., fluorescence and circular dichroism (CD) 

spectroscopy) have been used to characterize the chemical- and thermal-

unfolding/refolding properties of proteins and to evaluate the ΔGf values associated 

with protein folding reactions (3, 4).  Nuclear magnetic resonance (NMR) methods have 
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also been developed to evaluate the thermodynamic stability changes associated with 

protein folding reactions (5), and calorimetric methods (6, 7) have been exploited for the 

thermodynamic analysis of protein-ligand binding interactions.  Unfortunately, 

fundamental limitations associated with the spectroscopic and calorimetric techniques 

traditionally used for protein folding and ligand-binding measurements have limited 

their throughput and precluded their multiplex capabilities. 

The experimental techniques covered in this introduction include: Stability of 

Unpurified Proteins from Rates of amide H/D Exchange (SUPREX), pulse proteolysis, 

Stability of Proteins from Rates of Oxidation (SPROX), slow histidine H/D exchange, 

lysine amidination, Quantitative Cysteine Reactivity (QCR), tryptophan modification, 

and Cellular Thermal Shift Assay (CETSA).  Most of these techniques use chemical or 

enzymatic modification reactions to probe the chemical denaturant- or temperature-

induced equilibrium unfolding properties of proteins and protein-ligand complexes.  

The basic experimental workflows of the analytical techniques are similar (Figure 1).  

However, the specific chemical and enzymatic reactions used in each technique lend 

themselves to different analytical readouts (e.g., mass spectrometry, SDS-PAGE, or 

optical spectroscopy).  These differences give each strategy a unique set of experimental 

advantages and disadvantages with respect to each other and to traditional methods for 

making similar measurements.   
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Figure 1: Overview of the basic experimental procedure used in energetics-based 
techniques.  A protein sample is distributed into a series of reaction buffers that contain 
different concentrations of chemical denaturant (indicated with a �) or different 
temperatures (indicated with a �).  The protein samples are equilibrated in each buffer 
and reacted with a specific chemical reagent or enzyme for a specified amount of time 
that is the same for each sample.  The extent of each reaction is quantified using mass 
spectrometry, SDS-PAGE, or optical spectroscopy. 

1.1 Conceptual Framework 

The energetics-based methods highlighted here all involve measuring the 

temperature or chemical-denaturant dependence of either a chemical or enzymatic 

reaction.  Increasing the temperature or chemical denaturant concentration promotes the 

global unfolding of proteins in solution.  Therefore, the globally protected reaction sites 

in proteins are only modified by chemical (or enzymatic) reactions as the temperature or 
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chemical denaturant concentration is increased (Figure 2).  Thus, the unfolding 

transitions generated are representative of the global unfolding/refolding properties of 

the target proteins (Figure 2).  Small amplitude motions due to protein unfolding (e.g., 

conformational changes involving the unraveling of a few turns of an alpha-helix) can 

expose reaction sites.  However, the energetics of such motions do not have a strong 

denaturant dependence to them, and do not contribute to the unfolding transition 

observed in these experiments.     

 

Figure 2: General reaction mechanism and data structure associated with the energetics-
based methods.  (A) Schematic representation of a two-state protein unfolding/refolding 
reaction resulting in the exposure of a globally protected reaction site (filled in square).  
The rate constants associated with the protein folding and unfolding reactions are kf and 
ku, respectively.  The pseudo-first order rate constant associated with the modification of 
an unprotected reaction site is kint.  (B) Schematic representation of the denaturation data 
that are typically acquired using the energetics-based methods highlighted here.  The 
C1/2 value is the concentration of the denaturant (or the temperature) at the transition 
midpoint of the denaturation curves.   In ideal cases (see text) the C1/2 value can be used 
to calculate a ΔGf value.   
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These energetic-based methods can be used to generate ΔGf values for the global 

unfolding/refolding of the overall protein structure or the sub-global unfolding of 

individual protein domains in the structure.  Ideal cases for measuring ΔGf values 

include those in which the global unfolding/refolding properties of a protein (or protein 

domain) are well-modelled by a two-state transition (i.e., partially folded intermediate 

states are not populated) and those in which the intrinsic reaction rate associated with 

the modification of unprotected sites is slower than the protein refolding rate (see Figure 

2).  In the case of small, single-domain proteins that unfold/refold in a highly 

cooperative manner, the measured ΔGf value is the folding free energy of the whole 

protein.  For larger proteins that unfold in a highly cooperative albeit non-two-state 

manner, the described methods do not yield meaningful ΔGf values.  However, the ΔGf 

values generated in such cases can be used to generate ΔΔGf values (see below). In the 

case of proteins that do not unfold/refold in a highly concerted manner, the denaturant 

or temperature dependence of the modification reactions in the different regions of the 

protein must be determined in order to generate ΔGf values associated with the 

unfolding/refolding behavior of specific domains.  This can be accomplished, for 

example, using the SUPREX with protease digestion (8) or iTRAQ/TMT-SPROX (9-11) 

protocols described below. 
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An important application of the energetics-based methods has been the detection 

and quantitation of protein-ligand binding interactions.  Such protein-ligand binding 

experiments typically involve the evaluation of ΔGf values both in the presence and in 

the absence of excess ligand.  For ideal cases in which the ligand exclusively interacts 

with protein’s native state, the ΔΔGf values generated using energetics-based methods 

can be related to the Kd value of the binding interaction through the free ligand 

concentration and number of binding sites (2, 12).  The successful measurement of ΔΔGf 

values using energetics-based methods generally requires high concentrations of ligand, 

typically hundreds of micromolar for tighter binding ligands (Kd <~100 µM) to 

millimolar concentrations for weaker binding ligands (Kd >~100 µM).  The evaluation of 

Kd values using energetics approaches can be complicated in cases where ligands 

interact with partially and/or completely unfolded states of their protein targets (13).    

1.2 SUPREX 

The basic SUPREX protocol involves dilution of a protein sample into a series of 

deuterated H/D exchange buffers containing different concentrations of a chemical 

denaturant, either guanidinium chloride (GdmCl) or urea. The protein samples in each 

buffer are allowed to undergo H/D exchange for a specific amount of time that is the 

same for each protein sample. Ultimately, the deuterium content of each protein sample 

is determined in a mass spectral analysis. The change in mass relative to the fully 
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protonated sample (i.e., ΔMass) is plotted as a function of [denaturant] to determine a 

C1/2SUPREX value (i.e. the [denaturant] at the transition midpoint, see Figure 3).  

 

Figure 3: Representative SUPREX data obtained on Hsp90 using the SUPREX with 
protease digestion protocol and a 5 min H/D exchange time.  The m/z of the peptide is 
2920, and the C1/2 value determined for the SUPREX curve is 1.5 M GdmCl.  The error 
bars represent one standard deviation of the average mass determined from 10 laser 
shots per sample. 

1.2.1 SUPREX Protocol Development 

The initial demonstration of SUPREX (14) and most applications of the 

methodology reported to date have utilized matrix-assisted laser desorption/ionization 

time-of-flight mass spectrometry (MALDI-TOFMS). However, electrospray ionization 
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and LC-MS instrument platforms have also been used for SUPREX analyses (15, 16).  

Use of a MALDI-TOFMS readout in SUPREX is convenient because the acidic matrices 

used for MALDI sample preparation effectively quench the H/D exchange reaction and 

minimize the back-exchange of amide deuterons during the mass spectral analysis.  The 

use of electrospray ionization and LC-MS platforms requires that the LC analysis be 

performed rapidly and at low temperature.  The minimum amount of protein required 

for a SUPREX analysis can be as little as ~10 picomoles of material using a high 

sensitivity SUPREX protocol (17), which involves the concentration and desalting of 

samples after the H/D exchange reaction is quenched and before the MALDI-TOFMS 

readout. 

Two methods of data acquisition and analysis have been described for SUPREX.  

In one method, the ΔMass data collected using a single H/D exchange time are fit to 

appropriate equations to generate ΔGf and m-values directly from the ΔMass versus 

[denaturant] data (14).  In a second method, multiple ΔMass versus [denaturant] plots 

are generated using a range of different H/D exchange times in the SUPREX protocol 

(18).  C1/2SUPREX values are determined for each ΔMass versus [denaturant] plot and the 

H/D exchange time dependence of the C1/2SUPREX values is used to determine ΔGf and m-

values (i.e., δΔGf/δ[Denaturant]).  The precision of ΔGf and m-values determined using 

the first approach is highly dependent on the number of data points collected in the pre- 
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and post-transition regions of a SUPREX curve as well as in the transition region itself 

(14).  The second approach is well-suited when the number of data points that can be 

collected in the different regions of a SUPREX curve (especially in the transition region) 

are limited (18).  

SUPREX analyses have been performed on a number of model protein systems to 

evaluate the accuracy and precision with which ΔGf and m-values can be determined 

using the technique.  These model systems have generally been relatively small (<20 

kDa) single domain proteins such as ribonuclease S (RNase S), RNase A, Protein L, 

ubiquitin and lambda repressor (18-20).  Model oligomeric protein systems such as the 

Arc repressor dimer, the coil-VaLd trimer, and the 4-oxalocrotonate tautomerase hexamer 

have also been characterized by SUPREX (21).  Many SUPREX-derived ΔGf and m-

values for ideal protein systems have been shown to be very similar to those derived by 

other methods. 

1.2.2 Applications of SUPREX 

A major application of SUPREX has been the detection and quantitation of 

protein-ligand binding interactions.  The thermodynamic properties of protein-ligand 

complexes can be determined by measuring the shift in a protein’s C1/2SUPREX value upon 

ligand binding.  SUPREX-derived ΔGf values for many already well-studied model 

proteins and their complexes involving small molecules, peptides, DNA, and other 
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proteins have been used to calculate dissociation constants (Kd values) with the accuracy 

and precision of conventional methods. Examples of model protein-ligand binding 

interactions that have been studied by SUPREX include the complex formed between 

cyclophilin A (CypA) and cyclosporine A (CsA) (22, 23), the complex formed between 

Arc repressor and an oligonucleotide corresponding to its cognate DNA (24), and the 

protein-peptide complexes formed between S-Protein and a series of different peptides 

(19).  

While SUPREX cannot be used to generate meaningful ΔGf and m-values for 

proteins with non-two-state folding reactions, in some cases SUPREX can be utilized to 

generate qualitative information about ligand binding affinities for these proteins (25). 

For example, the relative binding affinities of several different anions to ferric-binding 

protein were determined using SUPREX (26).  For some proteins the use of stabilizing 

ligands can facilitate detection of the denaturant-dependent global unfolding/refolding 

reactions of large multi-domain proteins (25).  For example, the binding of zinc to bovine 

carbonic anhydrase facilitated the SUPREX analysis of carbonic anhydrase and 

ultimately enabled the binding affinities of several small molecule drugs to be measured 

for this protein system (25).  

The basic SUPREX protocol has been used in a number of studies to make new 

quantitative measurements of protein folding and ligand binding. In one application the 
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active and inactive forms of Escherichia coli molybdopterin synthase complexes were 

studied using SUPREX (27).  The increased thermodynamic stability of the active 

complex provided experimental support for a previously proposed mechanism for 

molybdopterin synthase’s catalytic activity (27).  In another application, SUPREX 

analyses of the cytoplasmic dynein light chains LC8, TcTex1, and a 32 residue fragment 

of the intermediate chain were used along with other biophysical data to determine that 

the light chains in the dynein complex do not tether cargo to the dynein motor complex, 

as was previously thought (28).  Interactions of the protein folding chaperone Hsp33 

with unfolded protein substrates have also been quantified using SUPREX (29), as have 

the relative stabilities of alanine:glyoxylate aminotransferase alleles (30).  SUPREX 

analyses on 11 Staphylococcus aureus Sortase A mutants (31) and on selected active site 

mutants of the membrane-bound lytic transglycosylase B from Pseudomonas aeruginosa 

(32, 33) were also used to better understand the catalytic mechanisms of these enzymes.  

One feature of SUPREX is the relative speed at which analyses can be 

determined, making SUPREX attractive for high-throughput screening (HTS) 

applications.  A single-point SUPREX protocol that only requires the acquisition of 

ΔMass data at a single denaturant concentration can be used to maximize throughput 

and reduce the amount of protein needed.  The single-point SUPREX protocol was 

originally demonstrated in a model HTS experiment involving S-Protein and test 
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peptide ligands from one-bead, one-compound libraries (34).  Based on the rates at 

which the small test libraries of peptides were screened in this proof-of-principle study, 

the single-point SUPREX protocol has a potential throughput of up to 10,000 ligands/day 

using a ten-bead/well format. 

The single-point SUPREX protocol was also used in several studies involving 

solution phase libraries to search for novel ligands that bind to CypA.  In one study, the 

880 compounds in the Prestwick Chemical library were individually screened for 

binding to CypA at an overall rate of 3 min/ligand (35).  While no new CypA ligands 

were identified, this experiment helped define false positive and negative rates of 0 % 

and 9 %, respectively, associated with the single-point SUPREX protocol (35).  A known 

ligand of CypA, CsA, was also detected as a hit in the Prestwick Chemical Library 

screening.  In another study, the 1280 and 9600 compounds in the LOPAC and 

DIVERSet chemical libraries, respectively, were screened for binding to CypA (36). This 

later study utilized the single-point SUPREX protocol with a pooled ligand approach to 

screen for binding interactions at a rate of 6 s/ligand (36).  Eight novel ligands to CypA 

were also discovered from the screens of these libraries (36). 

Another attractive feature of SUPREX is that the technique can be used to 

characterize unpurified proteins. Both recombinant proteins overexpressed in E. coli cell 

lysates (14, 37) and endogenous proteins in other cell lysates (23, 37) have been 
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successfully analyzed by SUPREX.  In one study of the ferric binding protein, FbpA, ex 

vivo SUPREX analyses of the protein overexpressed in E. coli and of the endogenous 

protein in Neisseria gonorrheae were used to determine that phosphate was the synergistic 

anion bound to iron-loaded FbpA in vivo (26).  In another study, SUPREX was utilized 

to measure the in vivo thermodynamic stability of lambda repressor in the cytoplasm of 

E. coli and show that the in vitro and in vivo stabilities of lambda repressor were similar 

(38).  An important prerequisite for the SUPREX analysis of proteins in cell lysates is that 

the target protein(s) must yield identifiable ion signal(s) in the MALDI-MS analysis. This 

prerequisite typically restricts the use of SUPREX to the analysis of highly abundant 

proteins in complex biological samples such as cell lysates.  

1.2.3. Extension of SUPREX to Multi-Domain Proteins 

A protease digestion protocol was developed to facilitate the SUPREX analysis of 

large multi-domain proteins that do not unfold/refold in a concerted manner (8).  The 

protease digestion protocol, which includes a protease digestion step after H/D 

exchange in the deuterated buffers and before the protein samples are prepared for 

MALDI-TOFMS analysis, was initially developed using several model protein systems 

including calmodulin (CaM), a linked SH3-SH2 domain construct, and human 

transferrin (8).  The CaM system was particularly useful for validating the protocol 

because it was used to successfully quantify the previously established 1.0 kcal/mol of 
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increased stability when the N-terminal domain of CaM is connected to the C-terminal 

domain than when it is isolated in solution (8).  The SUPREX with protease digestion 

protocol was used to study the conformational changes in Hsp33 that are associated 

with substrate binding and release in this redox-regulated protein folding chaperone 

(39).  The protease digestion protocol was also used to evaluate the relative stabilities of 

several different charge variants of a human IgG1 monoclonal antibody (40).  The 

protease digestion protocol used in combination with the single-point SUPREX protocol 

was also shown to improve HTS by increasing the efficiency with which binding ligands 

can be discriminated from non-binding ligands (41).  

1.3 Pulse Proteolysis  

In the basic pulse proteolysis experiment, aliquots of a protein sample are 

distributed into a series of urea-containing buffers.  After the protein sample is 

equilibrated in the urea-containing buffers, thermolysin is spiked into the samples to 

digest the population of unfolded proteins in each sample while leaving the population 

of folded proteins largely intact. Thermolysin, which is resistant to chemical 

denaturation in the urea-containing buffers, nonspecifically cleaves the polypeptide 

chains of the unfolded proteins at hydrophobic residues.  After a short exposure to 

thermolysin (typically 1 min), the protein samples in each urea-containing buffer are 

fractionated by SDS-PAGE to separate any remaining intact protein from the proteolytic 
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fragments.  The gel is stained, and the intensities of the intact protein bands are 

quantified using a gel-imager.  The fraction of folded protein (ffold) is calculated from the 

protein band intensities and plotted versus the urea concentration from which it was 

derived to generate protein unfolding curves.  The denaturant concentration where half 

of the protein is unfolded and half of the protein is folded (Cm) is determined from these 

curves (42).  The data can be used to generate ΔGf and m-values using data analysis 

strategies very similar to those used in conventional chemical-denaturant induced 

equilibrium unfolding studies (3). 

1.3.1 Pulse Proteolysis Protocol Development 

The basic pulse proteolysis protocol was first demonstrated by Park and Marqusee 

(42) in a proof-of-principle study with E. coli ribonuclease HI (RNase H) and its variants 

I53A and I53D.  The ΔGunf values obtained on RNase H using pulse proteolysis were 

comparable to those obtained by CD, while the total protein requirement (30-500 µg) 

was significantly lower than that needed for conventional techniques.  Similarly to 

SUPREX experiments, pulse proteolysis experiments can be performed in the presence 

and in the absence of ligand to characterize the thermodynamic properties of protein-

ligand binding interactions.  In the first demonstration of pulse proteolysis, it was 

shown that the technique could detect the binding of maltose to maltose binding protein 

(MBP), and accurately define a Kd value for this protein-ligand complex (42).  
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Park and co-workers (43) later investigated the protein unfolding kinetics of RNase 

H and MBP using a modified version of the pulse proteolysis protocol.  In the modified 

protocol, a protein solution was incubated in a single urea-containing buffer for 

increasing amounts of time before the protein was digested with thermolysin.  The 

protein samples were analyzed by SDS-PAGE, and the gel band intensities were 

quantified for each time point.  The intact protein band intensities were plotted versus 

the incubation time, and the data was used to determine the unfolding rate constant of 

the test protein.  Unfolding rate constants determined for purified RNase H and purified 

MBP using the modified protocol were consistent with rate constants obtained by CD 

spectroscopy under similar buffer and pH conditions (43).  An unfolding rate constant 

was also obtained for unpurified MBP and found to be consistent with those determined 

using purified MBP (43).   

Pulse proteolysis has also been combined with Stable Isotope Labeling of Amino 

Acids in Cell Culture (SILAC) quantitation (44).  In this modification of the protocol, the 

ligand is incubated in either the light or heavy lysate before the samples are aliquoted 

into a series of denaturant-containing buffers.  After the thermolysin reaction is 

quenched, the light and heavy lysate samples with and without ligand at the same 

denaturant concentration are combined and analyzed by SDS-PAGE to separate intact 

proteins from protein fragments (Figure 4).  Gel spots are subjected to proteomics 
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sample preparation and analyzed by LC-MS/MS.  L/H or (H/L) ratios are assessed at 

each denaturant concentration.  Proteins that do not interact with the ligand show an 

average L/H or (H/L) ratio around 1, while hit proteins are those that show a L/H or 

(H/L) ratio of at least 1.7-fold or greater than the average ratio at two consecutive 

denaturant concentrations (44) (see Figure 5).  SILAC-PP was used in a proof-of-

principle study to detect the binding of cyclosporine A (CsA) to its known ligand, 

cyclophilin A.  SILAC-PP has also been used to assess the ATP-binding properties of 

proteins in a yeast cell lysate (44). 
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Figure 4: Basic SILAC-PP protocol utilized in this work.  Briefly, the ligand of interest is 
incubated in either the light or heavy-labeled lysate.  The light and heavy lysates are 
then distributed into a series of [Urea] buffers and equilibrated.  The unfolded portion of 
protein in each sample is digested with thermolysin, and after the reaction is quenched, 
the light and heavy lysate samples with the same final [Urea] are combined.  The 
samples are subjected to the same proteomics sample preparation and are then 
fractionated by SDS-PAGE to separate intact protein from protein fragments.  Sections of 
the gel that correspond to the molecular weight of the protein of interest are extracted, 
the proteins are digested, and the L/H ratios of the peptides are assessed by LC-MS/MS. 



 

19 

 

 

Figure 5: Comparison of traditional pulse proteolysis and SILAC-pulse proteolysis data 
readouts.  (A) If a protein-ligand interaction is not detected, then the disappearance of 
the intact protein in the light and heavy lysate samples is equivalent, and so the 
measured L/H ratios equal 1.  (B) If a stabilizing interaction occurs, then the 
disappearance of signal for the intact protein in the lysate with ligand will occur at a 
higher [Urea], leading to an increase in the L/H ratios analyzed across the [Urea].  (C) If 
a destabilizing interaction occurs, then the disappearance of signal for the intact protein 
with the ligand will occur at a lower [Urea], leading to a decrease in the L/H ratios 
analyzed in the region where the (-) and (+) Ligand curves differ.  The readouts of 
stabilization and destabilization for a protein fragment have opposite behavior as for the 
intact protein (i.e. decrease or increase in L/H ratios as a function of denaturant 
concentration, respectively). 

1.3.2 Applications of Pulse Proteolysis 

The basic pulse proteolysis protocol has been applied to a variety of biochemical 

problems requiring protein folding and ligand binding measurements.  Pulse proteolysis 
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has been used to evaluate the thermodynamic stability of point mutations in E. coli 

thioredoxin (45), of wild-type Cystathionine β-Synthase (CBS) (46), of point mutations in 

CBS (47, 48), of the complex formed between CBS and S-adenosyl-L-methionine (46), of 

unfolding intermediates of Tk-RNase H2 (49), and of amyloid β-protein (50).  A non-

two-state folding protein, β-lactamase TEM-1 and its interactions with β-lactamase 

inhibitor proteins has also been studied, indicating that pulse proteolysis can be useful 

for proteins with different folding behaviors (51).  The stability of intestinal fatty acid 

binding protein (I-FABP) in the absence and presence of known lipophilic drugs was 

also assessed using pulse proteolysis to determine drug-induced stability changes (52).   

A significant application of pulse proteolysis has been the analysis of membrane 

protein unfolding. Pulse proteolysis has been adapted to the study of membrane 

proteins by using SDS instead of urea as the denaturant.  Since thermolysin is 

inactivated by SDS, the protease subtilisin was used in the protocol to digest the 

unfolded population of proteins.  As in the analysis of soluble proteins, the digested 

membrane protein samples were then analyzed by SDS-PAGE.  In a proof-of-principle 

study, the seven-helix transmembrane domain protein Halobacterium halobium 

bacteriorhodopsin (bR) was subjected to pulse proteolysis (53).  Previous spectroscopy-

based studies have shown that bR is an excellent model system for studying membrane 

protein unfolding because bR unfolding is reversible and two-state using the detergent 
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SDS (54, 55).  The Cm value determined for bR by pulse proteolysis was very similar to 

the Cm value obtained by monitoring its absorbance at 560 nm (53). 

1.3.3 Pulse Proteolysis Analyses in Complex Protein Mixtures 

In order to expand the scope of the technique, the initial pulse proteolysis 

protocol was combined with Western blotting.  The “Pulse and Western” protocol, 

which requires an appropriate antibody to the target protein, was developed to facilitate 

the thermodynamic analysis of low abundance proteins in cell lysates without 

purification (56).  The antibody in the Pulse and Western protocol is used to specifically 

quantify the target protein by Western blot after the SDS-PAGE readout.  The Pulse and 

Western strategy was used to determine the stabilities of purified human H-ras and of a 

recombinant H-ras protein spiked into a cell lysate (56).  The Cm values obtained for 

purified H-ras and H-ras in the cell lysate were in good agreement with one another, 

demonstrating the usefulness of Pulse and Western for analysis of protein stability in 

cell lysates.  This extension of pulse proteolysis is particularly advantageous for proteins 

that are difficult to purify or label, which includes many interesting human proteins (56).  

The pulse proteolysis technique has also been combined with 2D gel 

electrophoresis in order to extend the methodology to the proteomic scale. In proteome-

wide analyses of ligand binding, the protein samples with and without ligand are 

digested with protease in the different denaturant concentrations, and the samples are 
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each analyzed by 2D gel electrophoresis.  Ultimately, the relative intensities of the 

protein bands generated in the 2D gel electrophoresis separations of the samples with 

and without ligand at each denaturant concentration are assessed.  Proteins that interact 

with the ligand display varying intensities between the two gels.  These potential 

interacting proteins are identified using standard mass spectrometry methods and 

further experiments are conducted to confirm the protein-ligand interaction (57).   

In a proof-of-principle experiment, the pulse proteolysis with 2D gel 

electrophoresis protocol was used to characterize the ATP binding properties of proteins 

in an E. coli lysate using the ATP analogue adenosine 5’-[γ-thio]triphosphate (ATPγS) 

(57).  The goal of this initial experiment was to demonstrate the protocol’s ability to 

identify binding targets, and not to perform an exhaustive search for ATP-binding 

proteins.  Thus, only 12 spots that displayed different intensities between the gels with 

and without ligand were chosen for analysis.  Six out of 10 identified proteins from these 

12 spots were known to bind ATP with Kd values ranging from 0.025 µM to 600 µM (58).  

The four proteins that were not previously known to bind ATP were overexpressed in E. 

coli and analyzed (without purification) using the original pulse proteolysis technique 

without 2D gel electrophoresis.  Three out of the four proteins were confirmed to bind 

ATP (57).  
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One complication associated with using 2D gel electrophoresis in pulse 

proteolysis experiments is the poor reproducibility of the 2D gels.  While the ATP 

binding experiment described above was performed in triplicate to reduce false 

positives, variability in the positions of specific protein spots in the gel from one run to 

another made it difficult to identify which proteins were actually binding to ATP (57).  

The poor resolution of protein bands in 2D gel electrophoresis separation can also make 

the results of pulse proteolysis experiments difficult to interpret.  Moreover, subtle 

changes in less abundant proteins can be masked by the presence of more abundant 

proteins, causing some protein-ligand interactions to go undetected. 

In an attempt to resolve some of the issues observed with 2D gel electrophoresis, 

Park and co-workers investigated using anion exchange chromatography combined 

with one-dimensional SDS-PAGE analysis (59).  In another study of ATP-binding, 15 

fractions of an E. coli cell lysate were generated using anion exchange chromatography, 

and each fraction was subjected to a pulse proteolysis analysis both in the presence and 

in the absence of ATPγS using 1D SDS-PAGE gels.  The study identified 21 known ATP-

binding proteins out of an estimated 300-500 proteins present in the assay.  The number 

of identified binding interactions was consistent with the expected results, since only 10 

% of the E. coli proteome was assayed, and only ~6 % of E. coli genes are designated as 

ATP-binding (59).  Incorporation of the anion exchange chromatography step into the 
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pulse proteolysis protocol proved to be a simpler and more reproducible approach for 

proteomic analysis using pulse proteolysis than was the 2D gel electrophoresis 

approach.  However, the anion exchange chromatography approach requires the 

processing of a relatively large number of 1D SDS-PAGE gels.  Also, since the SDS-

PAGE fractionation is performed on the sample prior to pulse proteolysis, the full 

complement of proteins is not present in the actual binding assay.  This approach can 

curtail the detection of indirect binding effects.  

1.4 SPROX  

SPROX utilizes the hydrogen peroxide-mediated oxidation of globally protected 

methionine residues to report on the thermodynamic properties of protein folding 

reactions.  As in the pulse proteolysis protocol described above, the SPROX protocol 

involves distributing a protein sample into a series of chemical denaturant-containing 

buffers and allowing the proteins to equilibrate so that they reach their 

unfolding/refolding equilibrium.  Hydrogen peroxide is added to the protein samples 

and reacted with the proteins in each denaturant-containing buffer for a specified 

amount of time.  The hydrogen peroxide reaction conditions (i.e., hydrogen peroxide 

concentration and reaction time) are specifically tuned such that the methionine residues 

in proteins are selectively oxidized to the sulfoxide.  The reaction conditions are 

typically set to ensure that the pseudo-first order oxidation reaction of an unprotected 
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methionine residue proceeds for ~3-5 half-lives (typically 3 to 5 min in the presence of ~1 

M hydrogen peroxide).  After the specified reaction time, the oxidation reaction in each 

denaturant-containing buffer is quenched with excess methionine or catalase.   

1.4.1 SPROX Protocol Development  

In the first demonstration of SPROX (60), the protein samples in the denaturant-

containing buffers were directly analyzed by MALDI-TOFMS to monitor the extent of 

oxidation as a function of the denaturant concentration.  SPROX analyses on several 

model protein systems including ubiquitin, RNase A, bovine carbonic anhydrase (BCA 

II), and CypA showed that the intact protein molecular weight data generated in 

MALDI-TOFMS analyses can be used to assess ΔGf and m-values.  The obtained 

thermodynamic parameters for RNase A, oxidized RNase A, and oxidized ubiquitin 

were compared to those obtained by CD spectroscopy and were found to be in good 

agreement (60).  Ubiquitin and RNase A are both known two-state folding proteins, 

while BCA II and CypA are non-two-state folding proteins, showing that SPROX can be 

successfully used for proteins with both folding behaviors.  The known binding 

interactions of CypA-CsA and BCA II-4-carboxybenzenesulfonamide were also analyzed 

by SPROX using a MALDI-TOFMS readout of the intact proteins, and Kd values for the 

binding interactions were calculated and found to be in the same range as those reported 

in the literature (60).  
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A thermal SPROX protocol, which utilizes temperature instead of chemical 

denaturant to unfold the protein sample, has been reported (61).  The thermal SPROX 

protocol was developed using model protein mixtures containing ubiquitin, RNase A, 

CypA, and BCA II.  The demonstration of thermal SPROX included the use of an intact 

protein readout using MALDI-TOFMS and the use of an LC-MS-based proteomics 

readout using tryptic peptides of target proteins (61).  The binding interaction between 

CypA and CsA was also identified using both mass spectral readouts, indicating that 

thermal SPROX can be used to detect protein-ligand interactions (61).  One complication 

in thermal SPROX experiments is that the thermal denaturation of some proteins is 

irreversible.  The thermal denaturation of proteins in complex biological mixtures can 

cause protein aggregation, which is problematic for thermal SPROX.  

Recently, Stable Isotope Labeling with Amino Acids in Cell Culture (SILAC) 

quantitation has been coupled to the SPROX reaction (62).  In the SILAC-SPROX version 

of the experiment, cell pellets labeled with light and heavy amino acids (lysine, arginine, 

or both) are lysed and the ligand is spiked into either the light or heavy lysate.  After the 

methionine oxidation reactions, the light and heavy samples with the same final [Den] 

are combined before TCA precipitation.  The samples are then subjected to bottom-up 

proteomics sample preparation.  The L/H (or H/L) ratios of each peptide are assessed, 

and those with significantly altered L/H ratios at 2 or more consecutive denaturant 
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concentrations are labeled as hits. In the first demonstration of this technique, 

significantly altered L/H (or H/L) ratios were those with altered ratios >1.7-fold from the 

average L/H ratio based on the global analysis of L/H ratios from the experiment.  The 

SILAC-SPROX experiment was first applied in a proof-of-principle experiment 

demonstrating the binding of cyclosporine A to cyclophilin, and to an ATP-binding 

experiment to identify known and novel ATP-binding proteins (62). 

The SILAC-SPROX experiment can be performed in solution, or can be 

performed in gel using a cyanogen bromide treatment.  For this modification of the 

protocol, the SILAC-SPROX experiment is performed as mentioned above, except that 

the TCA precipitated combined (-) and (+) ligand protein pellets are treated with 

cyanogen bromide to cleave proteins at unoxidized methionine residues.  The intact 

proteins are then separated from the cyanogen bromide fragments by SDS-PAGE and 

molecular weight regions of interest are digested for LC-MS/MS analysis.  The 

methionine resides that are oxidized during the SPROX reaction are protected against 

cyanogen bromide cleavage.  Since proteins unfold in increasing denaturant 

concentrations, more methionine residues are exposed to oxidation, resulting in the 

disappearance of signal for intact proteins and an appearance of signal for cyanogen 

bromide fragments as a function of denaturant concentration.  A significant advantage 

of SILAC-SPROX cyanogen bromide gel-based experiment is that any peptide can be 
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used for quantitation, even non-methionine-containing peptides.  Similarly to the 

SILAC-SPROX solution experiment, the peptides with significantly altered L/H ratios at 

2 or more consecutive denaturant concentrations are labeled as hits (62). 

1.4.2 SPROX Analyses in Complex Protein Mixtures 

The SPROX methodology using chemical denaturation has proven more useful than 

thermal SPROX for the analysis of proteins in complex biological mixtures, such as cell 

lysates.  For such proteome-wide analyses, the protein samples in each denaturant-

containing buffer solution are precipitated out of solution after the oxidation reactions 

are quenched, and the precipitated protein samples are subjected to a quantitative 

bottom-up proteomics analysis.  One quantitative proteomics strategy reported for 

proteome-wide SPROX analyses utilizes isobaric mass tags and an LC-MS/MS readout 

(Figure 6) (9-11).  In this strategy the precipitated protein samples in each denaturant-

containing buffer are submitted to a bottom-up proteomics sample preparation that 

includes reduction of disulfide bonds, alkylation of cysteine side chains, digestion with 

trypsin, and then labeling of the peptides derived from the different denaturant-

containing buffers with a set of isobaric mass tags (e.g., TMTsixplex™ or iTRAQ 8-

Plex™).   
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Figure 6: Typical iTRAQ-SPROX experimental workflow.  A cell lysate is diluted into a 
series of chemical denaturant-containing buffers and subjected to a hydrogen peroxide 
reaction to oxidize solvent-exposed methionine residues.  After the oxidation reaction is 
quenched, the protein samples are digested with trypsin and labeled with iTRAQ 
reagents. The samples are combined and subjected to a shotgun proteomics analysis 
using an LC-MS/MS readout.  The identified methionine-containing peptides are 
quantified using the iTRAQ reporter ion intensities, which are ultimately used to 
generate the chemical denaturation data sets. 
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The isobaric mass tagging strategy decreases the number of LC-MS runs needed in 

SPROX, since aliquots from different denaturant-containing samples can be combined 

and analyzed in a single run (see Figure 6).  Ultimately, the isobaric mass tags are used 

to quantify the amounts of wild-type and oxidized methionine-containing peptides as a 

function of the denaturant concentration.  The C1/2 values determined from the resulting 

isobaric mass tag data generated on the methionine-containing peptides report back to 

the biophysical properties of the proteins to which the methionine-containing peptides 

map (see Figure 7).  

An alternative quantitative proteomics strategy for proteome-wide SPROX 

analyses using heavy-labeled hydrogen peroxide (H218O2) has also been reported (63) .  

This strategy, termed Probing with SPROX Using Isotope Tags (PrSUIT), involves 

labeling protein samples with and without ligand twice with differentially labeled 

hydrogen peroxide, H218O2 and H216O2.  After the hydrogen peroxide labeling reactions, 

the (-) and (+) ligand samples at the same denaturant concentration are combined, and 

the protein in each of the combined samples is submitted to a bottom-up proteomics 

analysis.  The chemical denaturant dependence of the 18O/16O ratios observed for 

methionine-containing tryptic peptides is determined and used for protein-ligand 

binding detection and quantitation (63).  
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Figure 7: Representative iTRAQ-SPROX data sets.  (A) A Non-hit iTRAQ-SPROX data 
set obtained on the peptide TWELMQELPK from NADPH-dependent aldo-keto 
reductase in a drug mode-of-action study involving the proteins in a yeast cell lysate 
and manassantin A (Chapter 2).  The similarity of the (-) and (+) ligand data in (A) 
suggests that the protein is not a target of manassantin A.  (B) iTRAQ-SPROX data set 
obtained on the peptide ELLPMVVFVFSK from Ski complex component detected as a 
hit in a protein-protein interactions study involving Pgk1 in a yeast cell lysate (Chapter 
3).  The shift in C1/2 value from 1.5 – 2.2 M suggests that Ski complex component 
physically interacts with Pgk1.  The data in (A) was obtained from Ref. (64). 

Proteome-wide SPROX applications require the detection and quantitation of 

methionine-containing peptide(s) from proteins in the mixture in order for a protein to 

be successfully assayed.  The frequency of methionine residues in proteins is relatively 

low, ~2.5 %.  However, the majority of proteins and protein domains have at least one 

methionine residue.  This is important because the SPROX oxidation behavior of one 
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globally (or sub-globally) protected methionine residue in a protein can report on the 

thermodynamic stability of the entire protein (or protein domain) to which it maps.  

Thus, the methionine residue need not be positioned at the specific site of ligand binding 

to be useful for protein-ligand binding detection.  It must only be positioned in a protein 

domain involved in ligand binding. Thus the scope of SPROX is not fundamentally 

limited by the relatively low frequency of methionine residues in proteins, as the large 

majority of protein domains have at least one methionine residue.   

The challenge in proteome-wide SPROX experiments has been the 

comprehensive detection of all the methionine-containing peptides in the bottom-up 

shotgun proteomics experiment.  An important modification of the isobaric mass 

tagging strategy described above for proteome-wide SPROX analyses was the addition 

of a methionine peptide enrichment step using a commercially available Pi3™ 

Methionine Selective Resin (9).  Use of the methionine peptide enrichment strategy 

increased the percentage of methionine peptides detected in the shotgun proteomics 

experiment from ~20% to ~70%, significantly expanding the number of proteins that can 

be analyzed in proteome-wide SPROX analyses (65). 

1.4.3 Proteome-Wide Applications of SPROX 

The isobaric mass tagging strategy for SPROX analyses of proteins in complex 

biological mixtures has been used in several protein-ligand binding studies.  Initially the 
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strategy was used to identify protein targets of the immunosuppressive drug CsA in a 

yeast cell lysate (11).  This study successfully assayed over 300 proteins and identified a 

total of ten known and unknown protein targets of CsA.  Two of the ten protein targets 

identified in this study were CypA and UDP-glucose-4-epimerase, which were already 

known to interact with CsA, the former through a direct binding event (Kd ~70 nM) and 

the latter through an indirect binding event.  These two previously known protein 

targets helped validate the methodology and its ability to detect both the on- and off-

target effects of protein-drug interactions.  The other eight protein targets discovered, 

which include several proteins involved in glucose metabolism, were previously 

unknown targets of CsA.  

The isobaric mass tagging strategy was also used in a study to identify the 

proteins in a yeast cell lysate that bind the well-known and ubiquitous ligand, β-

nicotinamide adenine dinucleotide (NAD+) and in an experiment to investigate the 

protein targets of resveratrol.  While the number of proteins successfully assayed in the 

NAD+ binding study (~122 unique proteins) was limited by the analytical capabilities 

(e.g. overall speed and sensitivity) of the mass spectrometry platform, the study 

identified 11 hit proteins including seven dehydrogenases with known NAD+ binding 

domains.  The PrSUIT strategy was used to detect the direct and indirect interactions of 



 

34 

 

CsA with CypA and calicineruin A, respectively, in a small (~50 component) yeast 

protein mixture (63). 

The isobaric mass tagging strategy was also used in a SPROX experiment 

designed to identify the yeast protein targets of manassantin A, a natural product with 

anti-cancer activity but an as yet unknown mode-of-action (64).  In this study, as many 

as 447 proteins were assayed for binding to manassantin A using 1269 methionine-

containing peptide probes.  While no manassantin A binding proteins were 

unambiguously identified, this work did serve to establish the false-positive rate 

associated with protein-ligand discovery using the isobaric mass strategy for SPROX 

analysis.  Based on the results obtained in the manassantin A binding study and in a 

control experiment in which no ligand was employed, the false positive rates of ligand 

discovery were found to be between 0.8 and 2 %, depending on the specific mass 

spectrometry platform used in the analysis (64).   

1.5 Other Emerging Strategies 

1.5.1 Slow Histidine H/D Exchange  

Slow histidine H/D exchange is a technique similar to SUPREX.  However, instead of 

monitoring the chemical denaturant dependence of the amide H/D exchange reaction, 

the chemical denaturant dependence of the H/D exchange reaction of the C2 proton in 

the imidazole ring of histidine residues in proteins is evaluated (66).  Similarly to the 
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other energetics-based approaches discussed in this review, the slow histidine H/D 

exchange technique enables evaluation of the global thermodynamic parameters 

associated with protein folding reactions (i.e., ΔGf and m-values).  The half-life of the 

H/D exchange reaction involving the C2 proton in an unprotected imidazole is ~2 days 

(67), which is over 106 times greater than that for an unprotected amide proton in a 

protein.  Therefore, the H/D exchange reaction times used in the slow histidine H/D 

exchange experiment are much longer than in SUPREX.  H/D exchange times of five 

days, corresponding to 2.5 half-lives, are typically employed in slow histidine H/D 

exchange experiments.  

In slow histidine H/D exchange experiments, the extent of deuteration at histidine 

residues in a protein must be determined at the peptide level after the protein is 

digested with a protease such as trypsin. In the slow histidine H/D exchange studies 

reported to date (66), LC-MS/MS analyses have been used to identify histidine-

containing peptides and determine their deuterium content.  Due to the slow rate of 

back-exchange, the LC-MS/MS analyses need not be performed at low temperature 

and/or using only short gradients. 

Slow histidine H/D exchange has been used to measure the stabilities of several 

model protein systems including RNase A, myoglobin, BCA II, and hemoglobin.  

Histidine H/D exchange was also used to detect the protein-protein binding interaction 



 

36 

 

between hemoglobin and haptoglobin. Protein folding free energies and Kd values 

obtained for these proteins and protein complexes are consistent with those reported in 

the literature (66).  An advantage of slow histidine H/D exchange over SUPREX is that it 

can be interfaced with conventional bottom-up proteomics strategies to characterize 

proteins in complex biological mixtures. Slow histidine H/D exchange has been used to 

analyze the change in thermodynamic stabilities of proteins in a yeast cell lysate for 

binding to zinc (66).  While the binding of zinc to superoxide dismutase was detected in 

this study, the overall proteome coverage was low.  The coverage was limited by the low 

percentage of buried histidine residues in protein structures (68) and the low fraction of 

histidine-containing peptides identified in the shotgun proteomics analysis.  However, it 

was noted that the protocol is particularly useful for metal-binding proteins (66).  

1.5.2 Lysine Amidination 

Globally protected lysine residues have also been used as a probe in a protocol 

similar to SPROX.  Lysine amidination using s-methyl thioacetimidate (SMTA) as a 

function of denaturant concentration has been shown to yield protein stability curves 

similarly to methionine oxidation (68).  The SMTA labeling protocol has been 

successfully applied to several model proteins including ubiquitin, BCA II, RNase A, 4-

oxalocrotonate tautomerase, and lysozyme.  Proteins in a yeast cell lysate have also been 

analyzed using the SMTA protocol (69).  The SMTA protocol was used to measure a Kd 
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value for the lysozyme-N-Acetyl-D-glucosamine complex, and the obtained Kd value 

was in the range of literature values (69).  However, lysine amidination is limited by the 

low percentage of buried lysine residues in protein structures (68). 

1.5.3 Quantitative Cysteine Reactivity 

Thiol-reactive probes have also been used to monitor protein stability in a 

technique termed quantitative cysteine reactivity (QCR) (70, 71).  In the two reported 

QCR protocols, free cysteine residues within the protein structure have been reacted 

with either EZ-link Iodoacetyl-PEG2-Biotin (71) or the fluorescent probe 4-

(aminosulfonyl)-7-fluoro-2,1,3-benzoxadiazole (ABD) (70) as a function of temperature.  

Increasing temperature unfolds proteins so that globally protected cysteine residues 

become labeled as the protein unfolds.  The amount of labeled protein is quantified by 

SDS-PAGE and densitometry when IAM-biotin is used, or by a fluorescent readout with 

ABD.  

In the initial demonstration of QCR (71), Staphylococcal nuclease (SN), E. coli 

ribose-binding protein (ecRBP), and E. coli maltose-binding protein (ecMBP) were 

mutated to contain a single cysteine residue within the globally protected structure of 

each protein.  The mutation sites were chosen such that they were close to a ligand-

binding site, but not directly involved in ligand-binding.  In this study, cysteine residues 

were reacted with EZ-link Iodoacetyl-PEG2-Biotin as a function of temperature before 



 

38 

 

samples were run on SDS-PAGE gels to quantify the fraction of labeled protein by 

densitometry.  QCR was also used to measure Kd values for Ca2+ and a 5’-

monophosphate inhibitor (pdTp) binding to SN (71).   

In order to improve the speed and sensitivity of QCR analysis, a cysteine reactive 

fluorescent probe (ABD) was employed in the protocol (70).  In a demonstration of this 

so-called fQCR protocol, the binding affinity of pdTp to SN and of ribose to ecRBP were 

studied using SN and ecRBP constructs modified to contain single, buried cysteine 

residues (70).  fQCR improved the speed of QCR analyses and reduced the amount of 

protein needed.  One attractive feature of fQCR analyses is that they are amenable to 

384-well microtiter plate analyses.  QCR and fQCR can be used for a variety of proteins 

since protein sequences are altered to contain single cysteine residues.  In theory, wild-

type cysteine residues in proteins could be exploited in QCR and fQCR analyses.  

However, this creates greater potential for complications associated with disulfide bond 

formation or disruption and other structural perturbations.  The gel- and fluorescence-

based readouts in QCR and fQCR, respectively, are also best suited for purified protein 

analyses.  

1.5.4 Tryptophan Modification Protocol 

Protein folding and stability measurements can be measured using a tryptophan 

modification protocol.  In this protocol, protein samples are equilibrated in denaturant-
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containing buffers, reacted with excess dimethyl (2-hydroxy-5-nitrobenzyl) sulfonium 

bromide (HNSB), quenched with a solution of excess tryptophan, and analyzed by 

MALDI-TOFMS or LC-MS/MS.  The MALDI-TOFMS intact protein analysis was used to 

show the increased stability of lysozyme upon binding to its known ligand, (NAG)3.  

Likewise, a non-two-state folding protein, bovine carbonic anhydrous II (BCA II), was 

demonstrated to bind its known ligand, brinzolamide (72).   

A beneficial aspect of the tryptophan modification protocol is that it can be 

performed simultaneously with the SPROX methionine oxidation protocol.  In this 

Hybrid protocol, protein samples are equilibrated in denaturant-containing buffers, 

subjected to hydrogen peroxide oxidation and HNSB reactions simultaneously, 

quenched with a solution of excess methionine and tryptophan, prepared for bottom-up 

proteomics analysis, and labeled with iTRAQ 8-Plex.  Both methionine enrichment and 

tryptophan enrichment procedures can be used separately to increase the number of 

peptide probes in the assay.   The Hybrid protocol was demonstrated to improve the 

peptide and protein coverage of SPROX analyses by 50 % and 25 %, respectively (72). 

1.5.5 CETSA 

The Cellular Thermal Shift Assay (CETSA) is a method for detecting ligand-

induced protein stability changes in intact cells.  In CETSA, cell samples are aliquoted, 

treated with ligand for a specified incubation time, and then each sample is heated to a 
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different temperature to obtain a melting curve (73).  The cells are lysed and the proteins 

are separated by SDS-PAGE and detected by Western blot or another suitable method of 

analysis.  Each protein in the cell or lysate precipitates at a particular temperature range, 

and CETSA monitors the disappearance of signal for the intact protein.  The midpoint of 

the melting curve is the Tm, where half of the protein has precipitated.  The Tm may shift 

to a higher temperature when the protein binds to a ligand such as a drug, and this 

temperature shift is used to determine the strength of the protein-ligand binding 

interaction (73).  The CETSA protocol has been applied to a variety of small molecule 

ligands and drugs in both cell lines and organ tissues.  In one study, over 5,000 proteins 

from the human K562 chronic myeloid leukemia cell line were assayed across a range of 

10 temperatures using the CETSA protocol (74).  CETSA melt curves for cyclin 

dependent kinase 2, cyclin dependent kinase 6, v-Raf murine sarcoma viral oncogene 

homolog B1, and MetAP2 showed significant stabilizations in the presence of their 

known inhibitors (75).  Protein-ligand interactions involving MgATP, staurosporine, 

cyclic AMP, GSK3182571, and dasatinib in human cell lysates have also been assessed 

using the CETSA protocol (74).  

1.6 Focus of Dissertation 

The energetics-based techniques highlighted here have removed several key 

experimental limitations associated with traditional techniques that have been used to 



 

41 

 

make protein stability measurements, such as fluorescence, CD, and NMR.  All the 

methods require significantly less protein for analysis than traditional techniques, and 

the fQCR and single-point SUPREX protocols increase the speed at which the protein 

folding and ligand binding properties of proteins can be analyzed.  The pulse 

proteolysis, SPROX, slow histidine exchange, lysine amidination, tryptophan 

modification, and CETSA techniques also enable, for the first time, protein stability 

measurements to be made on unpurified proteins in complex biological mixtures such as 

cell lysates.  These techniques have provided an avenue by which to study new 

applications of protein folding and stability measurements in mode-of-action studies.  

A major focus of the studies involving these energetics-based techniques has 

been on their development and validation in the context of protein systems that have 

already been well-studied by traditional techniques.  Now that data acquisition and 

analysis protocols are firmly established for these techniques, they are being more 

frequently applied to novel biochemical problems, and not just proof-of-principle 

studies.  SPROX, pulse proteolysis, and tryptophan modification are well suited for 

mode-of-action studies involving novel application areas.  Mode-of-action studies are 

critically important in a number of different areas of biochemical research such as those 

focused on understanding cell signaling pathways and/or the effect of new drugs or 

other bioactive compounds on such pathways.  
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This dissertation focuses on applying these energetics-based approaches to 

known and novel protein-ligand binding interactions in cell lysates to assess the 

capabilities of these techniques to address different biological questions.  As many of 

these techniques were emerging or developed within the past 5 years, a large focus has 

been on establishing the false-positive rates of these techniques.  Chapter 2 describes 

how a yeast experiment with manassantin A was used to determine the false-positive 

rate of iTRAQ-SPROX analyses on an orbitrap mass spectrometry platform.  Technical 

replicate analyses were assessed to estimate a false-positive rate of 0.2 - 0.8 % for iTRAQ-

SPROX (64).  The application of iTRAQ-SPROX to protein-protein interactions was 

investigated in Chapter 3.  Protein-protein interactions involving heat shock protein 90 

(Hsp90), pyruvate kinase (Pyk1), phosphoglycerate kinase (Pgk1), and heat shock 

protein 70 (Ssa1) were evaluated in yeast cell lysates.  While several hits were detected in 

each experiment, most hits did not show consistent behavior in biological replicate 

experiments, and were considered to be false-positive results.  

Drug mode-of-action studies are extremely important for understanding how 

drug interactions affect protein-protein interactions within the cell.  The Hsp90 

inhibitors geldanamycin and gedunin were studied in Chapter 4 to determine whether 

the known direct and indirect targets of the drugs could be identified.  While only the 

direct binding of geldanamycin to Hsp90 was detected, the binding affinities for the 
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interaction in yeast and MCF-7 cell lysates after 30 min and 19 hr incubation times were 

measured using iTRAQ-SPROX.  In Chapter 5, ATP-binding properties of proteins in 

yeast cell lysates were studied, leading to the discovery of 14 ATP-binding proteins that 

were not previously annotated in the Saccharomyces Genome Database (SGD).  Finally, a 

manassantin A drug mode-of-action study was conducted to study the mechanism of 

HIF-1α inhibition by the natural product.  In this study, Filamin A and B were detected 

as manassantin A interacting proteins using both iTRAQ-SPROX and SILAC-PP 

techniques.  A huge challenge of these studies has been to discern true-positives from 

false-positives.  iTRAQ-SPROX and SILAC-PP can be utilized in parallel to corroborate 

hits obtained in the energetics-based approaches and lend confidence to the novel hits.   

 



 

44 

2. False-Positive Rate Determination 

2.1 Introduction 

Most of Chapter 2 originates from research contributions to the paper titled 

“False Positive Rate Determination of Protein Target Discovery using a Covalent 

Modification- and Mass Spectrometry-Based Proteomics Platform” (64).  Several 

proteome-wide applications of the SPROX technique have shown promising results for 

detection of novel protein-ligand interactions (9, 11) Many of the applications of SPROX 

have relied on the use of isobaric mass tags to quantify the denaturant dependence of 

the oxidation reaction in SPROX using a quantitative bottom-up shotgun proteomics 

strategy.  In this strategy, the isobaric mass tag reporter ion intensities obtained for the 

methionine-containing peptides are used to generate chemical denaturation data. A 

transition midpoint (C1/2 value) is determined from the data and used to evaluate a 

protein’s thermodynamic stability (60).  SPROX has been applied to many protein-ligand 

binding studies, in which the protein sample is analyzed by SPROX in the absence and 

presence of ligand.  SPROX data sets are analyzed to discover protein hits with shifts in 

C1/2 value to higher or lower denaturant concentration, which indicate a stabilization or 

destabilization of the protein upon ligand binding, respectively.   

While SPROX is a powerful tool for the detection and quantitation of protein-

ligand binding interactions in complex biological mixtures, understanding the false 

positive rate associated with ligand binding detection in proteome-wide SPROX 
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experiments is crucial for the correct interpretation of results.  An iTRAQ-SPROX 

manassantin A (Man. A) protein target discovery experiment was performed in a yeast 

cell lysate to assess the false-positive rate of SPROX analyses.  Technical replicates of the 

control and (+) manassantin A iTRAQ-SPROX samples were analyzed on an orbitrap 

mass spectrometer to evaluate the consistency of C1/2 value assignment and hit 

determination.  In this assessment, several key factors that may contribute to the false-

discovery rate in SPROX experiments, such as ion purity and background oxidation, 

were investigated. 

2.2 Experimental Procedures 

2.2.1 Yeast Cell Growth 

The Y258 yeast strain was grown on a –URA agar plate for 3 days at 30˚C.  One 

colony was used to inoculate 50 mL of YPD media and grown overnight at 30˚C while 

shaking.  An aliquot was added to 600 mL of YPD media to an OD600 of ~0.3.  The culture 

was grown at 30˚C until the OD600 was 1.2-1.4 (~6 hr).  The culture was centrifuged at 

5,000 rcf for 5 min and the supernatant was discarded.   The cell pellet was suspended in 

~4 mL of d. I. H2O and divided into four portions containing ~125-250 mL of culture, 

which were each centrifuged at 15,000 rcf for 10 min. The supernatant in each sample 

was removed and the resulting cell pellets were stored at -20˚C until further use. 
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2.2.2 iTRAQ-SPROX Protocol 

Immediately prior to SPROX analysis, a yeast pellet was lysed in 400 - 500 µL of 

20 mM phosphate buffer (pH 7.4) containing 0.2X protease inhibitor cocktail.  The cell 

lysis was accomplished with glass beads (400-600 µM diameter, Sigma Aldrich) by 

mechanical disruption using a Disrupter Genie (Scientific Industries, Bohemia, NY).  A 

cycle in which the sample was subjected to mechanical disruption for 20 s and placed on 

ice for 1 min was repeated 20 times before the samples were centrifuged at 14,000 rcf for 

10 - 15 min.   The supernatant was used as the yeast cell lysate solution and a Bradford 

Assay was used to measure the protein concentration, which was ~20 µg/µL.   

A 10 µg/µL yeast cell lysate was divided into two 180 µL portions.  A 20 µL 

aliquot of a 3 mM manassantin A solution prepared in DMSO was added to one portion 

to create a (+) ligand sample, and 20 µL of DMSO was added to the other portion to 

create a (-) ligand sample.  The samples were incubated for 1 hr at room temperature 

before 20 µL aliquots of the (-) and (+) samples were combined with 25 µL of 20 mM 

phosphate buffers (pH 7.4) containing varying [GdmCl].  The final [GdmCl] in each 

SPROX oxidation reaction was 0.5, 1.0, 1.3, 1.5, 1.8, 2.0, 2.5, and 3.0 M.  The resulting two 

sets of eight samples were equilibrated for 30 min at room temperature before 5 µL of 

30% H2O2 was added to initiate the SPROX oxidation reaction.  After 3 min the oxidation 

reactions were quenched with 1 mL of 300 mM L-methionine.  The proteins in each 

sample were precipitated by addition of 200 µL of 1 g/mL TCA on ice for 3 hr.  Samples 
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were centrifuged at 8000 rcf for 30 min at 4ºC.  The supernatant was decanted, and the 

protein pellets were washed four times with 300 µL of ice-cold ethanol.  Samples were 

placed in a SpeedVac concentrator for 6 min to remove the ethanol. 

The protein pellets were each dissolved in 35 µL of 0.5 M TEAB buffer, pH 8.5, 

containing 0.1% SDS.   Samples were vortexed, sonicated, and heated at 60 ˚C for 10-15 

min each in order to facilitate the dissolution of the protein pellets.  Samples were 

reacted with 5 mM TCEP at 60˚C for 1 hr to reduce disulfide bonds, reacted with 10 mM 

MMTS for 10 min at room temperature to block sulfhydryl groups in cysteine side 

chains, and digested with 1 µg of trypsin for ~16 hr at 37 ˚C. 

The (-) and (+) manassantin A SPROX samples were each labeled with 0.5 unit of 

iTRAQ® reagent dissolved in 50 µL isopropanol.  The (-) and (+) manassantin A samples 

from the 0.5, 1.0, 1.3, 1.5, 1,8, 2.0, 2.5, and 3.0 M GdmCl samples in the binding 

experiment were labeled with the 113, 117, 115, 119, 116, 114, 121, and 118 iTRAQ® tags, 

respectively.  The labeling reaction was allowed to proceed for 2 hr at room temperature.  

Aliquots, corresponding to the same amount of total peptide (~10-30 µg), from the eight 

different iTRAQ® labeled samples from each SPROX analysis were combined to generate 

the (-) and (+) manassantin A samples. Portions of the resulting two samples were 

desalted using C18 resin (The Nest Group) to generate “non-enriched” samples.  

Separate portions of the four samples were also enriched for methionine-containing 

peptides using the Pi3 Methionine Reagent (The Nest Group) according to the 
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manufacturer’s protocol to generate “enriched” samples.  The samples for “Man. A 

Replicate 1 and 2” were from the same C18 cleaning and methionine enrichment.    

2.2.3 LC-MS/MS Analyses 

The (-) and (+) ligand samples in the manassantin A binding experiment were 

analyzed at the Proteomics Resource at the Fred Hutchinson Cancer Research Center on 

an Orbitrap Elite ETD mass spectrometer equipped with an EASY-nLC system 

(ThermoFisher Scientific Inc., Waltham, MA). The trapping column was a 100 µm x 2 cm 

Integrafrit column (New Objective) packed with 200 Å Magic C18 AQ 5 µm material 

(Michrom), and the column was a 75 µm x 25 cm PicoFrit column (New Objective) 

packed with 100 Å Magic C18 AQ 5 µm material (Michrom). The flow rate was 400 

nl/min. The LC gradient was 5 to 7% solvent B over 2 min, 7 to 35% solvent B over 90 

min, 35 to 50% solvent B over 1 min, isocratic at 50% solvent B for 9 min, increased from 

50 to 95% B over 1 min, and finally isocratic at 95% solvent B for the last 8 min. Product 

ion scans (resolution 15,000) were collected for the top 10 most intense peaks in a given 

precursor scan (resolution 60,000) with an intensity threshold of 5,000, and dynamic 

exclusion of a given m/z ratio was set at 1 scan in a 0.75 min window.  The precursor 

isolation width was 1.2 m/z. The scan range for the precursor scan was 400-1,800 m/z 

and 100-2,000 m/z for the product ion scan.  Collision induced dissociation was achieved 

using HCD with normalized collision energy of 40% and an HCD activation time of 0.1 

ms.  
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The LC-MS/MS data were searched using Proteome Discoverer with fixed 

modifications of MMTS on cysteine and iTRAQ® 8-Plex on N-terminus and lysine 

residues.  Proteome Discoverer was set with a variable modification of oxidation on 

methionine residues.  For data analysis, only peptides identified with high and medium 

confidence (i.e., false discovery rates (FDR) <1% and 5%, respectively) were used.   The 

resulting peptide and protein identifications and iTRAQ® reporter ion intensities from 

the first LC-MS/MS analyses of the enriched and non-enriched samples of the (-) and (+) 

sample comprised manassantin A replicate 1, and the resulting data from the second 

LC-MS/MS analyses of the enriched and non-enriched samples of the (-) and (+) samples 

comprised manassantin A replicate 2.  Thus, the two manassantin A replicate analyses 

were true technical replicates. 

2.2.4 Data Analysis  

The SPROX data analysis was performed as described previously (76).  Briefly, 

the identified peptide sequences and their corresponding iTRAQ® reporter ion 

intensities were exported into Excel along with the filename, identification, score, charge 

state, modifications, isolation purity, retention time, protein accession number, and 

protein name.  Only peptides with high quality quantitative data (i.e., iTRAQ® reporter 

ion intensities at m/z 113-121 that summed to >1,000) were used in subsequent analyses. 

The iTRAQ® reporter ion intensities for an individual peptide were normalized as 

previously described (76).  
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The normalized iTRAQ® reporter ion intensities were used to generate chemical 

denaturation data sets for the peptides identified and successfully quantified in the two 

(-) ligand samples in the control experiment and in the two (-) and (+) ligand samples in 

the manassantin A binding experiment.  In each experiment a set of hit peptides with 

normalized iTRAQ® reporter ion differences that resulted in transition midpoint shifts of 

>0.5 M were identified by a visual inspection of the data or by visual inspection of the 

data after a difference analysis.  Peptides with shifted transition midpoints in the 

manassantin A binding experiment were initially identified by examining the 

differences between the normalized iTRAQ reporter ion intensities observed for a given 

methionine-containing peptide in the samples being compared (e.g., the two (-) ligand 

samples, or the (-) and (+) ligand samples in the manassantin A binding experiment). 

Normalized iTRAQ reporter ion differences greater than 0.2 or less than -0.2 were 

deemed significant based on the distribution of all the reporter ion differences, which 

revealed that 69 – 76% of the differences from all the reporter ions from all the peptides 

were within 0.2 of the average difference of approximately 0.  

The chemical denaturation data sets of the peptides identified in the difference 

analysis used in the manassantin A binding experiments were then visually inspected to 

assign a transition midpoint and identify those that had transition midpoints shifts of 

>0.5 M.  Using the difference analysis prior to visual inspection reduced the number of 

chemical denaturation data sets that had to be visually inspected by about 50 %.  All the 
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peptides with significant transition midpoint shifts (i.e., shifts >0.5 M) and consistent 

retention times (i.e., within 3 min) in the control experiments were labeled as false 

positives, and all the peptides with significant transition midpoint shifts and consistent 

retention times (i.e., within 3 min) in the manassantin A mode-of-action experiment 

were labeled as potential hits.  

2.3 Results and Discussion 

2.3.1 Protein and Peptide Coverage 

The SPROX protocol outlined in Figure 8 was utilized in a drug mode-of-action 

study to assess the reproducibility of potential hits in technical replicates.  In this 

analysis, the endogenous proteins in a yeast cell lysate were analyzed for binding to 

manassantin A, a natural product that has been shown to have anti-cancer activity in 

cell-based assays but that has an unknown mode-of-action (77-79).  The LC-MS/MS data 

for this ligand-binding experiment were acquired on an orbitrap mass spectrometer with 

HCD.  The proteomic results obtained from replicate LC-MS/MS analyses of the (-) and 

(+) ligand samples generated in this manassantin A binding experiment are summarized 

in Table 1.  Representative chemical denaturation data obtained in the manassantin A 

binding experiment are shown in Figure 9.    
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Figure 8: Schematic representation of the SPROX protocol using iTRAQ quantitation that 
was investigated in this work. 
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Table 1: Summary of proteomic results obtained in two technical replicates of 
manassantin A samples. *Reported value is an upper-bound as it assumes that all 
identified hits are false positives.  To date, about half of the potential hits from each 
manassantin A replicate have been eliminated as false positives because they did not 
consistently appear as hits after being assayed in both technical replicates.   

 

Sample Methionine-
containing Peptides 
(Proteins) Assayed 

Hit Peptides 
(Proteins) 

False Positive 
Rate 

Man. A Replicate 1 1082 (415) 7 (7) 0.6%* 
Man. A Replicate 2 1269 (447) 6 (6) 0.5%* 
Man. A Control 1 vs. 2 1057 (412) 8 (8) 0.8% 

 

The standard deviations associated with the normalized reporter ion intensities 

of the non-methionine containing peptides in the technical replicates of the manassantin 

A binding experiments ranged from 0.12-0.24, with an average standard deviation of 

0.15 (Table 2). The low variation better distinguishes the pre- and post-transition 

baselines of a SPROX curve, which facilitates the assignment of transition midpoints.  

The low variation observed on the orbitrap mass spectrometer system is attributed to the 

increased ion signal intensities of the iTRAQ reporter ions recorded on this instrument.  

Table 2: N1 normalization factors and standard deviations obtained for the non-
methionine-containing peptides.  The standard deviations are noted in parentheses. 

Sample 113 114 115 116 117 118 119 121 
Man. A (-) 1 0.43 

(0.22) 
1.20 

(0.17) 
0.94 

(0.14) 
1.14 

(0.13) 
0.94 

(0.15) 
1.04 

(0.13) 
1.13 

(0.20) 
1.17 

(0.17) 
Man. A (+) 1 0.78 

(0.24) 
1.04 

(0.14) 
1.03 

(0.13) 
1.02 

(0.12) 
0.98 

(0.13) 
1.06 

(0.15) 
0.98 

(0.18) 
1.10 

(0.15) 
Man. A (-) 2 0.41 

(0.18) 
1.22 

(0.16) 
0.92 

(0.14) 
1.23 

(0.14) 
0.87 

(0.14) 
1.11 

(0.13) 
1.04 

(0.15) 
1.20 

(0.16) 
Man. A (+) 2 0.57 

(0.19) 
1.04 

(0.14) 
1.10 

(0.13) 
1.07 

(0.12) 
1.02 

(0.14) 
1.15 

(0.15) 
0.99 

(0.15) 
1.06 

(0.14) 
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2.3.2 False Positive Rate Determination 

In order to assess the false positive rate associated with the SPROX experiments 

analyzed on the orbitrap mass spectrometer system, the chemical denaturation data 

obtained in the two technical replicates of the (-) ligand samples from the manassantin A 

binding experiment were compared.  A total of 8 out of the 1,057 methionine-containing 

peptides analyzed in the two technical replicates were identified as hits even though the 

two data sets originated from the same (-) ligand sample (Table 3).  From this analysis a 

false positive rate of 0.8 % for SPROX for protein target discovery on the orbitrap 

instrument used in this work was calculated. 

Table 3: Control sample false-positive results. Hit proteins and peptides identified in the 
control experiment are summarized.  1Hit peptide with at least one product ion mass 
spectrum from low purity ions (i.e., <70 % pure, which included the bottom 22 % of the 
data from all the peptides).   

Protein Name Accession 
Number 

Peptide Sequence 

AAA ATPase P25694 GVLM(ox)YGPPGTGK1 
Cystathionine Beta-synthase P32582 SM(ox)VEEAEASGR1 
Subunit A of the V1 peripheral 
membrane domain of V-
ATPase 

P17255 ETM(ox)YSVVQK1 

Enzyme of 'de novo' purine 
biosynthesis 

P38009 YIAAPSGSVM(ox)DK1 

Actin P60010 ELYGNIVMSGGTTMFPGIAER1 
Subunit B of V1 peripheral 
membrane domain of vacuolar 
H+-ATPase 

P16140 SAIGEGMTR 

Cytosolic aspartate 
aminotransferase 

P23542 NAGMYGER1 

ADP-ribosylation factor P19146 ILMVGLDGAGK 
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The chemical denaturation data sets obtained in the two replicate analyses of the 

(-) and (+) ligand samples in the manassantin A binding experiment were analyzed to 

identify potential protein targets of manassantin A.  In replicate 1 of the manassantin A 

binding study, 7 out of the 1,082 methionine-containing peptides analyzed were 

identified as potential hits.  In replicate 2, 6 out of the 1,269 methionine-containing 

peptides analyzed were identified as potential hits (see Table 1). Although 6 of the 13 

potential hit peptides were assayed in both replicates, none of these 6 potential hit 

peptides consistently appeared as a hit in both replicates (Table 4).  In theory, these 6 

potential hit peptides could be false positives in the replicate in which they were 

detected or false negatives in the replicate in which they were not detected.  

Unfortunately, the false negative rate of protein target discovery in the SPROX 

experiment is difficult to determine.  However, given that the false positive rate in 

SPROX experiments is relatively small (<1 %) and largely due to random error, it is 

likely that the 6 potential hit peptides yielding inconsistent results in the two replicate 

analyses are false positives.  Shown in Figure 9 is the chemical denaturation data sets 

obtained for a non-hit peptide, and shown in Figure 10 is data for one of the 6 peptides 

that only appeared as a hit in one technical replicate. The 7 potential hit peptides that 

were only assayed in one technical replicate (see Table 4) require further validation (e.g., 

using additional biological and/or technical replicates of SPROX and other assays) to 
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determine if the observed C1/2 value shifts are indicative of true interactions with 

manassantin A or if they are also false positives.   

Table 4: Peptide and protein hits obtained in the technical replicates.  Most of the hits 
were eliminated due to inconsistency and poor quality data. 1Only assayed in one 
replicate, 2Hit was eliminated in the technical replicate, 3Hit peptide with at least one 
product ion mass spectrum from low purity ions (i.e., <70% pure, which included the 
bottom 22% of the data from all the peptides). 

Peptide Sequence Accession Number Replicate 
APSLFGGM(ox)GQTGPK1 P38264 1 
GYIPLQAPVMM(ox)NK1 P07284 1 
YDSASDNVYM(ox)NAEQEEK1 Q03558 1 
 IYEVEGM(ox)R2 P06169 1 
 LSFQDLAFAIMR2,3 P16120 1 
SDVM(ox)SVDIDKK2 P38011 1 
SAIGEGMTR2,3  P16140 1 
NVEVVALNDPFISNDYSAYMFK1 P00358 2 
SKLGANAILGVSM(ox)AAAR1 P00925 2 
EQAIIDMAK1 Q12458 2 
VKADRDESSPYAAM(ox)LAAQDVAAK1,3 P06367 2 
GLPGTHDMK2,3 P42938 2 
AQNPMR2,3 Q3E757 2 
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Figure 9: Representative chemical denaturation data obtained on a non-hit peptide, 
NIDDLSVLMDHVK, from nitric oxide oxidoreductase.  The dark and light shaded bars 
indicate the data generated in the (-) control and (+) manassantin A samples, 
respectively.  The dotted line is the normalized reporter ion value that separates the pre- 
and post-transition baselines.  The dark and light arrows indicate the C1/2 value 
placements for the (-) control and (+) manassantin A data, respectively.  The average 
values are shown for each data set, and the error bars represent one standard deviation.  

 

Figure 10: Data obtained for the peptide SVDM(OX)SVDIDKK from G-protein beta 
subunit.  The peptide was a hit in Replicate 1 but was not a hit in Replicate 2. The dark 
and light shaded bars indicate the data generated in the (-) control and (+) manassantin 
A samples, respectively.  The dotted line is the normalized reporter ion value that 
separates the pre- and post-transition baselines.  The dark and light arrows indicate the 
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C1/2 value placements for the (-) control and (+) manassantin A data, respectively.  The 
average values are shown in cases where data from at least two product ion mass 
spectra were averaged, and the error bars represent one standard deviation.  

2.3.3 Impact of Ion Purity in Tandem Mass Spectral Analyses 

One source of error in quantitative proteomics experiments using isobaric mass 

tags is that co-eluting isobaric peptides can interfere with quantitation (80).  In order to 

determine if such a phenomenon was impacting the false discovery of protein-ligand 

interactions in the SPROX experiment, the ion purities of the hit peptide ions when they 

were selected for HCD in the LC-MS/MS analyses were assessed (Figure 11). Global 

analyses of the data in the manassantin A binding experiment revealed that the ion 

purities of the hit peptides in these experiments were not dramatically different from 

those of the non-hit peptides (Figure 11). However, an inspection of the individual 

product ion mass spectra used to generate the chemical denaturation data of the hit 

peptides revealed that a number of the peptide hits in our experiments did indeed have 

at least one product ion mass spectra generated from peptide ions of relatively low 

purity (i.e., ion purities less than 70 %).  These ion purities include the bottom ~20 % of 

the data (see Figure 11).  
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Figure 11: Distribution of peptide ion purities observed in the manassantin A binding 
experiment.  The dotted black line and left scale is the data from all the peptides.  The 
dashed line and left scale is the data from all the methionine-containing peptides.  The 
solid black line and right scale is the data from the hit peptides identified in each 
experiment.  Peptide ion purities are reported as [100 – (the “peptide isolation 
interference value (%)” reported in Proteome Discoverer)].  The vertical line marks the 
ion purity below which includes the bottom 20% of the data from all the peptides. 

The fraction of peptide hits with product ion mass spectra from low purity ions 

varied in the comparisons described. The fraction was 6 out of 8 in the control 

comparison on the orbitrap instrument (see Table 3), 1 out of 7 in replicate 1 of the 

manassantin A binding experiment (see Table 4), and 3 out of 6 in replicate 2 of the 

binding experiment (see Table 4).  In general, the chemical denaturation data of hit 

peptides with product ion mass spectra from low purity ions tended to have no 

transitions, very little distinction between the pre- and post-transition baselines, or one 

reporter ion intensity that was relatively high.  In theory, peptide hits resulting from 
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chemical denaturation data compromised by product ion mass spectra from low purity 

ions can be identified and filtered out to reduce the false positive rate in SPROX 

experiments. Interestingly, the peptide hits with chemical denaturation data that were 

compromised by low ion purities tended to be from oxidized peptides from the non-

enriched sample runs, which were more complex and largely comprised of non-

methionine-containing peptides. Interferences from non-methionine-containing 

peptides, which have no denaturant dependence to their iTRAQ reporter ion intensities, 

are likely responsible for the poor separation of the pre- and post-transition baselines 

that ultimately lead to incorrect C1/2 value determinations.   

2.3.4 Impact of Background Oxidation 

A potential complication in proteome-wide SPROX analyses is the oxidation of 

methionine-containing peptides before and/or after the methionine oxidation reaction in 

the SPROX buffers is quenched. Such pre- and/or post-SPROX oxidation is difficult to 

identify and can compromise the accuracy of C1/2 value determinations using oxidized 

peptides. If the extent of such pre- and post-SPROX oxidation is different in the (-) and 

(+) ligand samples, then the precision of C1/2 value determinations will be compromised, 

and false positives may result. Clearly, the impact of background oxidation on the false 

positive rate in SPROX will be experiment dependent.  It is also noteworthy that the 

impact of such background oxidation on the false positive rate was small. For example, 
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the oxidized peptide hits constituted a small fraction (i.e., between 0 and 2.5 %) of the 

total number of oxidized peptides assayed in the experiment.  

One source of background oxidation is the oxidation of methionine-containing 

peptides at the electrospray interface between the LC column and the mass spectrometer 

(81).  In contrast to other sources of background oxidation in the SPROX experiment, this 

source of oxidation can be identified in the SPROX experiment.  Methionine-containing 

peptides oxidized at the electrospray interface are identified in the LC-MS/MS analysis 

as oxidized, but they have the retention time and chemical denaturation data (i.e., 

iTRAQ® reporter ion intensities that decrease as a function of denaturant) of the 

corresponding un-oxidized peptide. Oxidized peptides displaying such behavior can be 

easily identified and eliminated from the analysis. In this work, 7 oxidized peptides 

identified in the manassantin A binding experiments performed on the orbitrap 

instrument displayed this behavior.  These peptides were eliminated from the analysis 

and are not included in the hit peptide lists summarized in Table 4. 

2.4 Conclusion 

The false discovery rate of peptide hits observed in SPROX experiments was ~0.8 

% in this study.  If peptide hits with low ion purity are filtered out, the false positive rate 

determined on the orbitrap instrument decreases to 0.2 %. The false discovery rate of 

peptide “hits” in the SPROX experiment is ultimately limited by the inherent variability 

of the reporter ion intensities generated in the LC-MS/MS analyses. The technical 
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variability defined here sets a lower bound to the overall false positive rate of protein 

target discovery in SPROX experiments, as the overall false positive rate may also be 

impacted by biological variability, which was not assessed here.  

The variability in the iTRAQ reporter ion intensities was determined to be ± 15 % 

in the manassantin A binding study.  These standard deviations are 2.5-fold lower than 

the ± 30 - 40 % variation observed in iTRAQ® reporter ion intensities seen on a Q-TOF 

mass spectrometer.  The decreased variation in iTRAQ reporter ion intensities is likely 

responsible for the reduced false positive rate of 0.2 - 0.8 % on the orbitrap mass 

spectrometer compared to the calculated false-positive rate of 1.2 - 2.2 % observed in the 

iTRAQ® SPROX experiments analyzed on a Q-TOF mass spectrometer (64).  These 

results indicate that technical replicates of SPROX samples provide an effective and 

efficient way to eliminate false positives obtained in proteome-wide SPROX studies of 

protein-ligand interactions.  
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3. Investigation of Protein-Protein Interactions 

3.1 Introduction 

Protein networks are the core components of biological pathways by which cells 

perform basic functions.  Some proteins are involved in binary interactions while others 

are part of large protein complexes that associate to perform specific tasks.  For example, 

chaperone proteins such as Hsp90 and Hsp70 function in protein complexes in order to 

aid in protein folding (82-84).  While some protein-protein interactions are well 

characterized, many more interactions remain to be discovered.  Proteins with unknown 

function can be classified through protein-protein interactions since proteins that 

physically interact with one another often have similar roles within the cell.   

Although protein-protein interactions are a vital component of cellular function, 

traditional techniques for detection of protein-protein interactions have significant 

drawbacks.  Traditional methods utilized to detect protein-protein interactions include 

the yeast two-hybrid assay (85-88), affinity mass spectrometry (87, 89-91), protein chips 

(92), and genetic methodologies (93-95).  Most of these techniques are time-consuming, 

require large amounts of protein, and are incapable of quantitatively assessing the 

strength of protein-protein interactions.  Additionally, the yeast two-hybrid assay is 

mostly useful for the detection of binary interactions and has a high false-positive rate 

(85-87).  In Affinity Capture-MS, a protein of interest is captured from a cell lysate using 

an antibody or an epitope tag, and the proteins that are identified by MS with the 
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protein of interest are considered interacting partners (96).  While current mass 

spectrometry methods can identify larger protein complexes, these techniques are 

inundated with proteins that commonly co-purify (89, 90).  These techniques are also 

biased toward proteins with strong binding affinities that are highly abundant (87).  All 

of these current methods for detecting protein-protein interactions provide relative 

indication of the strength of detected interactions but are unable to assign binding 

affinities to protein-protein interactions (85-92).  

Due to the limitations of traditional techniques, iTRAQ-SPROX was utilized to 

discover and quantify known and novel protein-protein interactions.  One of the benefits 

of SPROX over traditional techniques is its ability to detect both direct and indirect 

protein interactions (60).  This characteristic is especially important for detecting protein 

interactions within protein complexes, in which the protein ligand of interest may not 

directly interact with all of the proteins in the complex.  In order to determine if iTRAQ-

SPROX can detect protein-protein interactions in complexes, heat shock protein 90 

(Hsp90) and ATPase heat shock protein 70 (Ssa1), two constitutively expressed 

chaperone proteins, were chosen for analysis (82, 97).  Additionally, phosphoglycerate 

kinase (Pgk1) and pyruvate kinase (Pyk1), two enzymes involved in glycolysis, were 

also investigated (98, 99).  In three biological replicate experiments, 178 proteins were 

assayed for binding to Hsp90, 315 proteins were assayed for binding to Pyk1, and 332 

proteins were assayed for binding to Pgk1.  In two biological replicate experiments, 126 
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proteins were analyzed for binding to Ssa1.  While low reproducibility of protein 

interaction hits in replicate experiments was problematic, known and novel protein-

protein interactions for each of these proteins were identified in these experiments.  

3.2 Experimental Procedures 

3.2.1 Materials 

The GAL1 overexpression system was purchased from Open Biosystems.  

Peptone and Yeast Extract were purchased from HiMedia, Yeast Nitrogen Base was 

purchased from Amresco, and Agar was purchased from Difco.  Protease inhibitor was 

purchased from HALT.  The Pi3™ - Methionine Reagent Kits and C18 columns were 

purchased from The Nest Group (Southboro, MA). The iTRAQ® 8-plex reagents and 

were purchased from ABSciex (Framingham, MA).  TCEP was purchased from Thermo 

Scientific.  All other chemicals were purchased from Sigma-Aldrich. 

3.2.2 Yeast Media and Buffer Preparation 

3.2.2.1 Yeast Media Preparation 

The yeast growth solution named “2x SC-4 aa” was prepared by dissolving 3.4 g 

of yeast nitrogen base, 10 g of ammonium sulfate, and 2.8 g of supplemental amino acids 

(lacking histidine, leucine, tryptophan, and uracil) in 1 L of d.I. H20.  The “100x URA 

dropout” solution was prepared by dissolving 0.2 g histidine, 1.0 g leucine, and 0.5 g of 

tryptophan in a final volume of 100 mL d.I. H20.  The “-URA, 2 % Raffinose” solution 

was prepared by dissolving 20 g of raffinose in 80 g of d.I. H20, adding 500 mL of “2x 
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SC-4 aa” solution, adding 10 mL of 100x URA dropout solution, and filled to a final 

volume of 1 L with d.I. H20.  The “SD –URA” solution was prepared by combining 250 

mL of “2x SC-4aa”, 225 mL d.I. H20, 5 mL of “100x URA dropout”, and 20 mL of 50 % 

dextrose solution.  The “3x YP + 6 % Galactose” solution was prepared by dissolving 12 

g of yeast extract, 24 g of peptone, 120 mL of 20% galactose (24 g galctose in 96 mL d.I. 

H20) with 280 mL d.I. H20.  All yeast media solutions were filtered through 0.22 µm 

cellulose acetate. 

3.2.2.2 Guanidine Hydrochloride Buffers 

A 20 mM phosphate buffer, pH 7.4 was prepared by dissolving 0.069 g of 

monosodium phosphate (M.W. 137.99 g/mol) in 25 mL d.I. H20.  An 8 M stock of 

guanidinium hydrochloride (GdmCl) in 20 mM phosphate buffer was prepared by 

dissolving 0.069 g of monosodium phosphate (M.W. 137.99 g/mol) and 19.1 g of 

guanidinium hydrochloride in 25 mL d. I. H20.  The 0 M GdmCl and 8 M GdmCl buffers 

were filtered through a 0.45 µm cellulose acetate membrane and then pH adjusted to 7.4.  

The refractive index of each buffer was measured, and determined to be 1.3396 for the 20 

mM phosphate buffer, pH 7.4, and 1.4572 for the 8 M GdmCl buffer. The 0 M GdmCl 

and 8 M GdmCl stock buffers were combined in different volumes to create a series of 

buffers with varying final [GdmCl]. The pH of each individual buffer was adjusted to 7.4 

using a pH meter, and the refractive index of each buffer in the series was measured to 

determine the actual concentration of GdmCl in each buffer (3). 
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3.2.3 Protein Growth and Purification 

Protein pellets were grown from the Saccharomyces cerevisiae GAL1 

overexpression strains for Hsp90 (YPL240C), Pyk1 (YAL038W), PGK1 (YCR012W), or 

Ssa1 (YAL005C) obtained from Open Biosystems (100).  Saccharomyces cerevisiae colonies 

were grown on SD -URA plates and single colonies were transferred to 5 mL of SD-URA 

media and grown overnight at 30°C.  2 mL of each culture was used to inoculate 50 mL 

of –URA with 2% raffinose (Amresco) and incubated overnight.  An appropriate volume 

of 50 mL culture was added to 500 mL –URA 2% raffinose to yield an OD600 of 0.3.  

When the OD600 reached 0.8-1.2, overexpression was induced with 250 mL of 3xYP + 6% 

galactose (Sigma-Aldrich).  Cells were incubated at 30°C for 6 h and cell pellets were 

obtained by centrifugation at 1000 x g for 10 min.  Cell pellets were washed with H2O 

and frozen at -20°C until further use.  

The number of protein pellets used for purification was based on the protein 

expression level as determined by Gelperin et al. (100). Purified Hsp90 was obtained by 

lysing 8-10 protein pellets, while 1-2 protein pellets were used for Pgk1, Pyk1, and Ssa1 

purifications. Pellets were lysed in 500 µL extraction buffer (25 mM HEPES, 500 mM 

NaCl, 10% glycerol, 2mM β-mercaptoethanol, pH 7.5) with 5 µL HALT protease 

inhibitor and glass beads on a Disruptor Genie for 20 s intervals with 1 min on ice in 

between.  Lysates were clarified by centrifugation at 14,000 rcf for 10 min and the 

supernatant was removed.  Talon metal affinity resin with cobalt (Clontech) was washed 
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three times with 500 µL wash buffer (50 mM phosphate, 300 mM NaCl, pH 7.0).  Resin 

was then suspended in wash buffer and transferred to a new tube with lysate. The lysate 

was diluted by half with wash buffer and then incubated with the resin for 1-2 h at 4°C.  

Resin was pelleted by centrifugation at 700 rcf for 5 min. The lysate was removed and 

the resin was washed with 400 µL wash buffer three times, centrifuging at 700 rcf after 

each wash. The resin was transferred to spin cups and washed three times with 400 µL 

wash buffer.  Protein was eluted by adding 50 µL of elution buffer (50 mM phosphate, 

150 mM imidazole, 300 mM NaCl, pH 7.0) and incubating for 1 min on ice before 

centrifuging at 700 rcf for 20 s.  The elution procedure was repeated 3-5 times per 

purification. Concentrations of purified proteins were determined using a Bradford 

assay. If necessary, protein solutions were concentrated using Vivaspin 500 

(Vivaproducts) columns with appropriate molecular weight cutoff values.  Proteins 

purified from the GAL1 overexpression system contain a 19 kDa tag at the C-terminal 

end that contributes to the weight of the protein, which was accounted for in choosing 

filters and in calculations to determine protein molarity.   

3.2.4 iTRAQ-SPROX Protocol 

The protein-protein interaction iTRAQ-SPROX experiments were performed 

using the same basic protocol, with a few minor exceptions.  For Hsp90 1, Pgk1 1, and 

Pyk1 1, the endogeneous yeast lysate was prepared by Dr. Patrick DeArmond.  Two 

yeast pellets were lysed in 20 mM phosphate buffer, pH 7.4 with 1X HALT protease 
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inhibitor with glass beads on a Disrupter Genie for 20 seconds with 1 minute on ice in 

between, for a total of 20 cycles. The lysate was clarified by centrifugation at 14,000 rcf 

for 10 minutes at 4°C. The concentration of the yeast lysate was ~13 µg/µL, as 

determined by a Bradford Assay.  The lysate was aliquoted into two 160 µL portions.  40 

µL of 20 mM phosphate buffer was added to create the control sample and 40 µL of 3.5 

mg/mL (35 µM) Hsp90 was used to create the (+) Hsp90 sample.  The (+) Pgk1 and (+) 

Pyk1 samples were prepared by Hubert Huang.  40 µL of 3.6 mg/mL (56.5 µM) Pgk1 

was used to create the (+) Pgk1 sample and 1.2 mg/mL (16.3 µM) Pyk1 was used to 

create the (+) Pyk1 sample.  The lysate was equilibrated with each protein for 30 min at 

room temperature before 20 µL of equilibrated lysate, (-) or (+), was diluted into 25 µL of 

GdmCl buffers in 20 mM phosphate buffer, pH 7.4 and equilibrated for 30 min at room 

temperature.  The final [GdmCl] in each buffer was 0.5, 1.0, 1.3, 1.7, 2.0, 2.5, 3.0, and 3.5 

M and the final [protein] was 0.3 mg/mL (2.8 µM) Hsp90, 0.3 mg/mL (4.5 µM) Pgk1, and 

0.1 mg/mL (1.3 µM) Pyk1. The oxidation of methionine residues was initiated with the 

addition of 5 µL of H2O2, allowed to proceed for 3 min, and quenched with 1 mL of 300 

mM methionine.  

Proteins were prepared for LC-MS/MS using either a TCA precipitation protocol 

or a filter-based protocol.  For the TCA precipitation protocol (all experiments except 

“Hsp90 Exp. 3” and “Ssa1 Exp. 2”), the proteins in each sample were precipitated by the 

addition of 200 -300 µL of 100% TCA (wt/vol) and incubated on ice overnight. The 
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samples were centrifuged at 8,000 rcf for 30 minutes at 4°C and the supernatant was 

decanted. The protein pellets were washed three times with 300 µL of ice-cold Ethanol. 

The Ethanol was decanted, and the protein pellets were dried in a fume hood. The 

protein pellets were dissolved in 35 µL of 0.5 M TEAB with 0.1 % final concentration of 

SDS. The samples were vortexed, heated at 60°C, and sonicated for 10 minutes at a time, 

for 2-3 cycles. The disulfide bonds were reduced with a final concentration of 5 mM 

TCEP for 1 hour at 60°C. The free cysteine residues were alkylated with a final 

concentration of 10 mM MMTS for 10 minutes at room temperature. The proteins were 

digested with 2.5 µL of 1 mg/mL trypsin at 37 °C for 16 hours. 

The 0.5, 1.0, 1.3, 1.7, 2.0, 2.5, 3.0, and 3.5 M [GdmCl] samples were labeled with 

0.5 unit of the 113, 114, 115, 116, 117, 119, 121 and 118 iTRAQ tags dissolved in 

isopropanol, respectively.  The labeling reactions were allowed to proceed for 2 hours at 

room temperature.  10 µL of each sample was combined within a set, (-) or (+), and 

cleaned with C18 resin for LC-MS/MS analysis to create the non-enriched samples. A 

separate 30 µL portion of each sample within a set, (-) or (+), was combined and placed 

on a SpeedVac concentrator to reduce the volume to ~50 µL.  

The (-) and (+) combined samples were then subjected to methionine enrichment 

procedure using a commercially available Pi3™ - Methionine Reagent kit. The sample 

volumes were brought to 75 µL with d. I. H2O, and 25-30 µL of 100% acetic acid was 

added to reduce the sample pH to 2-3. The tubes containing the methionine resin were 
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centrifuged at 2000 rcf for 1 min to settle all material at the bottom of the tube. A blue 

cap was placed on the end of the spin tube, 200 µL of methanol was added, and the spin 

tube was vortexed for 15 min. The spin tube was placed in a collection tube, centrifuged 

at 2000 rcf for 1 min, and washed with 400 µL three times.  

The prepared peptide samples were then added to the prepped resin and 

vortexed for ~1.5 hr. 100 µL 0.2 M β-mercaptoethanol in 25% Acetic Acid was added to 

the spin tube and then placed on the vortex for an additional 30 min. The sample was 

centrifuged at 2000 rcf for 1 min and the flow through was discarded. The resin was 

washed with 400 µL 0.2M β-mercaptoethanol in 25% Acetic Acid three times, 400 µL 

70% ACN/0.1% TFA three times, then 400 µL H2O three times.  86 µL of 1.0 M 

Ammonium bicarbonate, pH 9.0-9.1, and 14 µL of β-mercaptoethanol was added to the 

resin in each spin tube. The spin tubes were vortexed for 2 hrs to elute the methionine-

containing peptides. The spin tubes were centrifuged at 2000 rcf, the flow through was 

reserved, and 50 µL 20% ACN/0.1% TFA was added to the spin tubes.  The spin tubes 

were vortexed for 15 min and centrifuged at 2000 rcf for 1 min. 400 µL 2% TFA was 

added to the spin tubes, the tubes were vortexed, and then centrifuged at 2000 rcf for 1 

min, twice. The samples were then cleaned with C18 resin.  

Two of the iTRAQ-SPROX experiments utilized a modified version of a filter-

aided protocol, including “Hsp90 Exp. 3” and “Ssa1 Exp. 2” (101).  The Ssa1 experiments 

were performed in collaboration with Jack Hsu.  In these experiments, the SPROX 
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protocol was performed in the same manner, with a few minor exceptions.  The 

endogenous lysate concentration was 14 mg/mL, and 180 µL of lysate was equilibrated 

with either 20 µL of 20 mM phosphate buffer, pH 7.4, 20 µL of 33 mg/mL (330 µM) 

Hsp90, or 20 µL of 3.5 mg/mL (40 µM) Ssa1 for 30 min at RT.  The [GdmCl] used in the 

analysis were 0.4, 1.1, 1.4, 1.6, 1.9, 2.4, 2.9, and 3.4 M.  After the hydrogen peroxide 

reaction was quenched with 1 mL of 300 µM methionine, the samples were centrifuged 

through 10 k filters at 14,000 rcf for 20 min in two sets, and the flow through was 

discarded.  The filters were then washed twice with 200 µL of 8 M Urea in 20 mM 

phosphate buffer, pH 8.0 by centrifugation at 14,000 rcf for 15 min.  The volume above 

the filter was reduced to ~20 µL and 20 µL of 0.5 M TEAB was added.  The samples were 

reduced in the presence of 0.1 % SDS and 5 mM TCEP at 60 °C for 1 hr.  The samples 

were alkylated with 10 mM MMTS for 10 min at RT.  The filter was then washed twice 

with 100 µL of 8 M urea in 20 mM phosphate buffer, pH 8.0, by centrifugation at 14,000 

rcf for 20 min, and the flow through was discarded.  The filter was then washed three 

times with 30 µL of 0.5 M TEAB at 14,000 rcf for 20 min to remove the urea before 

digestion.  The samples were digested with 30 µL of 0.5 M TEAB, 3 µL of 2 % SDS, and 3 

µL of 1 µg/µL trypsin for 16 hrs.  The tryptic peptides were then centrifuged through the 

filters into new collection tubes by centrifugation at 14,000 rcf for 30 min.  The 0.4, 1.1, 

1.4, 1.6, 1.9, 2.4, 2.9, and 3.4 M [GdmCl] samples were labeled with the 113, 114, 115, 116, 

117, 118, 119, and 121 iTRAQ tags, respectively.  The remainder of the sample workup 
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was completed as previously stated, including the methionine enrichment protocol and 

C18 cleanup.  

The remaining protein-protein interactions experiments were performed as 

previously state above, with a few minor exceptions.  “Pgk1 Exp. 2” and “Pyk1 Exp. 2” 

were completed with the assistance of Dr. Erin Strickland.  The endogenous yeast lysate 

concentration was 17 mg/mL, and 180 µL of lysate was equilibrated with either 20 µL of 

20 mM phosphate buffer, pH 7.4, 20 µL of 7 mg/mL (94 µM) pyruvate kinase, or 20 µL of 

12 mg/mL (185 µM) phosphoglycerate kinase for 30 min at RT.  The 0.5, 1.0, 1.3, 1.7, 2.0, 

2.5, 3.0, and 3.5 M [GdmCl] samples were labeled with 0.5 unit of the 113, 114, 115, 116, 

117, 118, 119 and 121 iTRAQ tags dissolved in isopropanol, respectively.  The remaining 

experimental procedures for methionine peptide enrichment and C18 cleanup were as 

previously stated.   

For “Hsp90 Exp. 2” and “Ssa1 Exp. 1,” the endogenous lysate concentration was 

18 mg/mL, and 180 µL of lysate was equilibrated with either 20 µL of 20 mM phosphate 

buffer, pH 7.4, 20 µL of 33 mg/mL (330 µM) Hsp90, or 20 µL of 3.5 mg/mL (40 µM) Ssa1 

for 30 min at RT.  The final [GdmCl] in each sample was 0.5, 1.0, 1.4, 1.6, 1.9, 2.4, 3.0, and 

3.3 M, and these samples were labeled with 0.5 unit of the 113, 114, 115, 116, 117, 118, 

119 and 121 iTRAQ tags dissolved in isopropanol, respectively. 

For “Pgk1 Exp. 3” and “Pyk1 Exp. 3,” the endogenous yeast lysate concentration 

was 12 mg/mL.  The samples were prepared by combining 160 µL of lysate with either 
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40 µL of 20 mM phosphate buffer, pH 7.4, 40 µL of 1.9 mg/mL Pgk1 (190 µM), or 40 µL 

of 6.7 mg/mL Pyk1 (95 µM) and equilibrated for 30 min at RT.  The final [GdmCl] in 

each sample was 0.5, 1.0, 1.3, 1.8, 2.0, 2.5, 3.0, and 3.5 M, and these samples were labeled 

with 0.5 unit of the 116, 121, 117, 114, 118, 115, 119 and 113 iTRAQ tags dissolved in 

isopropanol, respectively. 

3.2.5 LC-MS/MS Analyses 

The samples from the protein-protein interactions experiments were analyzed on 

either a Q-TOF mass spectrometer or an Orbitrap Elite mass spectrometer.  Samples 

from Hsp90 Exp. 1-3, Ssa1 Exp. 1-2, Pgk1 Exp. 1-2, and Pyk1 Exp. 1-2 were analyzed on 

an Agilent 6520 Q-TOF mass spectrometer.  The Q-TOF utilized a Chip Cube Interface 

and an HPLC chip with a 160 nL trapping column and 75 µm x 150 mm column with 300 

Å Zorbax C18 packing (5 µM) was employed.  Buffer A was composed of 0.1% formic 

acid (FA) in H2O and Buffer B was 0.1% FA in ACN.  Buffer B was set at 5% for 5 min, 

increased to 15% Buffer B at 7.5 min, went to 45% Buffer B at 85.5 min, then to 100% 

Buffer B at 95.5 min, and finally decreased to 5% Buffer B at 105.5 min with a flow rate of 

0.4 µL/min.  The drying gas was set to 350°C with a flow rate of 6 L/min, the fragmentor 

was set to 175 V, and the skimmer was set to 65 V.  The capillary voltage was 1850 V and 

the collision energy was 3.7 V/100 Da.  Precursor ion scans were collected at a rate of 

three scans per second and product ion scans were collected at a rate of two scans per 

second.  Product ion scans were collected for the four most intense peaks in a given 
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precursor scan with an intensity threshold of 1,000, and a dynamic exclusion of a 

particular m/z ratio was set at two scans in a 0.6 min window.  The precursor isolation 

width was four m/z, the scan range for the precursor scan was 300-3,000 m/z and the 

scan range for the product ion was 100-3,000 m/z.  For LC-MS/MS analyses performed 

on the Orbitrap Elite (Pgk1 Exp. 3 and Pyk1 Exp. 3), instrumental parameters were the 

same as described in Chapter 2.2.3.  

The LC-MS/MS data acquired on the Q-TOF mass spectrometer  were searched 

on Spectrum Mill Workbench Software B.04 Rev. B against the SwissProt Saccharomyces 

cerevisiae database with trypsin digestion including tryptic peptides with up to 3 missed 

cleavages.  Fixed modifications of iTRAQ® 8-Plex on the N-terminus and lysine residues 

and MMTS on cysteine residues were included.  Oxidation of methionine residues was 

set as a variable (0-1) modification as well as deamidation of asparagine and glutamine 

residues.  The precursor ion mass tolerance was set to 20 ppm while the product ion 

tolerance was set to 50 ppm.   

The LC-MS/MS data from the Orbitrap Elite were searched using Proteome 

Discoverer with fixed modification of MMTS on cysteine residues, fixed modification of 

iTRAQ® 8-Plex on N-terminus and lysine residues, and a variable modification of 

oxidation on methionine residues,.  Two missed cleavage sites were allowed. The 

precursor mass tolerance was set to 10 ppm and the fragment mass tolerance was set to 
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0.8 Da.  Peptides identified with high and medium confidence (i.e., false discovery rates 

(FDR) <1% and 5%, respectively) were used for data analysis. 

3.2.6 Data Analysis 

The SPROX data analysis was performed as described previously (76).  The 

identified peptide sequences and their corresponding iTRAQ® reporter ion intensities 

were exported into Excel along with the filename, identification, score, charge state, 

modifications, isolation purity, retention time, protein accession number, and protein 

name.  Only peptides with high quality quantitative data (i.e., iTRAQ® reporter ion 

intensities at m/z 113-121 that summed to >1,000) were used in subsequent analyses.  

The average iTRAQ intensity for the 113-121 tags was calculated, and the iTRAQ 

intensities (113-121) were divided by the average iTRAQ intensity for that peptide to 

generate so-called N1 normalization factors.  The N1 normalized iTRAQ intensities for 

the non-methionine-containing peptides were averaged for each iTRAQ tag to generate 

a set of N2 normalization factors.  The N1 normalized iTRAQ data for the methionine-

containing peptides were divided by the N2 normalization factors.   

The normalized iTRAQ® reporter ion intensities were used to generate chemical 

denaturation data sets for the peptides identified and successfully quantified in (-) and 

(+) ligand samples.  In each experiment a set of hit peptides with normalized iTRAQ® 

reporter ion differences that resulted in transition midpoint shifts of >0.5 M GdmCl were 

identified by a visual inspection of the data.  In Hsp90 Exp. 1, Pgk1 Exp. 1, and Pyk1 
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Exp. 1, the 3.5 M [GdmCl] sample labeled with the 118 iTRAQ tag was excluded from 

data analysis due to the abnormally high intensities reported for this tag. 

3.3 Results and Discussion 

3.3.1 Protein and Peptide Coverage 

Eleven protein-protein interactions experiments were performed using proteins 

in yeast cell lysates to detect known and novel interactions.  Four protein ligands of 

interest were selected for analysis, including heat shock protein 90 Hsc82 (Hsp90), 

phosphoglycerate kinase (Pgk1), pyruvate kinase (Pyk1), and Hsp70 ATPase protein 

(Ssa1).  These proteins were chosen because they are abundant and have many known 

interactions in yeast.  Hsp90 and Ssa1 are chaperone proteins that assist proteins in 

folding to their proper conformations, and Pgk1 and Pyk1 are both important enzymes 

in the glycolysis pathway.   

Many peptides and proteins were assayed in each experiment, and proteins that 

showed C1/2 value shifts of 0.5 M or greater were labeled as hits.  The numbers of 

peptides and proteins assayed and identified as hits in each experiment are given in 

Table 5.  The number of peptides and proteins assayed was significantly greater in the 

Pyk1 and Pgk1 experiments compared to the Hsp90 and Ssa1 experiments.  The Pyk1 

and Pgk1 samples from Exp. 3 were analyzed on an Orbitrap Elite mass spectrometer, 

while the samples from all Hsp90 and Ssa1 experiments were analyzed on a Q-TOF 

mass spectrometer.  The increased acquisition speed of the Orbitrap Elite mass 
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spectrometer compared to the Q-TOF mass spectrometer contributes to the higher 

protein and peptide coverage observed in these experiments (see Table 5). 

Table 5: Summary of proteomic coverage obtained in the protein-protein interactions 
experiments.  Hsp90 Exp. 1, Pgk1 Exp. 1, and Pyk1 Exp. 1 were analyzed without the 118 
tag.  The a, b, c, d, and e notations indicate that those experiments utilized the same 
Control sample. 

Protein 
Ligand Exp. 

Final [Ligand] 
(µM) 

Peptides 
Assayed 

Proteins 
Assayed 

Hit Peptides 
(Proteins) 

Hsp90 1a 2.8 181 103 13 (13) 
Hsp90 2b 11.5 148 85 9 (9) 
Hsp90 3c 11.5 106 71 5 (5) 
Total Hsp90  268 178 28 (25) 
Pyk1 1a 1.3 173 91 17 (16) 
Pyk1 2d 3.8 80 45 2 (2) 
Pyk1 3e 7.6 621 269 10 (10) 
Total Pyk1  621 315 29 (28) 
Pgk1 1a 4.5 155 79 24 (22) 
Pgk1 2d 7.4 84 48 5 (5) 
Pgk1 3 e 15 626 278 9 (9) 
Total Pgk1  621 332 38 (36) 
Ssa1 1b 1.6 133 72 9 (7) 
Ssa1 2c 1.6 128 88 5 (5) 
Total Ssa1  178 126 14 (11) 

 

3.3.2 Inconsistencies in Biological Replicate Experiments 

After determining the hits from each experiment, the data from the biological 

replicate experiments were compared to determine if there were any discrepancies in the 

results.  Peptides that did not show a consistent ΔC1/2 shift in the presence of the protein 

ligand in replicate experiments were labeled as false-positives and eliminated from the 

hit list (Tables 27-30 in Appendix A).  This significantly reduced the number of hits 
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obtained in the experiments (Table 5).  Interestingly, most of the peptide probes that 

were assayed in multiple experiments did not show consistent results.  Therefore, most 

of the peptides and proteins remaining on the final hit list were only assayed in one of 

the biological replicate experiments.  

The number of peptides and proteins that displayed inconsistent results between 

biological replicate experiments was used to calculate false-positive rates for hit 

discovery in each of the protein-protein interactions experiments (Table 6).  In this false-

positive analysis, every peptide that showed inconsistent results between biological 

replicate experiments was considered a false-positive.  The total number of unique 

peptides (or proteins) displaying inconsistent results was divided by the total number of 

peptides (or proteins) assayed in all of the biological replicate experiments with that 

particular protein ligand to obtain an estimate of the false-positive rate (see Table 6).  

From this analysis, the false-positive rate of peptide target discovery using iTRAQ-

SPROX was ~1.1-3.7 % in these studies (~1.6 - 6.3 % for proteins).  The false-positive 

range of peptide target discovery in these experiments is close to the previously 

reported false-positive rates of ~2.2 % and <0.8 % for peptide target discovery on Q-TOF 

and orbitrap mass spectrometer systems, respectively.   
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Table 6: False-positive peptide and protein hits observed in biological replicate 
experiments.  These peptides showed hit behavior in one experiment, but did not show 
hit behavior in a replicate experiment.  The false-positive rates represent an upper 
bound, as all inconsistent peptides and proteins were considered false-positives. 

Protein Ligand Inconsistent Peptides Inconsistent Proteins False Positive Rate 
Peptides (Proteins) 

Hsp90 10 8 3.7 % (4.5 %) 
Pyk1 14 14 2.2 % (4.4 %) 
Pgk1 23 21 3.7 % (6.3 %) 
Ssa1 2 2 1.1 % (1.6 %) 

 

One significant reason why the false-positive rate may appear higher than 

previously reported in these experiments is due to the different concentrations of protein 

ligand utilized in each experiment.  Since the Hsp90, Pgk1, Pyk1, and Ssa1 ligands were 

all purified from yeast multiple times, the concentration of protein obtained varied 

between the biological replicate experiments.  In each experiment, the highest 

concentration of protein ligand was spiked into the (+) ligand lysate sample to shift the 

protein equilibrium toward the bound state (i.e. protein-protein interaction) in order to 

maximize the ΔC1/2 shift observed for proteins that bound the protein ligand of interest.  

Therefore, some weaker protein-protein binding interactions may not have been 

detectable in the experiments with the lower ligand concentrations.  

Additionally, the experimental design used (by necessity) in these experiments is 

not ideal for the detection of protein-ligand interactions because the endogenous yeast 

lysate used in the Control sample contains a particular concentration of each protein 

ligand.  Although excess protein ligand is spiked into the (+) ligand sample to induce 
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changes in protein-protein interactions, these protein interactions in the (+) ligand 

sample may still be occurring to some degree in the Control sample.  Therefore, the 

difference between many of the protein-protein interactions occurring in the Control and 

(+) ligand samples may not be large enough to measure for many protein complexes.  

While elimination of false-positive results between biological replicate 

experiments is advantageous, many of the proteins that exhibited discrepancies have 

been previously reported to interact with the protein ligand of interest, and are 

annotated to interact in the SGD.  For example, of the 8 Hsp90 protein hits eliminated in 

biological replicate analyses, 5 of these proteins have been previously annotated to 

interact with Hsp90.  Four of these 5 proteins have been reported to physically interact 

with Hsp90 by Affinity Capture-MS or Yeast Two-Hybrid experiments.  Likewise, 1 

annotated Pyk1 protein interactor, 5 annotated Pgk1 protein interactors, and 2 annotated 

Ssa1 protein interactors were found to display inconsistent behavior between biological 

replicate experiments.  Some of these previously reported protein-protein interactions 

may not be the result of direct protein-protein binding interactions, and therefore may 

have been false-positives in one of the analyses.  

3.3.3 Detection of Protein-Protein Interactions 

After eliminating inconsistent results, 17 peptides from 17 proteins were found to 

be consistent Hsp90 hits (Table 7).  This list of 17 protein hits contains 4 proteins that are 

annotated in the Saccharomyces Genome Database (SGD) to interact with Hsp90, and one 
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of these 4 proteins is Hsp90 itself.  One peptide from Hsp90 showed a ΔC1/2 shift of + 1.0, 

which is indicative of a stabilization of Hsp90 in the presence of excess Hsp90 in Exp. 2 

(Figure 12).  The hit peptide, DSGIGMTK, is located in the N-terminal domain of Hsp90.  

Hsp90 is known to form a dimer at its C-terminal domain, and when the protein is 

bound to ATP, it also dimerizes at its N-terminal domains (102).  The observed ΔC1/2 

shift of 1.0 is likely representative of ligand-induced Hsp90 dimerization.  Three other 

known Hsp90 protein-protein interactions, including Ssb1 (97, 103), Glyceraldehyde 3-

phosphate dehydrogenase (103), and G-protein beta subunit (103) were also detected as 

hits in the Hsp90 iTRAQ-SPROX experiments (See Table 7). 

Table 7: Protein and peptide hits detected in the hsp90 protein-protein interactions 
experiments.  The a indicates that the protein-protein interaction is annotated as an 
Hsp90 binding protein in the SGD.  None of the peptide hits were assayed in any of the 
replicate experiments. 

Protein Name Accession 
Number 

Peptide Sequence Exp. ΔC1/2 

DAHP synthase P32449 LSDELKGDLSIIMR Hsp90 2 + 0.7 
Adenosine kinase P47143 MAIFDELLQMPETK Hsp90 1 + 0.7 
Asparagine synthetase P49089 DPIGITTLYMGR Hsp90 2 − 0.6 
Catalytic subunit of 1,3-
beta-D-glucan synthase 

P38631 NMFDHFMVLLDSR Hsp90 1 + 0.9 

Cytosolic aldehyde 
dehydrogenase 

P54115 QQFDTIMNYIDIGKK Hsp90 2 + 0.8 

G-protein beta subunit 
Gpa2 

P38011a DGEIMLWNLAAK Hsp90 1 + 0.6 

Hsc82/Hsp90 P15108a DSGIGMTK Hsp90 2 + 1.0 
Major ADP/ATP carrier 
of the mitochondrial 
inner membrane 

P18239 KESNFLIDFLMGGVSAA
VAK 

Hsp90 1 − 0.7 

NADPH-dependent 
aldo-keto reductase 

Q12458 EQAIIDMAK Hsp90 1 − 0.6 
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Protein component of 
the small (40S) 
ribosomal subunit 

P0C0W1 FLQVMQK Hsp90 3 − 0.8 

Protein component of 
the small (40S) subunit 

P25443 EFQIIDTLLPGLQDEVM
NIKPVQK 

Hsp90 1 + 0.7 

Protein containing SH3-
domains 

P29366a ELSFMEGEFFYVSGDEK
DWYK 

Hsp90 1 + 0.7 

Protein that associates 
with ribosomes 

P35691a MIIYKDIFSNDELLSDAY
DAK 

Hsp90 2 + 0.8 

Ribosomal 60S subunit 
protein L31A 

P0C2H8 LHMGTDDVR Hsp90 3 − 0.8 

Ribosomal 60S subunit 
protein L8A 

P17076 MGVPYAIVK Hsp90 1 + 0.9 

Ribosomal Subunit 60S 
L3 

P14126 TITPMGGFVHYGEIK Hsp90 1 + 0.7 

Ribosomal Subunit 60S 
L23-A 

P04451 LPAASLGDMVMATVK Hsp90 1 + 0.6 

 

 

Figure 12: Data sets for the peptide DSGIGMTK from Hsp90 that was detected as a hit in 
Hsp90 Exp. 2 with a stabilization of 1.0 M GdmCl.  The dotted black line at a 
Normalized Reporter Ion Intensity of 1 represents the cut-off value for determining pre- 
and post-transition baselines, and the arrows at 1.2 M and 2.2 M GdmCl are the C1/2 
values assigned for the Control and (+) Hsp90 data sets, respectively. 
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The three Pyk1 experiments identified 15 protein hits with 15 peptide probes 

were found to have consistent data in these three experiments (Table 8).  Two of these 15 

proteins are annotated in the SGD to interact with Pyk1, including pyruvate carboxylase 

and the non-ATPase base subunit of the 19S regulatory particle of the 26S proteasome 

(see Table 8).  Although many proteins are annotated to interact in the SGD, these 

interactions are not always indicative of direct binding interactions, but are often gene-

derived effects that have been observed.  For example, the interaction between Pyk1 and 

the pyruvate carboxylase has been previously indicated by synthetic lethality (104).  

Synthetic lethality indicates that mutations in the genes encoding either Pyk1 or 

pyruvate carboxylase alone do not lead to cell death, but when mutations in both genes 

occur simultaneously, the cell is no longer viable.  In Pyk1 Exp. 3, a destabilization of 

pyruvate carboxylase with a ΔC1/2 shift of – 0.5 M was observed, indicating that excess 

Pyk1 may affect pyruvate carboxylase interactions even in the absence of genetic 

mutations.  Pyk1 may physically interact with pyruvate carboxylase, or affect the 

composition of protein networks that pyruvate carboxylase is involved in. 
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Table 8: Protein hits detected in pyruvate kinase protein-protein interactions 
experiments. The a indicates that the protein is annotated to interact with Pyk1 in the 
SGD. None of the listed protein hits were assayed in any of the replicate experiments. 

Protein Name Accession 
Number 

Peptide Sequence Exp. ΔC1/2 

Alpha subunit of 
fatty acid synthetase 

P19097 EVVSEAINIMNR Pyk1 3 − 0.8 

Arginyl-tRNA 
synthetase 

Q05506 MNYLGDWGK Pyk1 3 − 0.5 

Aspartyl-tRNA 
synthetase 

P04802 VVMFYLDLK Pyk1 3 − 0.8 

Beta subunit of 
cytoplasmic 
phenylalanyl-tRNA 
synthetase 

P15624 IMQTFR Pyk1 1 + 0.8 

Cytoplasmic tyrosyl-
tRNA synthetase 

P36421 FVVGSSYQLTPDYTMDIFR Pyk1 3 − 0.4 

Major ADP/ATP 
carrier of the 
mitochondrial inner 
membrane 

P18239 KESNFLIDFLMGGVSAAVAK Pyk1 1 − 0.7 

Methionyl-tRNA 
synthetase 

P00958 EMELGHER Pyk1 3 − 0.4 

Non-ATPase base 
subunit of the 19S RP 
of the 26S proteasome 

P38764a EMSLR Pyk1 3 − 0.4 

Nuclear protein 
required for 
transcription of 
MXR1 

P29547 LTEAMAINYYLVK Pyk1 3 − 0.4 

Protein component of 
the small (40S) 
ribosomal subunit 

P05750 GLSAVAQAESMK Pyk1 1 + 0.8 

Protein component of 
the small (40S) 
subunit 

P25443 EFQIIDTLLPGLQDEVM(ox)N
IKPVQK 

Pyk1 1 + 0.6 

Pyruvate carboxylase 
isoform 

P32327a SLVPNIPFQMLLR Pyk1 3 − 0.5 
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Ribonuclease H1 Q04740 FQIEWVKGHDGDPGNEMA
DFLAK 

Pyk1 1 + 0.7 

Threonyl-tRNA 
synthetase 

P04801 IDIMISDALR Pyk1 3 − 0.1 

Vesicle membrane 
protein with 
acyltransferase 
activity 

P36015 SSVGQFMTFFAETVASR Pyk1 3 − 0.5 

 

Fifteen proteins with 15 peptide probes were found to be consistent hits in the 

Pgk1 experiments (Table 9).  Only 1 of these 15 proteins is annotated to bind Pgk1 in the 

SGD (96).  The known protein interactor detected, pyruvate decarboxylase, showed a 

ΔC1/2 shift of + 0.6 M GdmCl in the presence of excess Pgk1, indicative of a stabilization 

of Pgk1 upon binding.  This protein-protein interaction was previously detected by 

Affinity Capture-MS (96).  The stabilization of pyruvate decarboxylase in the presence of 

excess Pgk1 provides further evidence that these two proteins physically interact.  One 

of the unannotated protein interactors of Pgk1, translation elongation factor eIF-5A, was 

discovered as a hit in Pgk1 Exp. 1 with a ΔC1/2 values of + 0.8 M (Figure 13).  Detection of 

novel protein interactions provides insight into how proteins function within the cell. 
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Figure 13: Peptide hit IVDMSTSK from translation elongation factor eIF-5A, which was 
detected as a hit in Pgk1 Exp. 1 with a ΔC1/2 value of + 0.8 M GdmCl.  The dashed line at 
a Normalized Reporter Ion Intensity of 1 is the cut-off value that distinguishes the pre- 
and post-transition baselines.  The arrows at [GdmCl] of 1.5 and 2.3 M are the C1/2 values 
assigned for the (-) Control and (+) Pgk1 data sets, respectively. 

Table 9: Summary of phosphoglycerate kinase protein-protein interactions hits. The a 
indicates that the protein-protein interaction is annotated in the SGD.  None of the hit 
peptides were assayed in a biological replicate experiment.  

Protein Name Accession 
Number 

Peptide Sequence Exp. ΔC1/2 

Arginyl-tRNA 
synthetase 

Q05506 MNYLGDWGK Pgk1 3 − 0.5 

Beta subunit of 
fatty acid 
synthetase 

P07149 MFVSNPIR Pgk1 3 − 0.5 

Cytoplasmic 
isoleucine-tRNA 
synthetase 

P09436 MSNIDFQYDDSVK Pgk1 3 − 0.8 

Cytoplasmic 
phosphorelay 
intermediate 
osmosensor and 
regulator 

Q07084 ELFGTMGSQPASQPLLIFSNVNLR Pgk1 2 + 1.8 
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Cytoplasmic 
tyrosyl-tRNA 
synthetase 

P36421 FVVGSSYQLTPDYTMDIFR Pgk1 3 − 0.8 

Elongation factor 
2 (EF-2) 

P32324 VVLMMGR Pgk1 3 − 0.8 

Major pyruvate 
decarboxylase 
isozyme 

P06169a IYEVEGMR Pgk1 1 + 0.6 

Methionyl-tRNA 
synthetase 

P00958 EMELGHER Pgk1 3 − 0.8 

Protein 
component of the 
small (40S) 
ribosomal 
subunit 

P38701 TWETYEMR Pgk1 1 + 0.8 

Pyruvate 
carboxylase 
isoform 

P32327 SLVPNIPFQMLLR Pgk1 3 − 0.8 

Ribonuclease H1 Q04740 FQIEWVKGHDGDPGNEMADFLAK Pgk1 1 + 0.7 
Ski complex 
component and 
putative RNA 
helicase 

P35207 ELLPMVVFVFSK Pgk1 3 − 0.8 

Small plasma 
membrane 
protein 

P87284 MDSAK Pgk1 3 − 0.8 

Transcription 
factor that 
regulates the 
pleiotropic drug 
response 

P12383 KFQEPLMSNEDNKQMK Pgk1 1 + 1.5 

Translation 
elongation factor 
eIF-5A 

P19211 IVDMSTSK Pgk1 1 + 0.8 

 

Two experiments were performed to assess protein-protein interactions of Ssa1 

in yeast cell lysates in collaboration with Jack Hsu.  A total of 10 unique proteins with 12 
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peptide probes showed consistent behavior between these two experiments (Table 10).  

Of these 10 protein hits, only elongation factor 2 is annotated to interact with Ssa1 in the 

SGD, previously detected by Affinity Capture-MS (97).  Elongation factor 2 was 

identified as a hit with two unique peptide probes in Ssa1 Exp. 1, and with one peptide 

probe in Ssa1 Exp. 2.  While all three of these peptide probes contain different peptide 

sequences, each peptide indicated a ΔC1/2 shift between 0.7-1.0 M GdmCl, indicating that 

elongation factor 2 is stabilized upon Ssa1 binding (see Table 10).  Another consistent 

protein-protein interaction with cytosolic leucyl tRNA synthetase was detected in Ssa1 

Exp. 1 with two unique peptide probes.  These peptides both showed ΔC1/2 shifts of 1.1 

M GdmCl, consistent with cytosolic leucyl tRNA synthetase stabilization upon Ssa1 

binding.  This protein-protein interaction has not been previously annotated in the SGD, 

and this study may be the first to detect this interaction.  
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Table 10: Ssa1 protein and peptide hits obtained in iTRAQ-SPROX experiments. The a 
indicates that the protein has been annotated to interact with Ssa1 in the SGD, and the b 
indicates that the peptide was a hit in the replicate experiment. 

Protein Name Accession 
Number 

Peptide Sequence Exp. ΔC1/2 

Beta subunit of 
fatty acid 
synthetase 

P07149 TVEPVYQMHIK Ssa1 2 + 1.5 

Cyclophilin P14832 VIPDFMLQGGDFTAGNGTGGK Ssa1 1 + 1.1 

Cytosolic 
leucyl tRNA 
synthetase 

P26637 ILPMETVIATK Ssa1 1 + 1.1 

Cytosolic 
leucyl tRNA 
synthetase 

P26637 AMPFISLLK Ssa1 1 + 1.1 

Elongation 
factor 2 

P32324a,b GGGQIIPTMR Ssa1 1, 
Ssa1 2 

+ 0.7 

Elongation 
factor 2 

P32324a IMADDYGWDVTDAR Ssa1 1 + 1.0 

Elongation 
factor 2 

P32324a,b ADLMLYVSK Ssa1, 
Ssa1 2 

+ 0.8 

Hexokinase 
isoenzyme 2 

P04807 LALMDMYK Ssa1 1 + 0.8 

Major of three 
pyruvate 
decarboxylase 
isozymes 

P06169 LIDLTQFPAFVTPMGK Ssa1 1 + 0.7 

NADP(+)-
dependent 
glutamate 
dehydrogenase 

P07262 AANLGGVAVSGLEMAQNSQR Ssa 1 + 0.8 

S-adenosyl-L-
homocysteine 
hydrolase 

P39954 ATDVMLAGK Ssa 2 + 1.3 

Translation 
elongation 
factor 1 beta 

P32471 SIVTLDVKPWDDETNLEEMVANVK Ssa 1 + 0.6 
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3.4 Conclusion 

In these protein-protein interactions experiments, many known and novel 

protein interactors of Hsp90, Pyk1, Pgk1, and Ssa1 were detected.  The annotated 

interaction of Ssa1 with elongation factor 2 and the novel interaction of Ssa1 with 

cytosolic leucyl tRNA synthetase were discovered with multiple peptide probes in 

biological replicate experiments.  While these interactions were replicated, the remaining 

protein hits in Tables 7-10 were only assayed in one experiment.  Due to the nature of 

shotgun proteomics, the same peptide is not always identified in replicate LC-MS/MS 

analyses.   

Additional experiments would need to be conducted to confirm the physical 

interactions of the newly detected protein interactors with Hsp90, Pyk1, Pgk1, and Ssa1.  

In order to determine if these interactions are the result of direct binding, the proteins 

can be purified and analyzed by SUPREX or SPROX.  In this purified protein 

experiment, one of the proteins would be present in 10-fold or greater excess over the 

other protein prior to the experimental reaction.  The C1/2 value of the protein mixture 

can be compared to the C1/2 value of the purified protein to detect a Δ C1/2 value.  In order 

to test for direct and indirect protein interactions, a pull-down assay could be 

conducted.  In this experiment, one of the protein hits is tagged with biotin.  The tagged 

protein is equilibrated in the cell lysate before the sample is incubated with anti-biotin 

beads.  The tagged protein will bind to the beads while the unbound proteins will be 
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washed away.  The tag can then be cleaved from the protein, and the proteins that were 

associated with the tagged protein from the lysate will be present as well.  These 

additional proteins can be detected by LC-MS/MS analysis of the protein elution.    

A major challenge of these protein-protein interactions experiments was 

achieving consistent ligand-induced stability changes between biological replicate 

experiments.  Although many protein-protein interactions involving Hsp90, Pyk1, Pgk1, 

and Ssa1 were successfully discovered, the number of inconsistent hits observed in this 

study was higher than in previous experiments.    Most peptide hits that were assayed in 

a biological replicate experiment did not display the same hit behavior.  Therefore, most 

of the remaining peptide hits were only observed in one biological experiment.  The 

inconsistencies in the results may be due to the endogenous levels of each protein 

present in the Control and the varying amounts of each protein ligand added to the (+) 

ligand sample in each biological replicate experiment.  Due to the experimental setup, 

the total amount of protein ligand (Hsp90, Ssa1, Pgk1, or Pyk1) utilized in the 

experiment was rarely the same concentration in each replicate experiment.  

A better approach to performing a large-scale protein-protein interactions 

experiment using SPROX might be to compare the protein stability differences between 

a knock down strain (or an endogenous strain) to an overexpression strain for the 

protein of interest.  The deletion strain, in which the open reading frame (ORF) for the 

protein has been removed, could serve as the experimental Control to monitor the 
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stabilities of the proteome in the complete absence of the protein of interest.  Likewise, 

an overexpression strain in which the protein of interest has been produced well above 

its endogenous levels, could be used for the (+) Ligand sample without purification of 

the target protein.  Comparisons of the protein stabilities between these two types of 

samples could lead to larger and more consistent ΔC1/2 values for protein-protein 

interactions. 
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4. Geldanamycin and Gedunin Drug Mode-of-Action 
Studies 

4.1 Introduction 

Hsp90 is an important molecular chaperone protein that is involved in cellular 

signaling, targets proteins involved in signal transduction, and operates under stress 

conditions (105).  Hsp90 function is regulated by many different protein-protein 

interactions, including Hsp70, Hsp40, Sti1/Hop, Aha1, Cdc37/p50, Pih1, Tah1, and 

prostaglandin E synthase (Sba1/p23) (83, 105-108).  Hsp90 primarily exists in a C-

terminally dimerized conformation (109, 110) and functions by a molecular clamp 

mechanism in which ATP binding to the N-terminal domain of Hsp90 induces 

association of the two N-terminal domains in the homodimer (102, 111, 112).  Sba1/p23 

binds to the homodimerized, ATP-bound Hsp90 conformation at the N-terminal 

domains in a 2:2 complex, stabilizing the ATP-bound conformation of Hsp90, and 

increasing the efficiency of client protein processing (111-113).   

Sba1/p23 contains a COOH terminal tail that is necessary for the protein’s 

contribution to chaperone functions, but it is not involved in binding to Hsp90 (114).  

The co-chaperone Sba1/p23 helps Hsp90 chaperone the progesterone receptor by 

stabilizing the interaction of Hsp90 with the receptor (114, 115), but it is not required for 

all of Hsp90’s chaperoning activities.  For example, folding of checkpoint kinase 1 

requires Cdc37/p50 and does not involve Sba1/p23 (115).  Phosphorylation of the 

charged region of mammalian Hsp90 is mediated by Sba1/p23, which facilitates the 
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interaction with the reverse transcriptase subunit of telomerase (hTERT) (116). The 

cleaved form of Sba1/p23 is unable to assist with phosphorylation, leading to 

degradation of hTERT and down-regulation of telomerase activity, which ultimately 

inhibits cell growth of HEK293 cells (116).  However, yeast Hsp90 does not possess these 

phosphorylation residues, and so Sba1/p23 does not mediate phosphorylation in yeast 

(116). 

Hsp90 inhibitors are attractive drugs for cancer therapy because Hsp90 is 

involved in maturation of oncogenic signaling proteins and Hsp90 inhibitors have been 

shown to selectively target cancer cells over normal cells (117-121).  Geldanamycin and 

gedunin are two natural product Hsp90 inhibitors that exhibit anticancer activity by 

disrupting the association of Hsp90 with client proteins and subsequently leading to 

client protein degradation by the proteasome (122-127).  Gedunin causes cancer cell 

death in cell lines including MDA-MB-231, MCF-7, and SKBr3 (124, 125).   

Geldanamycin causes inhibition by binding to the N-terminal ATP-binding domain of 

Hsp90, preventing the ATPase activity of Hsp90, and blocking the cochaperone, 

Sba1/p23 from binding to Hsp90 (111, 112, 114, 128).  Gedunin inhibits Hsp90 through a 

direct interaction with Sba1/p23 which disrupts the protein-protein interaction between 

Hsp90 and Sba1/p23 (125).  The unstructured C-terminal end of Sba1/p23 has been 

suggested to stabilize the binding of gedunin to p23 (125).  Gedunin also exerts 

cytotoxicity against cancer cells by inducing cleavage of Sba1/p23 by caspase-7 (125).   
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Several studies have observed a tighter binding affinity for the Hsp90-

geldanamycin interaction in tumor cells versus in normal cells (117, 129-131), and many 

different explanations for the altered affinity have been proposed.  In a study performed 

to determine the reason behind the range of binding affinities observed for this 

interaction, competition assays were performed with purified Hsp90, Hsp90 from the 

breast cancer cell line BT474, and Hsp90 from the normal cell lines primary human renal 

epithelial cells (RPTEC) and normal dermal fibroblasts (NDF) (117).  In these 

experiments, the protein was incubated with or without the geldanamcyin derivative 17-

AAG at a range of concentrations before a biotinylated-geldanamycin probe was added 

to the sample.  The amount of Hsp90 that bound to the biotinylated-geldanamycin probe 

and was pulled down in the assay was quantified by Western blot.  In these 

experiments, purified Hsp90 exhibited an apparent binding affinity of 600 nM while 

Hsp90 in the cancer cell lysate BT474 showed an apparent binding affinity of 6 nM (117).  

A larger fraction of Hsp90 was observed in protein complexes in co-

immunoprecipitation studies in tumor cells compared to normal cells. The relative 

binding affinity for purified Hsp90 to geldanamycin decreased from 600 nM to 12 nM 

when measured in the presence of the Hsp90 co-chaperones p23/Sba1, Hsp70, Hsp40, 

Hop, suggesting that geldanamycin binds tighter to the Hsp90 protein complex than to 

the Hsp90 protein alone (117).   
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Another study has shown that geldanamycin binds to Hsp90 in a slow manner 

and requires >10 hrs to reach equilibrium.  In this study, binding affinities were 

measured with BIODIPY-geldanamycin (BDGA) and purified full length Hsp90, Hsp90 

in a cancer cell lysate (SKOV-3), and Hsp90 in a normal human umbilical vein 

endothelial cell lysate (HUV-EC) using fluorescence anisotropy and incubation times up 

to 24 hrs (132). This study showed that at protein-drug equilibration times >10 hrs, Kd 

values for the Hsp90-geldanamycin interaction were ~4.3-9.0 nM for all three 

measurements, indicating that the differences in protein complexes between the normal 

and cancer cell line did not significantly affect the calculated Kd value (132). This study 

claims that many of the binding affinities measured in other studies have been 

performed under pre-equilibrium conditions and are not truly representative of the 

equilibrium binding affinity of Hsp90 to geldanamycin  (132).  

The tighter binding affinity observed for the Hsp90-geldanamycin interaction in 

tumor cells has also been attributed to the reduction of geldanamycin to the 

dihydroquinone form in tumor cells, which binds to Hsp90 with 40-fold tighter affinity 

than the oxidized form (133).  In these experiments, ThermoFluor affinity binding assays 

in which the fraction of unfolded Hsp90 was measured as a function of temperature to 

determine the midpoint of the unfolding curve (Tm) in the presence of geldanamycin 

concentrations ranging from 0.001 – 10000 µM as well as in the presence and absence of 

reducing agents.  The midpoints of the unfolding curves (Tm) were plotted versus the 
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geldanamycin concentrations utilized to create dose-response curves and determine 

binding affinities. The Hsp90-geldanamycin binding affinities measured in the presence 

of the common reducing agents tris(2-carboxyethyl)phosphine (TCEP), dithiothreitol 

(DTT), and glutathione (GSH) ranged from 0.003 µM to 0.025 µM compared to a Kd 

value of 0.143 µM measured in the absence of reducing agents (133).  Dihydro-

geldanamycin showed approximately the same Kd value in the absence of reducing 

agents (0.005 µM) as in the presence of reducing agents, suggesting that the reduced 

form has a tighter binding affinity than the oxidized form of geldanamycin (0.005-0.001 

µM) (133). However, it is important to note that these experiments were performed 

using the purified Hsp90α N-terminal domain (residues 9-236) instead of the full length 

protein.  Additionally, the incubation times utilized in this study did not exceed 8 hrs, so 

there is a question as to whether this study was conducted under equilibrium conditions 

(133). 

The effects of gedunin, geldanamycin, and a number of gedunin and 

geldanamycin derivatives against cancer and disease states have been well-studied over 

the years (119, 120, 123, 126).  However, these studies have largely relied on the use of 

traditional techniques for protein-ligand binding analyses (e.g., isothermal titration 

calorimetry, NMR, and X-ray crystallography) that have necessarily been performed 

using purified protein samples. Here the use of two energetics-based techniques, 

Stability of Proteins from Rates of Oxidation (SPROX) (10, 11, 60, 61) and SILAC-Pulse 
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Proteolysis (SILAC-PP) (42, 44, 56, 57, 59), to study the protein-protein and protein-

inhibitor interactions responsible for the biological activities of geldanamycin and 

gedunin is reported. SPROX utilizes the oxidation of methionine residues in proteins as 

a function of denaturant concentration to assess protein stability while PP relies on the 

denaturant dependence of a proteolysis reaction involving thermolysin to measure 

protein stability and ligand binding.  Both SPROX and PP have been used in 

combination with bottom-up proteomics methods to assay protein stability and ligand 

binding in whole cell lysates, and they have been established as viable methods for 

protein target discovery using a series of different model systems (9, 11, 43, 59). 

The SPROX and PP techniques used in this study have the advantage over more 

conventional calorimetry- and spectroscopy-based techniques that they can be used to 

detect and quantify protein-ligand binding interactions in unpurified protein samples 

such as whole cell lysates.  The ability to study protein-ligand interactions in the context 

of whole cell lysates is important for understanding the complex biological processes 

involved in drug action, as well as for measuring protein-drug binding affinities within 

the cell lysate.  In this study, the effects of geldanamycin and gedunin on the stabilities 

of their known binding targets, Hsp90 and Sba1, are assessed in S. cerevisiae and MCF-7 

cell lysates using different drug incubation times.  The magnitudes of the Kd values 

measured in each cell line and under each incubation time are compared and the effects 

of geldanamycin binding on Hsp90 conformational changes are also discussed. 
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4.2 Experimental Procedures 

4.2.1 Materials  

The Saccharomyces cerevisiae open reading frame strain Y258 was purchased from 

Open Biosystems (Waltham, MA).  The MCF-7 cell line was purchased from the Duke 

Cell Culture facility (Durham, NC). The Pi3™ - Methionine Reagent Kits were purchased 

from The Nest Group (Southboro, MA). The iTRAQ® 8-plex reagents were purchased 

from ABSciex (Framingham, MA).  TCEP was purchased from Thermo Scientific.  

Gedunin was purchased from Tocris Biosciences (Ellisville, MO) or Santa Cruz 

Biotechnology (Dallas, TX).  Geldanamycin was purchased by Tocris Biosciences 

(Ellisville, MO) or Chem-Implex International, Inc (Wood Dale, IL).  

4.2.2 Buffer Preparation 

4.2.2.1 Guanidine Hydrochloride Buffers  

The GdmCl buffers were prepared as described in Chapter 3.2.2.  The refractive 

indexes of the 0 M GdmCl in 20 mM phosphate buffer, pH 7.4 and the 8 M GdmCl in 20 

mM phosphate buffer, pH 7.4 buffer were 1.3392 and 1.4725, respectively. The 0 M 

GdmCl and 8 M GdmCl stock buffers were combined in different volumes to create a 

series of buffers with varying final [GdmCl] and the pH was adjusted to 7.4.  

4.2.2.2 Urea Buffers 

A series of urea buffers was prepared for SILAC-Pulse Proteolysis Experiments. 

Before each experiment, a new series of buffers was prepared. A 1 M Tris-HCl buffer, 
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pH 7.4 was prepared using 4.85 g of Tris base (M.W. 121.1) dissolved in 40 mL of d. I. 

H2O. A portion of the 1 M Tris-HCl buffer was diluted to 20 mM using d. I. H2O. A 9 M 

urea buffer in 20 mM Tris-HCl, pH 7.4 was prepared by dissolving 4.3 g urea in 4 mL of 

d. I. H2O with 160 µL of 1 M Tris-HCl. The pH was adjusted to 7.4, and the solution was 

filled to a final volume of 8 mL. The 20 mM Tris-HCl, pH 7.4 and the 9 M urea buffer in 

20 mM Tris-HCl, pH 7.4 were both filtered through 0.2 µM cellulose acetate filters. The 

refractive index of each buffer was measured using a refractomer and determined to be 

1.3390 for the 0 M urea buffer in 20 mM Tris-HCl, pH 7.4 and 1.4089 for the 9 M urea 

buffer in 20 mM Tris-HCl, pH 7.4. The actual [urea] of the 9 M urea buffer was 8.43 as 

determined by the known equation relating the concentration of urea to the refractive 

index of the solution (3). This equation was used to determine the volume of 0 M urea 

buffer and 9 M urea buffer to aliquot in order to create a series of urea buffers ranging 

from 0 M to 7 M. The pH of each individual buffer was adjusted using a pH meter, and 

refractive index of each buffer was measured using a refractometer to determine the 

final concentration of each buffer. 

4.2.3 Experimental Protocols 

4.2.3.1 iTRAQ-SPROX  

All of the geldanamycin and gedunin iTRAQ-SPROX experiments were 

performed using the same basic protocol, with a few minor exceptions. For iTRAQ-

SPROX experiment “Geld.Yeast 1”, one yeast pellet was lysed in 20 mM phosphate 
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buffer, pH 7.4 with 1X HALT protease inhibitor with glass beads on a Disrupter Genie 

for 20 seconds with 1 minute on ice in between, for a total of 20 cycles. The lysate was 

clarified by centrifugation at 14,000 rcf for 10 minutes at 4°C. The concentration of the 

yeast lysate was ~15.4 µg/µL, as determined by a Bradford Assay, and was then diluted 

to ~10 µg/µL in 20 mM phosphate buffer, pH 7.4. The lysate was aliquoted into two 180 

µL portions. 20 µL of DMSO was added to create the control sample and 20 µL of 0.5 

mM geldanamycin was added to the (+) geldanamycin sample. The lysate was 

equilibrated with drug for 30 minutes at room temperature before 20 µL of equilibrated 

lysate, (-) or (+), was diluted into 25 µL of GdmCl buffers in 20 mM phosphate buffer, 

pH 7.4 and equilibrated for 30 minutes at room temperature. The final [GdmCl] in each 

buffer was 0.5, 1.1, 1.4, 1.6, 1.9, 2.1, 2.6, and 3.2 M and the final [geldanamycin] was 20 

µM. The oxidation of methionine residues was initiated with the addition of 5 µL of 

H2O2, allowed to proceed for 3 minutes, and quenched with 1 mL of 300 mM 

methionine.  

The proteins in each sample were precipitated by the addition of 200 µL of 100% 

TCA (wt/vol) and incubated on ice overnight. The samples were centrifuged at 8,000 rcf 

for 30 minutes at 4°C and the supernatant was decanted. The protein pellets were 

washed three times with 300 µL of ice-cold Ethanol. The Ethanol was decanted, and the 

protein pellets were dried in a fume hood. The protein pellets were dissolved in 35 µL of 

0.5 M TEAB with 0.1 % final concentration of SDS. The samples were vortexed, heated at 
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60°C, and sonicated for 10 minutes at a time, for 2-3 cycles. The disulfide bonds were 

reduced with a final concentration of 5 mM TCEP for 1 hour at 60°C. The free cysteine 

residues were alkylated with a final concentration of 10 mM MMTS for 10 minutes at 

room temperature. The proteins were digested with 1.5 µL of 1 mg/mL trypsin at 37 °C 

for 16 hours. 

The 0.5, 1.1, 1.4, 1.6, 1.9, 2.1, 2.6, and 3.2 M (-) and (+) geldanamycin samples were 

labeled with 0.5 unit of the 113, 114, 115, 116, 117, 118, 119, and 121 iTRAQ tags 

dissolved in isopropanol, respectively. The labeling reactions were allowed to proceed 

for 2 hours at room temperature. 5 or 10 µL of each sample was combined within a set,  

(-) or (+), and cleaned with C18 resin for LC-MS/MS analysis to create the non-enriched 

samples. A separate 30 µL portion of each sample within a set, (-) or (+), was combined 

and placed on a SpeedVac concentrator to reduce the volume to ~50 µL.  

The (-) and (+) combined samples were then subjected to methionine enrichment 

procedure using a commercially available Pi3™ - Methionine Reagent kit. The sample 

volumes were brought to 75 µL with d. I. H2O, and 25-30 µL of 100% acetic acid was 

added to reduce the sample pH to 2-3. The tubes containing the methionine resin were 

centrifuged at 2000 rcf for 1 min to settle all material at the bottom of the tube. A blue 

cap was placed on the end of the spin tube, 200 µL of methanol was added, and the spin 

tube was vortexed for 15 min. The spin tube was placed in a collection tube, centrifuged 

at 2000 rcf for 1 min, and washed with 400 µL three times.  
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The prepared peptide samples were then added to the prepped resin and 

vortexed for ~1.5 hr. A volume of 100 µL 0.2 M β-mercaptoethanol in 25% acetic acid 

was added to the spin tube and then placed on the vortex for an additional 30 min. The 

sample was centrifuged at 2000 rcf for 1 min and the flow through was discarded. The 

resin was washed with 400 µL 0.2M β-mercaptoethanol in 25% Acetic Acid three times, 

400 µL 70% ACN/0.1% TFA three times, then 400 µL H2O three times.  86 µL of 1.0 M 

Ammonium bicarbonate, pH 9.0-9.1, and 14 µL of β-mercaptoethanol was added to the 

resin in each spin tube. The spin tubes were vortexed for 2 hrs to elute the methionine-

containing peptides. The spin tubes were centrifuged at 2000 rcf, the flow through was 

reserved, and 50 µL 20% ACN/0.1% TFA was added to the spin tubes.  The spin tubes 

were vortexed for 15 min and centrifuged at 2000 rcf for 1 min. 400 µL 2% TFA was 

added to the spin tubes, the tubes were vortexed, and then centrifuged at 2000 rcf for 1 

min, twice. The samples were then cleaned with C18 resin.  

For “Geld. Yeast 2” experiment, the yeast lysate concentration was 8.5 mg/mL, 

and all other parameters were the same as previously stated. For “Gedunin Yeast 1” 

experiment, the yeast lysate concentration was 11.3 mg/mL and the final concentration 

of gedunin during the SPROX reaction was 120 µM. All other parameters for “Gedunin 

Yeast 1” were the same as previously stated. For “Gedunin Yeast 2”, the lysate 

concentration was 11.5 mg/mL while all other parameters were the same as stated 

previously. For “Geld. MCF-7 Hybrid 1”, “Gedunin MCF-7 Hybrid High 1”, and 
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“Gedunin MCF-7 Hybrid Low 1” three MCF-7 pellets from passage 163 were lysed in 20 

mM phosphate buffer with 1x house made protease inhibitor cocktail using 1.0 mm 

Zirconia beads for 20 seconds with 1 min on ice in between for 10 cycles. The house-

made protease inhibitor cocktail contained Pepstatin A, Leupeptin, E-64, Bestatin, and 

AEBSF at concentrations of 0.2 mM, 0.4 mM, 0.3 mM, 1 mM, and 20 mM, respectively. 

The MCF-7 lysate concentration was ~17 µg/µL. The methionine oxidation reaction was 

initiated with 5 µL of H2O2 and after 2 min the tryptophan modification reaction was 

initiated with 2.5 µL of 0.048 M HNSB reagent. The reactions were quenched with 1 mL 

solution of 348 mM methionine and 4.89 mM tryptophan in d. I. H2O. The final [GdmCl] 

during the modification reactions was 0, 0.5, 1.0, 1.3, 1.5, 1.7, 2.0, and 2.5 M. The final 

[drug] was 20 µM geldanamycin in “Geld. MCF-7 Hybrid 1”, 300 µM gedunin in 

“Gedunin MCF-7 Hybrid High 1”, and 20 µM gedunin in “Gedunin MCF-7 Hybrid Low 

1”. The remaining experimental parameters were the same as previously described.  For 

“Geld. MCF-7 Exp. 2”, the MCF-7 lysate concentration was 8 mg/mL and geldanamycin 

was equilibrated in the lysate for 30 min. The buffer concentrations were 0, 0.5, 1.0, 1.3, 

1.5, 1.7, 2.0, and 2.5 M, respectively, and were labeled with the 113, 114, 115, 116, 117, 

118, 119, and 121 tags, respectively.  

For “Geld. Yeast Long Incubation 1” experiment, the lysate concentration was 9 

mg/mL, the lysate was equilibrated with geldanamycin for 19 hours, and the 

equilibrated lysate was incubated in GdmCl buffers for 30 minutes. The final [GdmCl] in 
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each buffer was 0, 0.5, 1.0, 1.4, 1.6, 1.8, 2.1, and 2.6 M, and the final [geldanamycin] in 

each sample during methionine oxidation was 20 µM. The remaining experimental 

parameters were as previously described.  For “Geld. Yeast Long Incubation 2”, the 

lysate concentration was 15 mg/mL, the lysate was equilibrated with geldanamycin for 

19 hrs, and the equilibrated lysate was incubated in GdmCl buffers for 30 min.  The final 

[GdmCl] in each buffer was 0, 0.5, 1.0, 1.3, 1.5, 1.7, 2.0, and 2.5 M.  The samples were 

labeled with the 113, 114, 115, 117, 118, 119, 121, and 116 iTRAQ tags, respectively.   

For “Geld. MCF-7 Long Incubation 1”, the lysate concentration was 12 mg/mL, 

the lysate was equilibrated with geldanamycin for 19 hours, and the equilibrated lysate 

was incubated in GdmCl buffers for 30 min. The final [GdmCl] in each buffer was 0, 0.5, 

1.0, 1.4, 1.6, 1.8, 2.1, and 2.6 M, and the final [geldanamycin] in each sample during 

methionine oxidation was 20 µM. For “Geld. MCF-7 Long Incubation 2”, the lysate 

concentration was 13 mg/mL, the lysate was equilibrated with geldanamycin for 19 hrs, 

and the equilibrated lysate was incubated in GdmCl buffers for 30 min.  The final 

[GdmCl] in each buffer was 0, 0.5, 1.0, 1.3, 1.5, 1.7, 2.0, and 2.5 M.  The samples were 

labeled with the 113, 114, 115, 116, 117, 118, 119, and 121 iTRAQ tags, respectively.  The 

remaining experimental parameters were performed as previously described.   

4.2.3.2 SILAC-PP 

The S. cerevisiae deletion strain BY4739 (Open Biosystems, Lafayette, CO) was 

grown on a petri dish containing synthetic complete (SC) media and 30 mg/L of light L-
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lysine and grown at 30 ºC for three days. The SC-media contained 1.7 g of yeast nitrogen 

base, 5 g of ammonium sulfate, 20 g of bacto-agar, 2 g of glucose, and 1.92 g of synthetic 

drop out mix without lysine. One colony from the plate was inoculated into 10 mL of SC 

media containing 30 mg/L of light L-lysine. The cell culture was incubated at 30 ºC 

overnight. 10 µL of the cell culture was then transferred into 100 mL of SC media 

containing light L-lysine to a final concentration of 0.03 mg/mL. Separately, another 10 

µL aliquot of the cell culture was transferred into 100 mL of SC media containing 0.03 

mg/mL of heavy lysine (13C6 15N2Cl). The two cell cultures were incubated at 30 ºC for 24 

hours before 5 µL aliquots of each culture were transferred into 100 mL of 

corresponding light and heavy media and incubated for 24 hrs at 30 ºC. This step was 

repeated three times, and after each 24 hr period, the measured OD600 was ~ 6-8. 20 µL of 

each light and heavy culture were then diluted into 1 L of the corresponding light and 

heavy media and grown overnight at 30 oC. When the OD600 reached ~1.8 for each 

culture, the cells were centrifuged at 1,000 g at 4 °C for 10 min, washed with distilled 

H2O, and frozen at -20 °C. 

For each experiment, one light and heavy lysine labeled yeast pellets were 

suspended in 400 µL of 20 mM Tris-HCl with 50 mM NaCl, 10 mM CaCl2, and 1x house 

made protease inhibitor cocktail at pH 7.4. The house-made protease inhibitor cocktail 

contained Pepstatin A, Leupeptin, E-64, Bestatin, and AEBSF at concentrations of 0.2 

mM, 0.4 mM, 0.3 mM, 1 mM, and 20 mM, respectively The pellets were lysed in buffer 
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with glass beads by mechanical disruption using a Disruptor Genie for 20 s intervals 

with 1 min on ice in between for a total of 20 cycles. Lysates were clarified by 

centrifugation at 10,000 rcf for 10 min at 4 ⁰C. A Bradford Assay was used to determine 

the protein concentration of each lysate, which was ~7-9 mg/mL for each lysate. (-) 

Control samples were prepared using 315 µL of the ~9 mg/mL heavy lysates combined 

with 35 µL of DMSO. For the two geldanamycin experiments, 35 µL of 500 µM 

geldanamycin prepared in DMSO was aliquoted into 315 µL of the 9 mg/mL light lysate 

for a final concentration of 50 µM geldanamycin and equilibrated for 30 min at RT. For 

gedunin experiment 1, 35 µL of 4.9 mM gedunin prepared in DMSO was aliquoted into 

315 µL of the ~7 mg/mL light lysate for a final concentration of 490 µM and equilibrated 

for ~1 hr at RT. For gedunin experiment 2, 305 µL of the ~9 mg/mL light and heavy 

lysates were equilibrated with 5 µL of 31.5 mM AMP-PNP and 5 µL of 31.5 mM MgCl2 

for 1 hr at RT before adding 35 µL of 4.9 mM gedunin to the light lysate and 35 µL of 

DMSO to the heavy lysate and equilibrated for ~1 hr at RT. 25 µL of each equilibrated 

lysate, (-) or (+) drug, were then aliquoted into 75 µL of urea buffers in 20 mM Tris-HCl, 

pH 7.4. The final [urea] in each reaction buffer was 0, 0.8, 1.2, 1.7, 2.1, 2.5, 2.9, 3.3, 3.6, 4.1, 

4.5, and 5.3 M for the geldanamycin experiments, and the final concentration of 

geldanamycin was 12.5 µM. For gedunin experiment 1, the final [urea] in each buffer 

was 0, 1.1, 1.7, 2.1, 2.4, 2.8, 3.2, 3.6, 4.2, 4.5, 5.3, and 7.4 M and the final concentration of 

gedunin was 120 µM.  The final [urea] in gedunin experiment 2 was 0, 1.0, 1.6, 1.9, 2.2, 
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2.6, 2.9, 3.3, 3.7, 4.2, 4.8, and 6.7 M and the final concentration of gedunin was 120 µM. 

All samples were incubated in urea buffers for 1 hr at RT.   

Thermolysin solutions were prepared to a concentration of 9 mg/mL in 2.5 M 

NaCl and 10 mM CaCl2. The pulse proteolysis reaction was initiated with 2.0 µL of 9 

mg/mL thermolysin, allowed to proceed for 1 min, and quenched with 15 µL of 0.5 M 

EDTA. 100 µL of (+) drug light samples were combined with 100 µL of (-) control heavy 

samples from the same final [urea] in each experiment. To each combined sample, 14 µL 

of beta mercaptoethanol and 48 µL of 6x SDS Coomassie dye were added.  The samples 

were heated at 95 ⁰C for 5 min, centrifuged, and frozen at -20 ⁰C overnight.  The samples 

were thawed, heated at 95 ⁰C for 5 min, cooled, centrifuged and then run on a Criterion 

4-20% gradient gel at 150 V for ~1 hr.  The gels were removed, placed in fixing solution 

for 20 min, stained with Coomassie dye overnight, and destained with 10% acetic acid 

for ~30 min. Molecular weight regions of each gel, listed in Table 3, were cut out and 

digested using a protocol described elsewhere (134). 

4.2.4 LC-MS/MS Analyses 

4.2.4.1 iTRAQ-SPROX 

LC-MS/MS analyses were performed on one of four mass spectrometer systems 

including: 1) a 6520B Q-TOF mass spectrometer equipped with a Chip Cube interface 

(Agilent Technologies, Inc); 2) a Q-Exactive orbitrap mass spectrometer with an Easy-

nLC 1000 system (Thermo Scientific); 3) an Orbitrap Elite ETD mass spectrometer 
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equipped with an Easy-nLC 1000 system; 4) or a Q-Exactive Plus high resolution mass 

spectrometer with a nanoAcquity UPLC system (Thermo Scientific).  The instrumental 

parameters for the LC-MS/MS analyses performed on the Q-TOF system were as 

described in Chapter 3.2.5, with a few minor exceptions.  The solvent gradient increased 

linearly from 3 to 15% B over 2.5 min, 15 to 45% B over 78 min, and 45 to 100% B in 10 

min. The drying gas flow rate was 4 L/min at a temperature of 350˚C.  The capillary 

voltage was set to 1,900-1,975 V and the octapole RF was set to 750 V.  Peptides were 

fragmented by collision induced dissociation using an energy of 3.9 V/100 m/z and an 

off-set of + 2.9 V.   

For LC-MS/MS analyses on the Q-Exactive orbitrap mass spectrometer, columns 

were self-packed capillaries.  Trap columns (IntegraFrit IF360-100-50-N-5) were packed 

with 2 cm stationary phase and separation columns (Cat# IntegraFrit IF360-75-50-N-5) 

were packed with 15 cm of stationary phase, Jupiter 4µ Proteo 90A (04A-4396).  LC 

gradients ran from 5 to 35% acetonitrile/0.1% formic acid over ~120 min.  Product ion 

scans (resolution 17,500) were collected for the 10 most intense peaks in a given 

precursor scan (resolution 70,000) with an intensity threshold of 42,000.  The dynamic 

exclusion window of a given m/z ratio was set at 1 scan in 30 s and the precursor 

isolation width was 2.0 m/z.  The scan range for the precursor scan was 300-1,800 m/z 

and the product ion scan range started at 100 m/z.  Collision induced dissociation was 

achieved using HCD with a normalized collision energy of 25%.  One run of each non-
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enriched sample and two runs of each methionine-enriched sample from methionine 

enrichment 2 of geldanamycin experiment 2 were analyzed. 

The LC-MS/MS analyses performed on the Orbitrap Elite utilized the same 

parameters as described in Chapter 2.2.3.  LC-MS/MS analyses for Yeast Geldanamycin 

Long Incubation Exp. 1 and 2, MCF-7 Geldanamycin Long Incubation Exp. 1 and 2, and 

MCF-7 Short Incubation Exp. 2 were performed on a Thermo Scientific Q-Exactive Plus 

high resolution mass spectrometer with a nanoAcquity UPLC system (Waters Corp) and 

a nanoelectrospray ionization source.  Approximately 2 µL of each sample was injected 

and trapped on a Symmetry C18 180 µm × 20 mm trapping column for 3 min at 5 

µL/min (99.9/0.1 v/v water/acetonitrile 0.1% formic acid), followed by the analytical 

separation on a 75 µm × 250 mm column packed with 1.7 µm Acquity HSST3 C18 

stationary phase (Waters Corp).  Peptides were separated using a gradient of 3 to 30% 

acetonitrile with 0.1% formic acid over 90 min at a flow rate of 0.4 microliters/minute 

(µL/min) with a column temperature of 55 °C.  Data collection on the Q-Exactive Plus 

mass spectrometer was performed in a data-dependent acquisition (DDA) mode of 

acquisition with a resolution (r) of 70,000 (at a m/z 200) for full MS scan from m/z 375 – 

1600 with a target AGC value of 1 x 106 ions in profile mode, followed by 20 MS/MS 

scans at r=17,500 (at a m/z 200) in centroid mode, using an AGC target value of 1 x 105 

ions, a max fill time of 60 msec, and normalized collision energy of 30 V. A 30 s dynamic 
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exclusion was employed to decrease MS/MS oversampling. The total analysis cycle time 

for each sample injection was approximately 125 minutes. 

The LC-MS/MS data from the Q-TOF, Q-Exactive orbitrap mass spectrometer, 

and the Q-Exactive Plus instruments were searched on Spectrum Mill Workbench 

Software B.04 Rev. B against the SwissProt Saccharomyces cerevisiae database or the 

SwissProt homo sapiens database with trypsin digestion including tryptic peptides with 

up to 3 missed cleavages. Fixed modifications of iTRAQ® 8-Plex on the N-terminus and 

lysine residues and MMTS on cysteine residues were included.  Oxidation of methionine 

residues was set as a variable (0-1) modification as well as deamidation of asparagine 

and glutamine residues.  For the Q-TOF analyses, the precursor ion mass tolerance was 

set to 20 ppm while the product ion tolerance was set to 50 ppm.  For the Q-Exactive 

orbitrap analyses, the precursor ion mass tolerance was set to 10 ppm and the product 

ion mass tolerance was set to 0.6 Da.  For the Q-Exactive Plus analyses, the precursor ion 

mass tolerance was set at 10 ppm and the product ion mass tolerance was set to 0.02 Da.   

The LC-MS/MS data from the Orbitrap Elite were search using Proteome 

Discoverer with fixed modification of MMTS on cysteine residues, fixed modification of 

iTRAQ® 8-Plex on N-terminus and lysine residues, a variable modification of oxidation 

on methionine residues, and two missed cleavage sites were allowed. The precursor 

mass tolerance was set to 10 ppm and the fragment mass tolerance was set to 0.8 Da.  
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Peptides identified with high and medium confidence (i.e., false discovery rates (FDR) 

<1% and 5%, respectively) were used for data analysis.  

4.2.4.2 SILAC-PP LC-MS/MS Analyses 

The SILAC-PP samples were analyzed on the Agilent Q-TOF system described 

above.  The solvent gradient increased linearly from 3 to 5% B over 2 min, 5 to 15% B 

over 2 min, 15 to 60% B over 18 min, 60 to 90% B over 3 min, 90 to 100% B over 0.1 min, 

100 to 5% B over 1.9 min, and then isocratic at 5% B for 3 min. An HPLC chip with a 40 

nL trapping column and 75 µm x 43 mm column with 300 Å Zorbax C18 packing (5 µM) 

was employed.  Collision induced dissociation was achieved with an energy of 3.50 

V/100 m/z and an off-set of - 4.80 V.  The LC-MS/MS data were searched on Spectrum 

Mill Workbench Software B.04 Rev. B against the SwissProt S. cerevisiae database with 

trypsin digestion including tryptic peptides with up to 3 missed cleavages.  Fixed 

modifications of SILAC 0-8 Da on Lys residues and carbamidomethylation on cysteine 

residues were set along with variable modifications of methionine residue oxidation (0-

1) and deamidation of asparagine residues.  The precursor ion mass tolerance was set to 

20 ppm while the product ion tolerance was set to 50 ppm.   

4.2.5 Data Analysis 

4.2.5.1 iTRAQ-SPROX Data Analysis 

The SPROX data was analyzed as previously described.(10) Briefly, the identified 

peptide sequences and their iTRAQ® reporter ion intensities were exported into Excel 
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along with the filename, identification, score, charge state, modifications, isolation 

purity, retention time, protein accession number, and protein name.  Only peptides with 

high quality quantitative data (i.e., iTRAQ® reporter ion intensities at m/z 113-121 that 

summed to >1,000) were used in analyses. The iTRAQ® reporter ion intensities for an 

individual peptide were normalized as previously described (10). 

The normalized iTRAQ® reporter ion intensities were used to generate chemical 

denaturation data sets for the peptides successfully quantified in each of the 

geldanamycin and gedunin SPROX experiments. In each experiment, a set of peptides 

with normalized iTRAQ® reporter ion differences that resulted in significant transition 

midpoint shifts of >0.5 M were identified by a visual inspection of the data or by visual 

inspection of the data after a difference analysis. All of the peptides identified with 

significant transition midpoint shifts in each experiment were labeled as hits.  

4.2.5.2 SILAC-PP Data Analysis 

SILAC-PP data analysis was performed as previously described (44).  Briefly, the 

identified peptide sequences were exported in Excel along with the filename, score, 

charge state, modifications, L/H ratio, retention time, molecular weight, protein 

accession number, and protein name. The L/H ratios for all identified peptides from a 

particular protein were averaged for all identifications within a gel-band for a particular 

denaturant concentration, and these average L/H ratios were used to generate SILAC-PP 

data sets. Peptides identified in four or more [urea] were considered for changes in 
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thermodynamic stability upon ligand binding. Proteins with >1.7 fold deviations from 

the median L/H ratio at two or more consecutive denaturant concentrations were 

labeled as hits. Hits were confirmed by visual inspection of the data. 

4.2.6 Calculation of Binding Affinities  

From visual inspection of the data, ΔC1/2 values for the Hsp90-geldanamycin 

interactions were determined based upon the criteria of a two iTRAQ tag difference in 

C1/2 placement between the Control and (+) Geldanamycin samples, or an altered L/H 

ratio of 1.7-fold greater than the average at two consecutive urea denaturant 

concentrations.  The ΔC1/2 value was then used to calculate a binding free energy (ΔΔG) 

for the protein-ligand binding interaction using Equation 1.  In Equation 1, ΔΔG is the 

binding free energy, m is δΔG/δΔC1/2SPROX, and ΔC1/2SPROX is the difference in the transition 

midpoints of the Control and (+) Ligand data sets.  A m-value of 2.6 kcal mol-1M-1 was 

used for the iTRAQ-SPROX calculations in which GdmCl was the denaturant, and a m-

value of 1.3 kcal mol-1M-1 was used for the SILAC-PP experiments that utilized urea as 

the denaturant.  These m-values were estimated based upon the average protein domain 

size of 100 amino acids and the average contribution of 0.026 kcal mol-1 M-1 of 

geldanamycin to the m-value of the protein, and an average contribution of 0.013 kcal 

mol-1 M-1 of urea to the m-value of the protein (135).   

ΔΔG = - m x ΔC1/2SPROX                                               [Equation 1] 

Kd = [L]/(e^ -ΔΔG/nRT -1)                                                [Equation 2] 
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Equation 2 was then used to calculate the dissociation constant (Kd) for the 

protein-ligand interaction.  In Equation 2, [L] is the concentration of free ligand, n is the 

number of independent binding sites, R is the universal gas constant, and T is the 

temperature in Kelvin.  Since the concentration of Geldanamycin was in large excess 

over the concentration of any individual protein in the lysate, the [L] was taken to be the 

total amount of Geldanamycin added to the reaction buffers, which equaled 20 µM in 

each experiment.  For these calculations, n was assumed to be 1, R was 0.001987 kcal 

mol-1 K-1, and T was 298.15 K. 

4.4 Results 

4.4.1 Geldanamycin iTRAQ-SPROX Protein Target Discovery 

Four iTRAQ-SPROX experiments each were performed in S. cerevisiae and MCF-7 

cell lysates with the benzoquinone ansamycin geldanamycin (see Figure 14) to assess 

global protein stability in the presence of the drug.  In these experiments, a S. cerevisiae 

cell lysate or a MCF-7 cell lysate was incubated with geldanamycin for either 30 min or 

19 hr at room temperature before the lysates were diluted into GdmCl buffers and 

subjected to a hydrogen peroxide oxidation reaction and in some cases, a HNSB 

modification reaction.  Experiments utilizing each incubation time were completed in 

duplicate in each cell lysate.  The samples were analyzed using either a Q-TOF, Q-E, 

Orbitrap Elite, or Q-E Plus mass spectrometer system to identify peptides and proteins 

in each biological replicate experiment (Table 11).   
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Figure 14: Structure of the natural product geldanamycin used in the discovery 
experiments described in this work. 

Table 11: Protein and peptide coverage achieved in the geldanamycin iTRAQ-SPROX 
and Hybrid experiments.  The samples labeled “Short Incubation” were equilibrated 
with geldanamycin for 30 min while the samples labeled “Long Incubation” were 
equilibrated with geldanamycin for 19 hr prior to distribution into denaturant buffers.  
Tryptophan-containing peptides were only probed in the Hybrid experiment that 
included the HNSB modification reaction in addition to the hydrogen peroxide 
oxidation reaction. The instrument that was utilized for sample analysis is noted. 

Biological 
Replicate 

Experiment 

Cell Line Instrument Assayed Met 
Peptides 
(Proteins) 

Assayed Trp 
Peptides 
(Proteins) 

Hit Peptides 
(Proteins) 

Geld. Short 
Incubation 1 

Yeast Q-TOF 243 (148) - 3 (3) 

Geld. Short 
Incubation 2 

Yeast Q-E 655 (358) - 4 (4) 

Geld. Long 
Incubation 1 

Yeast Q-E Plus 1254 (498) - 3 (3) 

Geld. Long 
Incubation 2 

Yeast Q-E Plus 1474 (525) - 1 (1) 

Geld. Hybrid 
Short 
Incubation 1 

MCF-7 Orbitrap 
Elite 

1373 (612) 958 (573) 41 (39) 

Geld. Short 
Incubation 2 

MCF-7 Q-E Plus 1262 (592) - 23 (22) 

Geld. Long 
Incubation 1 

MCF-7 Q-E Plus 855 (445) - 6 (6) 

Geld. Long 
Incubation 2 

MCF-7 Q-E Plus 2423 (888) - 22 (19) 
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Hit peptides identified from Hsp90, the known direct target of geldanamycin, 

from the yeast and MCF-7 experiments are summarized in Table 12.  One methionine-

containing peptide from yeast Hsp90, DSGIGMTK, (Figure 15) and two peptides from 

human Hsp90, TLTIVDTGIGMTK and TDTGEPMGR, displayed hit behavior in cell 

lysates that were equilibrated with geldanamycin for 30 min (Figure 16).  These hit 

peptides are all located in the N-terminal ATP-binding domain of Hsp90 where 

geldanamycin is known to bind (see Figure 17).  (111, 114, 128).   

Table 12: Peptides from Hsp90 that were detected as hits in the yeast and MCF-7 
geldanamycin experiments. For cases where the peptide was detected as a hit in both 
biological replicate experiments with the same incubation time, the measured ∆ C1/2 was 
equivalent, and the calculated Kd values are representative of both experimental data 
sets. 

Protein 
Name 

Accession 
Number 

Peptide Sequence Exp. ∆ C1/2 

(M) 
Kd 

(µM) 
Hsp90 P15108 DSGIGMTK Yeast Short 1, 2 + 0.6 1.5 
Hsp90 P15108 DSGIGMTK Yeast Long 1 + 0.8 0.62 
Hsp90 P07900 TLTIVDTGIGMTK MCF-7 Hybrid 

Short 1, Short 2 
+ 1.1 0.16 

Hsp90 P07900 TLTIVDTGIGMTK MCF-7 Long 2 + 0.8 0.62 
Hsp90 P07900 TLTIVDTGIGM(ox)TK MCF-7 Hybrid 

Short 1 
+ 1.1 0.16 

Hsp90 P07900 TDTGEPMGR MCF-7 Short 2 + 1.1 0.16 
Hsp90 P07900 TDTGEPMGR MCF-7 Long 1, 2 + 0.8 0.62 
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Figure 15:  iTRAQ-SPROX data set for the hit peptide from Hsp90, DSGIGMTK, from 
Yeast Short Incubation Exp. 1. The dashed line at a normalized reporter ion intensity of 1 
is the cut-off value that separates the pre- and post-transition baselines.  The arrows at 
[GdmCl] of 1.2 M and 1.8 M are the C1/2 values of the Control and (+) Geldanamycin data 
sets, respectively. When the averaged data from 2 or more peptide readouts is reported, 
the error bars represent one standard deviation. The * indicates an outlier data point that 
was overlooked in assigning the C1/2 value of the data set. 

 

Figure 16: iTRAQ-SPROX data sets for Hsp90 peptides (A) TLTIVDTGIGMTK from 
MCF-7 Hybrid Short Exp. 1, and (B) TDTGEPMGR from MCF-7 Short Exp. 2. The 
dashed line at a normalized reporter ion intensity of 1 is the cut-off value that separates 
the pre- and post-transition baselines.  The arrows indicate the placement of the C1/2 

values.  The averaged data from 2 or more peptide readouts is reported, and the error 
bars represent one standard deviation.  
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Figure 17: Yeast Hsp90 N-terminal domain bound to geldanamycin. The peptide 
identified as a hit in the iTRAQ-SPROX experiments, DSGIGMTK, is highlighted in blue.  
This peptide is located in the ATP-binding domain of Hsp90 where geldanmycin is 
known to bind.  The crystal structure was obtained from reference (136). 
 

The strength of the Hsp90-geldanamcyin interaction was determined using the 

data obtained from the yeast and MCF-7 experiments. The observed ∆C1/2 value of + 0.60 

M in Figure 15 was used to calculate a Kd value of 1.5 µM for the yeast Hsp90-

geldanamycin binding interaction.  The yeast Hsp90-geldanmycin Kd value measured by 

iTRAQ-SPROX is very close to the previously reported Kd value of 1.2 µM as measured 

by isothermal titration calorimetry with the purified Hsp90 protein (128).  The ∆C1/2 

values of + 1.1 M in Figures 16A and B were used to calculate a 0.16 µM Kd value for the 

Hsp90-geldanamycin binding interaction in the MCF-7 cell lysate, respectively.  This 

binding affinity is within the range of 0.08 µM and 0.60 µM Kd values that have been 

measured under similar protein-drug equilibration times of 1-1.5 hr for the binding 
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interaction of geldanamycin to purified human Hsp90α (117, 132).  A Kd value of 0.012 

µM for the MCF-7 Hsp90-geldanamcyin binding interaction has been measured in the 

presence of Hsp90 co-chaperones including p23, Hsp70, Hsp40, and Hop (117).  Several 

other methionine-containing peptide probes from the large and small middle domains of 

Hsp90 were effectively assayed in the yeast and MCF-7 iTRAQ-SPROX experiments but 

did not show ligand-induced changes in their thermodynamic stability (see Table 13). 

Table 13: Assayed Hsp90 and Sba1 peptides that did not show stability changes in the 
presence of geldanamycin.  The experiment in which each peptide was assayed and the 
protein domain to which the peptide maps are noted.  Domain information for the yeast 
Hsp90 peptides was obtained from (111), human Hsp90 from (137), and Human 
Sba1/p23 from (116). 

Protein 
Name 

Accession 
Number 

Peptide Sequence Exp. Protein 
Domain 

Hsp90 P15108 DSSMSSYMSSK Yeast Short 1, 
Yeast  Long 1, 2 

C-terminal 

Hsp90 P15108 MPEHQK Yeast Short 1, 
Yeast  Long 1, 2 

Small Middle 

Hsp90 P15108 TGQFGWSANMER Yeast  Long 1, 2 C-terminal 
Hsp90 P15108 DSGIGMTK Yeast  Long 2 N-terminal 
Hsp90 P15108 EM(ox)LQQNK Yeast Short 2, 

Yeast Long 1 
Large Middle 

Hsp90 P07900 IMKDILEK MCF-7 Short 1, 
MCF-7 Long 1, 2 

C-terminal 

Hsp90 P07900 YYTSASGDEMVSLK MCF-7 Short 1, 
MCF-7 Long 1, 2 

Small Middle 
 

Hsp90 P07900 LGLGIDEDDPTADDTSAA
VTEEMPPLEGDDDTSR 

MCF-7 Short 2, 
MCF-7 Long 2 

C-terminal 

Hsp90 P07900 DNSTMGYM(ox)AAK MCF-7 Short 1, 
2, MCF-7 Long 2 

C-terminal 
Disordered 

Loop 
Hsp90 P07900 HGLEVIYMIEPIDEYCVQQ

LK 
MCF-7 Short 1, 
MCF-7 Long 2 

Small Middle 

Hsp90 P07900 EMLQQSK MCF-7 Hybrid Large Middle 
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Short 1 Disordered 
Loop 

Hsp90 P07900 HNDDEQYAWESSAGGSFT
VR 

MCF-7 Hybrid 
Short 1 

N-terminal 

Hsp90 P07900 SLTNDWEDHLAVK MCF-7 Hybrid 
Short 1 

Large Middle 

Hsp90 P07900 TKPIWTR MCF-7 Hybrid 
Short 1 

Large Middle 

Hsp90 P07900 TLTIVDTGIGMTK MCF-7 Long 1 N-terminal 
Sba1/p23 Q15185 GESGQSWPR MCF-7 Hybrid 

Short 1 
Core Domain 

 

Two experiments with 19 hr geldanamycin incubation times were performed in 

yeast cell lysates to determine whether the binding affinity of the Hsp90-geldanamycin 

complex was altered after a long incubation time compared to a short incubation time.  

Unfortunately, data generated on peptides from the N-terminal domain of Hsp90 did 

not show consistent hit behavior in all of the iTRAQ-SPROX experiments.  The iTRAQ-

SPROX data for peptide DSGIGMTK from the N-terminal domain of Hsp90 appears to 

be stabilized in Yeast Geld. Long Incubation Exp. 1 (Figure 18A), while the stability of 

same peptide does not appear to be altered in the presence of geldanamycin in Yeast 

Geld. Long Incubation Exp. 2 (Figure 18B).  The observed ΔC1/2 value of + 0.8 M in Yeast 

Geld. Long Incubation Exp. 1 was used to calculate a Kd value of 0.62 µM for the Hsp90-

geldanamycin binding interaction, which is tighter than the 1.5 M Kd value measured in 

the Yeast Geld. Short Incubation Experiments described above.  A Kd value was not 

calculated for the data generated in Figure 18B because the observed ΔC1/2 value is less 
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than 0.5 M, and therefore does not meet the criteria to be considered a hit in the iTRAQ-

SPROX experiment.  

 

Figure 18: iTRAQ-SPROX data for peptide DSGIGMTK from (A) Yeast Hsp90 Long Inc. 
Exp. 1 and (B) Yeast Hsp90 Long Inc. Exp. 2. The dashed line at a normalized reporter 
ion intensity of 1 is the cut-off value that separates the pre- and post-transition baselines.  
The data in (A) exhibits hit behavior, while the data in (B) does not show hit behavior.  
The arrows in each data set indicate the placement of the C1/2 values. The averaged data 
from 2 or more peptide readouts is reported, and the error bars represent one standard 
deviation. 

 

Similarly, two experiments with 19 hr equilibration times with geldanamcyin 

were conducted in MCF-7 cell lysates to measure the Hsp90-geldanamycin binding 

affinity under these conditions in a human lysate.  The data generated on the peptide 

TLTIVDTGIGMTK from the N-terminal domain of Hsp90 in MCF-7 Long Incubation 

Exp. 2 shows a stabilization of + 0.8 M in the presence of geldanamycin, but a significant 

stability change is not observed for this peptide in MCF-7 Long Incubation Exp. 1 

(Figures 19A and B).  Another peptide TDTGEPMGR from the N-terminal domain of 
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human Hsp90 also displayed hit behavior in both MCF-7 Long Incubation Exp. 1 and 2 

with ΔC1/2 values of + 0.8 M (Figures 20A and B).  The measured ΔC1/2 value of + 0.8 M 

observed in these long incubation experiments was used to calculate a Kd value of 0.62 

µM.  This binding affinity is slightly weaker than the 0.16 µM Kd measured after a 30 

min equilibration time, and is weaker than the previously reported Kd value of 0.009 µM 

that has been measured for the purified Hsp90-geldanamycin interaction after a 24 hr 

incubation time (132). The Hsp90 co-chaperone Sba1/p23 was not identified as a hit in 

any of the geldanamycin binding experiments in which it was assayed (data not shown).  

 

Figure 19: iTRAQ-SPROX data for the Hsp90 peptide TLTIVDTGIGMTK from (A) MCF-
7 Long Incubation Exp. 1 and (B) MCF-7 Long Incubation Exp. 2.  The data in (A) does 
not show hit behavior, while the data in (B) does show hit behavior with a ΔC1/2 value of 
+ 0.8 M.  The dashed line at a normalized reporter ion intensity of 1 is the cut-off value 
that separates the pre- and post-transition baselines.  The arrows in each data set 
indicate the placement of the C1/2 values. The averaged data from 2 or more peptide 
readouts is reported, and the error bars represent one standard deviation. 

 



 

125 

 

Figure 20: iTRAQ-SPROX data for the Hsp90 peptide TDTGEPMGR from (A) MCF-7 
Long Incubation Exp. 1 and (B) MCF-7 Long Incubation Exp. 2.  The dashed line at a 
normalized reporter ion intensity of 1 is the cut-off value that separates the pre- and 
post-transition baselines.  The arrows in each data set indicate the placement of the C1/2 

values. The averaged data from 2 or more peptide readouts is reported, and the error 
bars represent one standard deviation. 

 Many additional protein targets of geldanamycin were discovered in the long 

and short incubation iTRAQ-SPROX experiments (Table 14).  Peptides that showed 

inconsistent hit behavior between the replicate experiments performed under the same 

experimental condition are listed in Table 31.  Several of the MCF-7 hit proteins were 

detected in multiple experiments or with multiple peptide probes in the same 

experiment, including 60S ribosomal protein L7, keratin type II cytoskeletal 8, and 

purine nucleoside phosphorylase.   
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Table 14: Additional geldanamycin protein targets identified in the yeast and MCF-7 
iTRAQ-SPROX discovery experiments.  The experiment in which the hit was detected, 
the observed ∆C1/2 shift, and the Kd value for each peptide is noted.   

Protein and Gene 
Name 

Accession 
Number 

Peptide Sequence Exp. ∆C1/2 
(M) 

Kd 
(µM) 

Compass 
component, SWD2 

P36104 AFPMR Yeast 
Short 1 

+ 0.5 2.5 

NADP-dependent 
alcohol 
dehydrogenase 6, 
ADH6 

Q04894 AMGAETYVISR Yeast 
Short 1 

+ 0.8 0.62 

Protein disulfide-
isomerase, PDI1 

P17967 TAEAIVQFMIK Yeast 
Short 2 

-0.5 - 

Elongation Factor 
3A, YEF3 

P16521 MTPSGHNWVSGQGAG
PR 

Yeast 
Short 2 

-0.5 - 

Elongation factor 1-
gamma-1, CAM1 

P29547 LTEAMAINYYLVK Yeast 
Short 2 

+ 0.5 2.5 

Fumarate reductase 
1, FRD1 

P32614 EMLKEYAPELVNLP 
TTNGQQTTGDGQR 

Yeast 
Long 1 

-0.7 - 

Heat shock protein 
homolog, SSE1 

P32589 TKLQGMLNK Yeast 
Long 1 

-0.7 - 

Malate 
dehydrogenase, 
mitochondrial, 
MDH1 

P17505 (K)LM(ox)SDDKR(H) Yeast 
Long 2 

> -1.4 - 

Adenosylhomocyst
einase, AHCY 

P23526 ATDVMIAGK MCF7 
Long 1 

+ 0.5 2.5 

ATP-citrate 
synthase, ACLY 

P53396 AIVWGMQTR MCF7 
Long 1 

+ 0.5 2.5 

Cullin-associated 
NEDD8-dissociated 
protein 1, CAND1 

Q86VP6 MLTGPVYSQSTALTHK MCF7 
Long 1 

+ 0.8 0.62 

Ras-related protein, 
RAP2A 

P10114 EIEVDSSPSVLEILDT 
AGTEQFASMR 

MCF7 
Long 1 

-0.5 - 

Vinculin, VCL P18206 MSAEINEIIR MCF7 
Long 1 

-0.5 - 

14-3-3 protein 
epsilon, YWHAE 

P62258 DNLTLWTSDMQG 
DGEEQNK 

MCF7 
Long 2 

-0.5 - 

40S ribosomal P08865 FLAAGTHLGGTNLD MCF7 + 0.8 0.62 
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protein SA, RPSA FQMEQYIYK Long 2 
Activator of 90 kDa 
heat shock protein 
ATPase homolog 1, 
AHA1 

O95433 DEPDTNLVALMK MCF7 
Long 2 

-0.5 - 

Acylpyruvase, 
FAHD1 

Q6P587 SAVLSEPVLFLKPSTA 
YAPEGSPILMPAYTR 

MCF7 
Long 2 

-1.2 - 

COMM domain-
containing protein 
1, COMMD1 

Q8N668 SIASADMDFNQLEAFLT
AQTK 

MCF7 
Long 2 

-0.5 - 

Filamin-B, FLNB O75369 IPEINSSDMSAHVTSPSG
R 

MCF7 
Long 2 

-0.5 - 

Glutathione S-
transferase omega-
1, GSTO1 

P78417 MILELFSK MCF7 
Long 2 

-0.5 - 

Heat shock factor-
binding protein 1, 
HSBP1 

O75506 NIADLMTQAGVEELESE
NK 

MCF7 
Long 2 

-0.6 - 

Keratin, type II 
cytoskeletal 8, 
KRT8 

P05787 LKLEAELGNMQGLVED
FK 

MCF7 
Long 2 

-0.5 - 

Keratin, type II 
cytoskeletal 8, 
KRT8 

P05787 LEAELGNMQGLVEDFK MCF7 
Long 2 

-0.5 - 

Keratin, type II 
cytoskeletal 8, 
KRT8 

P05787 DVDEAYMNK MCF7 
Long 2 

-0.5 - 

Leucine--tRNA 
ligase, LARS 

Q9P2J5 VIYVLPMLTIK MCF7 
Long 2 

-0.5 - 

Myosin-9, MYH9 P35579 QEEEM(ox)MAKEEELVK MCF7 
Long 2 

-0.5 - 

Pro-cathepsin H, 
CTSH 

P09668 GIMGEDTYPYQGK MCF7 
Long 2 

-0.6 - 

Tropomyosin 
alpha-3 chain-like 
protein, TPM3L 

A6NL28 LMDQNLK MCF7 
Long 2 

-0.5 - 

Radixin, RDX P35241 GMLREDSMMEYLK MCF7 
Long 2 

-0.5 - 

Splicing factor 3B 
subunit 6, SF3B14 

Q9Y3B4 ITAEEMYDIFGK MCF7 
Long 2 

-0.5 - 
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Ubiquitin-like 
modifier-activating 
enzyme 1, UBA1 

P22314 HGFESGDFVSFSEVQ 
GMVELNGNQPMEIK 

MCF7 
Long 2 

+ 0.7 1 

UDP-glucose 4-
epimerase, GALE 

Q14376 FFIEEMIR MCF7 
Long 2 

+ 0.8 0.62 

Lectin, mannose-
binding protein, 
LMAN2 

Q12907 LPTGYYFGASAGTG 
DLSDNHDIISMK 

MCF7 
Long 2 

-0.5 - 

6-
phosphogluconate 
dehydrogenase, 
PGD 

IPI010125
04 

SAVENCQDSWR MCF7 
Short 1 

-0.7 - 

Acetoacetyl CoA 
sythetase, AACS 

IPI010144
97 

GIADVPEWFK MCF7 
Short 1 

-0.7 - 

Aconitase 2, 
mitochondrial, 
ACO2 

IPI009098
79 

VAEKEGWPLDIR MCF7 
Short 1 

+ 0.9 0.4 

Alanine--tRNA 
ligase, AARS 

IPI000274
42 

EIADLGEALATAVIPQW
QK 

MCF7 
Short 1 

+ 0.6 1.5 

Asparagine--tRNA 
ligase, NARS 

IPI003069
60 

EGIDPTPYYWYTDQR MCF7 
Short 1 

+ 0.8 0.62 

Bifunctional 3'-
phosphoadenosine 
5'-phosphosulfate 
synthase 1, PAPSS1 

IPI000116
19 

VYWNDGLDQYR MCF7 
Short 1 

+ 0.6 1.5 

Calnexin, CANX IPI009417
47 

EIEDPEDRKPEDWDERP
K 

MCF7 
Short 1 

+ 1 0.25 

Galectin-3-binding 
protein, LGALS3BP 

IPI010109
90 

SLGWLK MCF7 
Short 1 

> - 1.1 - 

Lipoprotein-
binding Vigilin, 
HDLBP 

IPI008942
87 

IVGELEQMVSEDVPLDH
R 

MCF7 
Short 1 

-0.7 - 

Clathrin light chain 
a, CLTA 

IPI002163
93 

AIKELEEWYAR MCF7 
Short 1 

+ 0.7 1 

Coatomer protein 
complex, subunit 
beta 2, COPB2 

IPI007896
74 

ETHADLWPAK MCF7 
Short 1 

+ 0.5 2.5 

Aconitate 
hydratase, ACO1 

IPI000084
85 

DIWPTRDEIQAVER MCF7 
Short 1 

+ 0.8 0.62 

Dynein 1 heavy IPI004569 ALPDMEVVGLNF MCF7 -0.7 - 
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chain 1, DYNC1H1 69 SSATTPELLLK Short 1 
DNA replication 
licensing factor, 
MCM4 

IPI000183
49 

DMFEEALR MCF7 
Short 1 

+ 0.7 1 

Elongation factor 2, 
EFTUD2 

IPI009177
77 

GLAEDIENEVVQITWNR MCF7 
Short 1 

+ 0.6 1.5, 

Fatty acid synthase, 
FASN 

IPI000267
81 

GLKPSCTIIPLMK MCF7 
Short 1 

+ 0.8 0.62 

Heterogenous 
nuclear ribonuclear 
proteins A2/B1, 
HNRNPA2B1 

IPI003963
78 

QEMQEVQSSR MCF7 
Short 1 

+ 0.7 1 

Purine nucleoside 
phosphorylase, 
PNP 

IPI000176
72 

FGDRFPAMSDAYDR MCF7 
Short 1, 
MCF7 
Short 2 

-0.5 - 

Importin subunit 
beta-1, KPNB1 

IPI000016
39 

VQHQDALQISDVVMAS
LLR 

MCF7 
Short 1 

+ 0.5 2.5 

Isocitrate 
dehydrogenase 
[NADP], IDH1 

IPI000272
23 

LVSGWVKPIIIGR MCF7 
Short 1 

+ 0.6 1.5 

Isoform 5 of 
interleukin 
enhancer-binding 
factor 3, ILF3 

IPI002193
30 

AVSDWIDEQEK MCF7 
Short 1 

-0.7 - 

Signal transducer 
and activator of 
trascription 1-
alpha/beta, STAT1 

IPI002181
88 

FLEQVHQLYDDSFPMEI
R 

MCF7 
Short 1 

+ 0.9 0.4 

Lanosterol 
synthase, LSS 

IPI009235
06 

QTWTYLQDER MCF7 
Short 1 

+ 1.2 0.1 

Nuclear 
autoantigenic 
sperm protein, 
NASP 

IPI002198
21 

HLVMGDIPAAVNAF 
QEAASLLGK 

MCF7 
Short 1 

+ 0.5 2.5 

Phosphofructokinas
e, PFKP 

IPI006431
96 

EWSGLLEELAR MCF7 
Short 1 

+ 0.5 2.5 

Phosphoglycerate 
mutase 1, PGAM1 

IPI005497
25 

FSGWYDADLSPAG 
HEEAKR 

MCF7 
Short 1 

+ 0.8 0.62 

Sepiapterin IPI000174 DMLFQVLALEEPNVR MCF7 -0.5 - 



 

130 

reductase, SPR 69 Short 1 
Staphylococcal 
nuclease domain-
containing protein 
1, SND1 

IPI009104
38 

AAATQPDAKDTPD 
EPWAFPAR 

MCF7 
Short 1 

> 1.8 < 
0.007 

Thioredoxin, TXN IPI002162
98 

CMPTFQFFK MCF7 
Short 1 

-0.1 - 

Translational 
activator, GCN1L1 

IPI000011
59 

FVHFIDAPSLALIMPIVQ
R 

MCF7 
Short 1 

+ 1.2 0.1 

tRNA (cytosine(34)-
C(5))-
methyltransferase, 
NSUN2 

IPI009668
77 

DGQWFTDWDAVPHSR MCF7 
Short 1 

+ 0.6 1.5 

Tubulin alpha 1b, 
TUBA1B 

IPI009306
88 

AYHEQLSVAEITNAC 
FEPANQMVK 

MCF7 
Short 1 

+ 0.7 1 

Ubiquitin carboxyl-
terminal hydrolase 
14, USP14 

IPI002199
13 

SSSSGHYVSWVK MCF7 
Short 1 

+ 1.2 0.1 

Ubiquitin-like 
modifier-activating 
enzyme 1, UBA1 

IPI006450
78 

QFLFRPWDVTK MCF7 
Short 1 

+ 0.5 2.5 

Uncharacterized 
protein, MMS19 

IPI009541
46 

LVWPSAK MCF7 
Short 1 

> -1.8 - 

UPD glucose 6 
dehydrogenase, 
UGDH 

IPI000314
20 

ILTTNTWSSELSK MCF7 
Short 1 

+ 0.5 2.5 

X-prolyl 
aminopeptidase 1, 
XPNPEP1 

IPI006458
98 

VGVDPLIIPTDYWK MCF7 
Short 1 

+ 0.9 0.4 

60S ribosomal 
protein L7, RPL7 

IPI000301
79 

EANNFLWPFK MCF7 
Short 1 

-0.7 - 

60S ribosomal 
protein L7, RPL7 

IPI000301
79 

FKEANNFLWPFK MCF7 
Short 1 

+ 0.5 2.5 

40S ribosomal 
protein S17, RPS17 

P08708 DNYVPEVSALDQEII 
EVDPDTKEMLK 

MCF7 
Short 2 

+ 0.7 1 

40S ribosomal 
protein S2, RPS2 

P15880 AEDKEWMPVTK MCF7 
Short 2 

-0.5 - 

60S ribosomal 
protein L4, RPL4 

P36578 SNYNLPMHK MCF7 
Short 2 

+ 0.8 0.62 

Dynein 1 heavy Q14204 VLLTTQGVDMISK MCF7 + 0.5 2.5 
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chain 1, DYNC1H1 Short 2 
DNA replication 
licensing factor, 
MCM7 

P33993 SPQNQYPAELMR MCF7 
Short 2 

+ 0.5 2.5 

Dynamin-2, DNM2 P50570 GMEELIPLVNK MCF7 
Short 2 

-0.7 - 

Glycogen 
phosphorylase, 
PYGB 

P11216 VIPAADLSQQISTAG 
TEASGTGNMK 

MCF7 
Short 2 

-0.5 - 

Guanine 
nucleotide-binding 
protein, GNB2L1 

P63244 GHNGWVTQIATTP 
QFPDMILSASR 

MCF7 
Short 2 

-0.6 - 

Heat shock 70 kDa 
protein 1A/1B, 
HSPA1A 

P08107 FGDPVVQSDM(ox)K MCF7 
Short 2 

+ 0.7 1 

Heterogeneous 
nuclear 
ribonucleoprotein 
M, HNRNPM 

P52272 MGPVM(ox)DR MCF7 
Short 2 

+ 0.6 1.5 

LIM and SH3 
domain protein 1, 
LASP1 

Q14847 QSFTMVADTPENLR MCF7 
Short 2 

+ 0.9 0.4 

Nucleolin, NCL P19338 EAMEDGEIDGNKVT 
LDWAKPK 

MCF7 
Short 2 

+ 0.7 1 

Pirin, PIR O00625 MVEPQYQELK MCF7 
Short 2 

+ 0.7 1 

Proliferation-
associated protein, 
PA2G4 

Q9UQ80 FTVLLMPNGPM(ox)R MCF7 
Short 2 

-0.5 - 

Serine/threonine-
protein 
phosphatase, 
PP1CB 

P62140 IVQMTEAEVR MCF7 
Short 2 

-0.5 - 

Splicing factor 3B 
subunit 2, SF3B2 

Q13435 QLVARPDVVEMHD 
VTAQDPK 

MCF7 
Short 2 

+ 0.8 0.62 

Src substrate 
cortactin, CTTN 

Q14247 GPVSGTEPEPVYSM 
EAADYR 

MCF7 
Short 2 

+ 0.4 4.2 

Valosin, VCP P55072 AHVIVMAATNRPN 
SIDPALR 

MCF7 
Short 2 

+ 0.6 1.5 

Translationally- P13693 VKPFMTGAAEQIK MCF7 + 0.5 2.5 
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controlled tumor 
protein, TPT1 

Short 2 

UV excision repair 
protein, RAD23B 

P54727 NQPQFQQMR MCF7 
Short 2 

+ 0.4 4.2 

 

4.4.2 Gedunin iTRAQ-SPROX Protein Target Discovery 

Two iTRAQ-SPROX experiments were conducted in yeast cell lysates and two 

Hybrid experiments were performed in MCF-7 cell lysates to assay known protein 

targets of gedunin (Figure 21).  Summarized in Table 15 is the proteomic coverage 

obtained in these experiments.  The protein and peptide coverage varied depending on 

the mass spectrometer system used for analysis (see Table 15).  Different concentrations 

of gedunin were utilized in these experiments to provide sensitivity to different ranges 

of binding affinities.   

 

Figure 21: Structure of the natural product gedunin studied in this work. 
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Table 15: Peptides and proteins assayed in gedunin iTRAQ-SPROX biological replicate 
experiments. All samples were equilibrated with gedunin for 30 min.  Tryptophan-
containing peptides were only probed in the Hybrid experiment that included the HNSB 
modification reaction in addition to the hydrogen peroxide oxidation reaction. The 
instrument that was utilized for sample analysis is noted. 

Biological 
Replicate 

Experiment 

Cell 
Line 

Final 
[Gedunin] 

(µM) 

Instrument Assayed 
Met 

Peptides 
(Proteins) 

Assayed 
Trp 

Peptides 
(Proteins) 

Hit 
Peptides 
(Proteins) 

Gedunin 1 Yeast 120 Orbitrap 
Elite 

1111 (400) - 3 (3) 

Gedunin 2 Yeast 120 Q-TOF 153 (104) - 1 (1) 
Gedunin 
Hybrid Low 
Conc. 1 

MCF-7 20 Q-E Plus 302 (153) 605 (402) 69 (72) 

Gedunin 
Hybrid High 
Conc. 2 

MCF-7 300 Orbitrap 
Elite 

1603 (716) 
 

849 (531) 69 (70) 

 

Several Hsp90 peptides were assayed in both the yeast and MCF-7 experiments.  

However, peptides from the known binding target of gedunin, Sba1/p23, were only 

identified in the MCF-7 experiments.  No Sba1/p23 peptides were assayed in the yeast 

experiments, and therefore the protein’s interaction with gedunin could not be 

evaluated in the yeast experiments.  A tryptophan peptide from Sba1/p23 was assayed 

in the MCF-7 experiments, but this peptide did not show a C1/2 value shift in the 

presence of gedunin (Figures 22 A and B).  No change in Sba1/p23 stability was 

observed between the Gedunin Hybrid High Concentration and Low Concentration 

experiments (see Figure 22).  While Hsp90 peptides were assayed in each of these 
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experiments, none of these peptides showed stability alterations in the presence of 

gedunin (see Table 32 in Appendix A).   

 

Figure 22: iTRAQ-SPROX data sets for the peptide GESGQSWPR from Sba1/p23 from A) 
Gedunin Hybrid High Concentration Exp. 1 and B) Gedunin Low Concentration Exp. 2.  
Sba1/p23 does not show hit behavior in either (A) or (B). The dashed line at a 
normalized reporter ion intensity of 1 is the cut-off value that separates the pre- and 
post-transition baselines.  The arrows in each data set indicate the placement of the C1/2 

values. The averaged data from 2 or more peptide readouts is reported, and the error 
bars represent one standard deviation. 

Additional gedunin hits were detected in the yeast and MCF-7 experiments 

(Table 16).  Yeast peptides that displayed inconsistent hit behavior between the 

biological replicate experiments are listed in Table 33.  None of the yeast hits located in 

Table 16 were assayed in the reciprocal experiment.  The gedunin MCF-7 experiments 

High 1 and Low 1 utilized different concentrations of gedunin.  Therefore, the 
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experiments were sensitive to different ranges of Kd values, and discrepancies between 

the two data sets were not used to eliminate hits.   

Table 16: Additional gedunin hits from iTRAQ-SPROX experiments performed in yeast 
and MCF-7 cell lysates. 

Protein and Gene 
Name 

Accession 
Number 

Peptide Sequence Exp. ∆C1/2 
(M) 

Kd 
(µM) 

Mitochondrial 
processing 
protease, MAS2 

P11914 MLQLMSETVR Yeast 1 -0.6 - 

Asparagine 
synthetase, ASN2 

P49090 ASTPMFLLSR Yeast 1 + 0.5 15 

Mitochondrial 
translation 
elongation factor 
tu, TUF1 

P02992 QPEIGEQAIM(OX)K Yeast 1 > 1.7 < 
0.069 

Autophagy-related 
protein 2, ATG2 

P53855 IDSMK Yeast 2 + 0.6 9.3 

60S ribosomal 
protein L7, RPL7 

IPI00030179 EANNFLWPFK MCF7 
High  1 

-0.6 - 

Actin-related 
protein 2, ACTR2 

IPI00005159 HLWDYTFGPEK MCF7 
High  1 

+ 0.6 23 

Acyl-CoA 
thioesterase 7, 
ACOT7 

IPI00883762 ATLWYVPLSLK MCF7 
High  1 

+ 0.5 38 

Adaptor-related 
protein complex 3, 
beta 1 subunit, 
AP3B1 

IPI00982231 VPIIVPIMMLAIK MCF7 
High  1 

+ 0.9 5.9 

Activator of Heat 
Shock Protein 90, 
AHSA1 

IPI01025720 EAMGIYISTLK MCF7 
High  1 

+ 0.6 23 

Alpha-2-
macroglobulin 
receptor-associated 
protein, LRPAP1 

IPI00026848 IQERDELAWK MCF7 
High  1 

+ 0.6 23 

Argininosuccinate 
synthase, ASS1 

IPI00020632 GIYETPAGTILYHAHLD
IEAFTMDR 

MCF7 
High  1 

+ 0.6 23 



 

136 

Arginyl 
aminopeptidase, 
RNPEP 

IPI00647400 AIEAVAISPWK MCF7 
High  1 

+ 0.5 38 

Asparagine t-RNA 
ligase, NARS 

IPI00306960 EGIDPTPYYWYTDQR MCF7 
High  1 

+ 0.5 38 

Aspartate 
aminotransferase, 
GOT2 

IPI00018206 DAGMQLQGYR MCF7 
High  1 

-0.6 - 

Calcyclin-binding 
protein isoform 2, 
CACYBP 

IPI00977736 ISNYGWDQSDKFVK MCF7 
High  1 

-0.6 - 

Calpain 1, CAPN1 IPI00910547 DMETIGFAVYEVPPELV
GQPAVHLK 

MCF7 
High  1 

+ 0.9 5.9 

Cellular retinoic 
acid binding 
protein 2, CRABP2 

IPI00643056 VLGVNVMLR MCF7 
High  1 

-0.9 - 

Chaperonin 
containing TCP1, 
subunit 8, CCT8 

IPI00302925 APGFAQMLK MCF7 
High  1 

-0.6 - 

Coatomer subunit 
beta, COPB1 

IPI00295851 LKEAELLEPLMPAIR MCF7 
High  1 

+ 0.8 9.2 

Dihydropyrimidina
se-related protein 2, 
DPYSL2 

IPI00984387 EWADSK MCF7 
High  1 

+ 0.6 23 

Elongation Factor 2, 
EEF2  

IPI00186290 VEDMMK MCF7 
High  1 

-0.9 - 

Enteropeptidase 
precursor, 
TMPRSS15 

IPI00023788 LSINISNDQNMEKTVF
QK 

MCF7 
High  1 

-0.9 - 

Eukaryotic 
initiation factor 4a, 
EIF4A1 

IPI01008914 LNSNTQVVLLSATMPS
DVLEVTK 

MCF7 
High  1 

-0.9 - 

Eukaryotic peptide 
chain release factor, 
GSPT1 

IPI00218829 DMGTVVLGK MCF7 
High  1 

+ 0.6 23 

Exportin-1, XPO1 IPI00298961 QLYLPMLFK MCF7 
High  1 

+ 0.6 23 

Chromosome 
segregation 1, CSE1 

IPI00910737 ALTLPGSSENEYIMK MCF7 
High  1 

+ 0.4 63 

Chromosome IPI00910737 MFGMVLEK MCF7 + 0.8 9.2 
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segregation 1, CSE1 High  1 
Chromosome 
segregation 1, CSE1 

IPI01016026 EHDPVGQM(OX)VNNP
K 

MCF7 
High  1 

-0.5 - 

Glucosamine-
fructose-6-
phosphate 
aminotransferase, 
GFPT1 

IPI00299506 AVQTLQMELQQIMK MCF7 
High  1 

+ 0.6 23 

Glucose-6-
phosphate 
isomerase, GPI 

IPI00027497 LQQWYR MCF7 
High  1 

-0.6 - 

Glutamate 
dehydrogenase, 
GLUD1 

IPI01014382 FTMELAK MCF7 
High  1 

-0.8 - 

Heat shock protein 
beta-1, HSPB1 

IPI00025512 KYTLPPGVDPTQVSSSL
SPEGTLTVEAPMPK 

MCF7 
High  1 

-0.9 - 

Isocitrate 
Dehydrogenase, 
IDH2  

IPI00011107 VAKPVVEMDGDEMTR MCF7 
High  1 

-0.9 - 

Adipocyte plasma 
membrane-
associated protein, 
APMAP 

IPI00031131 LFENQLVGPESIAHIGD
VMFTGTADGR 

MCF7 
High  1 

-0.5 - 

Isoform 1 of 
UPF0696 Protein, 
C11ORF68 

IPI00940858 TTPATELDAWLAK MCF7 
High  1 

-0.6 - 

Isoform 2 of 
clathrin heavy 
chain 1, CLTC 

IPI00455383 AHMGMFTELAILYSK MCF7 
High  1 

+ 0.5 38 

Isoform 4 of 
hexokinase-1, HK1 

IPI00220667 LSDETLIDIMTR MCF7 
High  1 

+ 0.6 23 

Isoform 5 of 
interleukin 
enhancer-binding 
factor 3, ILF3 

IPI00219330 AVSDWIDEQEK MCF7 
High  1 

-0.6 - 

Isoform GRB3-3 of 
growth factor 
receptor-bound 
protein 2, GRB2 

IPI00218070 VLNEECDQNWYK MCF7 
High  1 

+ 0.5 38 

Isoleucyl-tRNA IPI00910980 DWTISR MCF7 > 1.6 < 
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synthetase, IARS High  1 0.27 
Keratin 18, KRT18 IPI01022070 YALQMEQLNGILLHLE

SELAQTR 
MCF7 

High  1 
-1.1 - 

Keratin 8, KRT8 IPI00554648 TEISEMNR MCF7 
High  1 

-0.5 - 

Myosin 9, MYH9 IPI00019502 LEVNLQAMK MCF7 
High  1 

+ 0.6 23 

Myosin, heavy 
chain 14, MYH14 

IPI00337335 VLGFSHEEIISMLR MCF7 
High  1 

-0.5 - 

Neutral alpha-
glucosidase AB, 
GANAB 

IPI01012526 FSFSGNTLVSSSADPEG
HFETPIWIER 

MCF7 
High  1 

-0.6 - 

Nicotinamide 
phosphoribosyltran
sferase, NAMPT 

IPI00018873 VIQGDGVDINTLQEIVE
GMK 

MCF7 
High  1 

+ 1 3.8 

Nicotinamide 
phosphoribosyltran
sferase, NAMPT 

IPI00337370 IWGEDLR MCF7 
High  1 

-0.6 - 

Nuclease-sensitive 
element-binding 
protein 1, YBX1 

IPI00031812 RPQYSNPPVQGEVM(O
X)EGADNQGAGEQGRP

VR 

MCF7 
High  1 

+ 0.9 5.9 

Peptidyl-prolyl cis-
trans isomerase A 
PPIase A, PPIA 

IPI00419585 IIPGFMCQGGDFTR MCF7 
High  1 

-0.5 - 

Phosphatidylinosit
ol-5-phosphate 4-
kinase, type II, 
PIP42C 

IPI01021654 IMDYSLLLGIHDIIR MCF7 
High  1 

-0.6 - 

Proteasome subunit 
beta type-4, PSMB4 

IPI00555956 AIHSWLTR MCF7 
High  1 

+ 0.8 9.2 

Protein disulfide 
isomerase family A, 
PDIA6 

IPI01013559 LTPEWK MCF7 
High  1 

+ 0.9 5.9 

Proteasome 
activator, PSME2 

IPI00943181 AMVLDLR MCF7 
High  1 

+ 0.6 23 

Calcium binding 
protein, S100A13 

IPI00016179 FNEYWR MCF7 
High  1 

-0.6 - 

Pyruvate kinase, 
PKM2 

IPI00479186 DPVQEAWAEDVDLR MCF7 
High  1, 
Low 1 

-0.6,  
-0.7 

- 
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GDP dissociation 
inhibitor, GDI1 

IPI00910113 FQLLEGPPESMGR MCF7 
High  1 

-0.6 - 

Radixin, RDX IPI00903145 IAQDLEMYGVNYFEIK MCF7 
High  1 

+ 0.6 23 

Ras family member, 
RHOA  

IPI00478231 QVELALWDTAGQEDY
DR 

MCF7 
High  1 

-0.6 - 

GTP-GDP 
dissociation 
stimulator 1, RAP1 

IPI00965386 TGSDLMVLLLLGDESM
QK 

MCF7 
High  1 

-0.5 - 

Ribosomal protein 
L261, RPL26L1 

IPI00977345 IMSSPLSK MCF7 
High  1 

-0.9 - 

Ribosomal protein 
S24, RPS24 

IPI00847986 QMVIDVLHPGK MCF7 
High  1 

-0.8 - 

Serpin peptidase 
inhibitor, 
SERPINH1 

IPI00910487 LSSLIILMPHHVEPLER MCF7 
High  1 

-0.5 - 

T-complex protein 
1 subunit epsilon 
TCP-1-epsilon, 
CCT5 

IPI00010720 EKFEEMIQQIK MCF7 
High  1 

-0.5 - 

Transgelin-2, 
TAGNL2 

IPI00550363 ENFQNWLK MCF7 
High  1 

-0.6 - 

Transmembrane 
EMP24 domain 
trafficking protein 
2, TMED2 

IPI01012491 IVMFTIDIGEAPK MCF7 
High  1 

+ 0.5 38 

tRNA (Cytosine-5-
)-methyltransferase, 
NSUN2 

IPI00966877 DGQWFTDWDAVPHSR MCF7 
High  1 

+ 0.6 23 

Ubiquitin carboxyl-
terminal hydrolase 
11, USP11 

IPI00184533 MMVADVFSHR MCF7 
High  1 

+ 0.6 23 

Ubiquitin-
conjugating 
enzyme, UBE2N 

IPI00003949 DKWSPALQIR MCF7 
High  1 

+ 0.5 38 

Ubiquitin-
conjugating 
enzyme, UBE2N 

IPI01021220 LELFLPEEYPMAAPK MCF7 
High  1 

+ 0.5 38 

Heterogenous 
nuclear ribonuclear 

IPI00910458 NTDEMVELR MCF7 
High  1 

-0.6 - 
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protein K, 
HNRNPK 
Heat shock 70 
protein 8, HSPA8 

IPI00981943 NQVAMNPTNTVFDAK MCF7 
High  1 

-0.9 - 

Valyl-tRNA 
synthetase, VARS 

IPI00000873 SLPIVFDEFVDMDFGTG
AVK 

MCF7 
High  1 

+ 1.1 2.4 

Vinculin, VCL IPI01011952 WIDNPTVDDR MCF7 
High  1 

-0.6 - 

Vinculin, VCL IPI01014113 MSAEINEIIR MCF7 
High  1 

-0.6 - 

60S ribosomal 
protein L24, RPL24 

P83731 AITGASLADIM(ox)AK MCF7  
Low  1 

-1.1 - 

ATP-dependent 6-
phosphofructokinas
e, PFKP 

Q01813 EIGWTDVGGWTGQGG
SILGTK 

MCF7  
Low  1 

-0.8 - 

40S ribosomal 
protein S15a, R15A 

P62244 WQNNLLPSR MCF7  
Low  1 

-0.7 - 

ATP-citrate 
synthase, ACLY 

P53396 FYWGHK MCF7  
Low  1 

-0.7 - 

Dynein 1 heavy 
chain 1, DYNC1H1 

Q14204 EQPWVSVQPR MCF7  
Low  1 

-0.7 - 

dCTP 
pyrophosphatase 1, 
DCTPP1 

Q9H773 DWEQFHQPR MCF7  
Low  1 

-0.7 - 

Dipeptidyl 
peptidase 3, DPP3 

Q9NY33 SGETWDSK MCF7  
Low  1 

-0.7 - 

Elongation factor 2, 
EEF2 

P13639 YEWDVAEAR MCF7  
Low  1 

-0.7 - 

Endoplasmin, 
HSP90B1 

P14625 IADDKYNDTFWK MCF7  
Low  1 

-0.7 - 

Eukaryotic 
translation 
initiation factor 2 
subunit 1, EIF2S1 

P05198 TAWVFDDK MCF7  
Low  1 

-0.7 - 

Exportin-1, XPO1 O14980 LISGWVSR MCF7  
Low  1 

-0.7 - 

Glucose-6-
phosphate 1-
dehydrogenase, 
G6PD 

P11413 EMVQNLMVLR MCF7  
Low  1 

-0.7 - 
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Glucose-6-
phosphate 
isomerase, GPI 

P06744 EWFLQAAK MCF7  
Low  1 

-0.7 - 

Heat shock protein 
beta-1, HSPB1 

P04792 DWYPHSR MCF7  
Low  1 

-0.7 - 

Histidine--tRNA 
ligase, HARS 

P12081 LVSELWDAGIK MCF7  
Low  1 

-0.7 - 

L-lactate 
dehydrogenase A 
chain, LDHA 

P00338 TLHPDLGTDKDKEQW
K 

MCF7  
Low  1 

-0.7 - 

Nicotinamide 
phosphoribosyltran
sferase, NAMPT 

P43490 GWNYILEK MCF7  
Low  1 

-0.7 - 

Nucleoside 
diphosphate kinase 
B, NME2 

P22392 EISLWFKPEELVDYK MCF7  
Low  1 

-0.7 - 

Nucleoside 
diphosphate-linked 
moiety X motif 13, 
NUDT13 

Q86X67 EWVEK MCF7  
Low  1 

-0.7 - 

Peroxiredoxin-1, 
PRDX1 

Q06830 ATAVMPDGQFK MCF7  
Low  1 

-0.7 - 

Phosphoglycerate 
mutase 1, PGAM1 

P18669 FSGWYDADLSPAGHEE
AK 

MCF7  
Low  1 

-0.7 - 

Platelet 
glycoprotein 4, 
CD36 

P16671 NWVK MCF7  
Low  1 

-0.7 - 

Platelet-activating 
factor 
acetylhydrolase IB, 
PAFAH1B1 

P43034 VWDYETGDFER MCF7  
Low  1 

-0.7 - 

Pleiotropic 
regulator 1, PLRG1 

O43660 IWDVR MCF7  
Low  1 

-0.7 - 

Protein arginine N-
methyltransferase 
1, PRMT1 

Q99873 TGFSTSPESPYTHWK MCF7  
Low  1 

-0.7 - 

Eukaryotic 
translation 
initiation factor 2 
subunit 3, EIF2S3L 

Q2VIR3 LIGWGQIR MCF7  
Low  1 

-0.7 - 
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Ras-related protein, 
RAB11A 

P62491 AQIWDTAGQER MCF7  
Low  1 

-0.7 - 

Regulator of 
microtubule 
dynamics protein 1, 
FAM82B 

Q96DB5 ESEDAELLWR MCF7  
Low  1 

-0.7 - 

Serine/threonine-
protein 
phosphatase 2A, 
PPP2CA 

P67775 GGWGISPR MCF7  
Low  1 

-0.7 - 

Serpin B6, 
SERPINB6 

P35237 FVEWTR MCF7  
Low  1 

-0.7 - 

Signal transducer 
and activator of 
transcription 1-
alpha/beta, STAT1 

P42224 QYLAQWLEK MCF7  
Low  1 

-0.7 - 

Stress-induced-
phosphoprotein 1, 
STIP1 

P31948 LILEQMQK MCF7  
Low  1 

-0.7 - 

T-complex protein 
1 subunit beta, 
CCT2 

P78371 IHPQTIIAGWR MCF7  
Low  1 

-0.7 - 

Tetraspanin-17, 
TSPAN17 

Q96FV3 DWIR MCF7  
Low  1 

-0.7 - 

Trifunctional 
purine biosynthetic 
protein adenosine-
3, GART 

P22102 EHTLAWK MCF7  
Low  1 

-0.7 - 

Keratin 19, KRT19 P08727 IRDWYQK MCF7  
Low  1 

-0.5 - 

Nucleoside 
diphosphate kinase 
B, NME2 

P22392 SAEKEISLWFKPEELVD
YK 

MCF7  
Low  1 

-0.5 - 

X-ray repair cross-
complementing 
protein 5, XRCC5 

P13010 YAPTEAQLNAVDALID
SM(ox)SLAK 

MCF7  
Low  1 

-0.4 - 

Cysteine--tRNA 
ligase, CARS 

P49589 FWEGDFHR MCF7  
Low  1 

+ 0.4 4.2 

Actin-related 
protein 2/3 complex 

O15145 LIGNMALLPIR MCF7  
Low  1 

+ 0.5 2.5 
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subunit 3, ARPC3 
Annexin A2, 
ANXA2 

P07355 SYSPYDMLESIR MCF7  
Low  1 

+ 0.5 2.5 

Tubulin beta-6 
chain, TUB6 

Q9BUF5 MASTFIGNSTAIQELFK MCF7  
Low  1 

+ 0.5 2.5 

Importin subunit 
beta-1, KPNB1 

Q14974 SSAYESLMEIVK MCF7  
Low  1 

+ 0.6 1.5 

Profilin-1, PFN1 P07737 TLVLLM(ox)GK MCF7  
Low  1 

+ 0.6 1.5 

Calnexin, CANX P27824 EIEDPEDRKPEDWDER
PK 

MCF7  
Low  1 

+ 0.7 0.97 

Threonine--tRNA 
ligase, TARS 

P26639 AELNPWPEYIYTR MCF7  
Low  1 

+ 0.7 0.97 

Actin, ACTA2 P62736 DLTDYLMK MCF7  
Low  1 

+ 0.9 0.39 

Tubulin beta chain, 
TUBB 

P07437 MAVTFIGNSTAIQELFK MCF7  
Low  1 

+ 0.9 0.39 

Actin-related 
protein 2/3 complex 
subunit 1B, 
ARPC1B 

O15143 EHNGQVTGIDWAPES
NR 

MCF7  
Low  1 

+ 1.1 0.16 

Pyruvate 
carboxylase, 
mitochondrial, PC 

P11498 VFDYSEYWEGAR MCF7  
Low  1 

+ 1.1 0.16 

Filamin-A, FLNA P21333 VTYTPMAPGSYLISIK MCF7  
Low  1 

+ 1.2 0.1 

Interleukin 
enhancer-binding 
factor 3, ILF3 

Q12906 FVMEVEVDGQK MCF7  
Low  1 

> 0.9 < 
0.39 

Proteasome 
activator complex 
subunit 2, PSME2 

Q9UL46 AMVLDLR MCF7  
Low  1 

> 0.9 < 
0.39 

Nucleophosmin, 
NPM1 

P06748 DELHIVEAEAMNYEGS
PIK 

MCF7  
Low  1 

> 1 < 
0.25 

Proteasome subunit 
alpha type-3, 
PSMA3 

P25788 VFQVEYAMK MCF7  
Low  1 

> 1 < 
0.25 

Sepiapterin 
reductase, SPR 

P35270 DMLFQVLALEEPNVR MCF7  
Low  1 

> 1 < 
0.25 

Heterogeneous P31943 VTGEADVEFATHEDAV MCF7  > 1.1 < 
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nuclear 
ribonucleoprotein 
H, HNRNPH1 

AAMSK Low  1 0.16 

Keratin 8, KRT8 P05787 TEMENEFVLIK MCF7  
Low  1 

> 1.1 < 
0.16 

Keratin 8, KRT8 P05787 SNMDNMFESYINNLR MCF7  
Low  1 

> 1.1 < 
0.16 

Fatty acid synthase, 
FASN 

P49327 MVVPGLDGAQIPR MCF7  
Low  1 

> 1.2 < 
0.10 

Nucleosome 
assembly protein 1, 
NAP1L1 

P55209 NVDLLSDM(ox)VQEHD
EPILK 

MCF7  
Low  1 

> 1.2 < 
0.10 

Eukaryotic 
translation 
initiation factor 3 
subunit B, EIF3B 

P55884 VTLMQLPTR MCF7  
Low  1 

> 1.4 < 
0.043 

Fructose-
bisphosphate 
aldolase A, ALDOA 

P04075 IGEHTPSALAIMENAN
VLAR 

MCF7  
Low  1 

> 1.4 < 
0.043 

Stress-induced-
phosphoprotein 1 
(STIP1/HOP) 

P31948 AMADPEVQQIMSDPA
MR 

MCF7  
Low  1 

> 1.4 < 
0.043 

Transgelin-2, 
TAGLN2 

P37802 QM(ox)EQISQFLQAAE
R 

MCF7  
Low  1 

> 1.4 < 
0.043 

Tubulin beta-3 
chain, TUBB3 

Q13509 LHFFM(ox)PGFAPLTAR MCF7  
Low  1 

> 1.4 < 
0.043 

Bifunctional purine 
biosynthesis 
protein, ATIC 

P31939 DVSELTGFPEMLGGR MCF7  
Low  1 

> 1.5 < 
0.028 

Hepatoma-derived 
growth factor, 
HDGF 

P51858 KGFSEGLWEIENNPTV
K 

MCF7  
Low  1 

> 1.5 < 
0.028 

Proliferation-
associated protein, 
PA2G4 

Q9UQ80 RFDAMPFTLR MCF7  
Low  1 

> 1.5 < 
0.028 

SUMO-activating 
enzyme, SAE1 

Q9UBE0 GLTMLDHEQVTPEDPG
AQFLIR 

MCF7  
Low  1 

> 1.5 < 
0.028 

Heat shock 70 kDa 
protein 9, HSPA9 

P38646 SDIGEVILVGGMTR MCF7  
Low  1 

> 1.8 < 
0.007 
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Several of the novel gedunin hit peptides listed in Table 14 were detected in 

multiple experiments or with multiple peptide probes in the same experiment.  The 

peptide DPVQEAWAEDVDLR from pyruvate kinase was detected as a hit with 

destabilizations of -0.6 and -0.7 M in MCF-7 High Exp. 1 and Low Exp. 1, respectively.  

Different peptides from elongation factor 2, glucose 6-phosphate isomerase, heat shock 

protein beta-1, transgelin-2, exportin-1, and keratin type II cytoskeleton were detected as 

hits in MCF-7 High Experiment 1 and MCF-7 Low Experiment 1.  Two peptides from 

nicotinamide phosphoribosyltransferase were detected as hits in MCF-7 High Exp. 1.  

Two peptides from nucleoside diphosphate kinase B and two peptides from stress-

induced-phosphoprotein 1 were detected as hits in MCF-7 Low Exp. 1.  As each of these 

experiments represents one biological replicate, additional experiments will need to be 

performed to determine if the hits are reproducible.       

4.4.3 Geldanamycin and Gedunin SILAC-PP Protein Target 
Confirmation 

Two SILAC-PP biological replicate experiments were performed in yeast cell 

lysates in the presence of geldanamycin or gedunin. The goal of these experiments was 

to target Hsp90 and Sba1 proteins in the gel-based experiment.  Therefore, only selected 

molecular weight regions of the gel (i.e., those corresponding to the molecular weights 

of Hsp90 and Sba1) were analyzed in the SILAC-PP experiments (see Figure 23 for Geld. 

Exp. 1).  The gel pictures and digested regions for Geld. Exp. 2 (Figure 51), Gedunin Exp. 

1 (Figure 54), and Gedunin Exp. 2 (Figure 55) can be found in in Appendix B. can be 
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found in Appendix B.  The molecular weight regions of the gel digested in each SILAC-

PP experiment as well as the number of peptides and proteins assayed in each row of 

the gel are summarized in Table 17.   

 

Figure 23: Gel Picture from geldanamycin SILAC-PP Exp. 1.  The final [Urea] of each 
sample that was loaded into each lane is noted at the top of the gel.  The regions that 
were extracted and digested for analysis are indicated with the black squares and the 
corresponding approximate molecular weight regions of each row are noted. 
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Table 17: Peptide and protein coverage from SILAC-PP experiments with geldanamycin 
and gedunin.  The approximate molecular weight regions digested from each gel are 
noted. 

Exp. Approximate Molecular 
Weight Region 

Peptides Assayed Proteins Assayed 

Geld. 1 75-100 kDa 39 8 
Geld. 1 50-75 kDa 125 24 
Geld. 1 37-50 kDa 173 30 
Geld. 1 25-35 kDa 138 54 
Geld. 2 75-100 kDa 81 23 
Geld. 2 50-75 kDa 184 39 
Geld. 2 25-37 kDa 168 45 
Geld. 2 15-20 kDa 109 56 
Gedu. 1 50-75 kDa 119 18 
Gedu. 1 20-25 kDa 78 40 
Gedu. 1 15-20 kDa 12 10 
Gedu. 2 50-75 kDa 97 27 
Gedu. 2 20-25 kDa 113 48 

 

A distribution of the log2 L/H ratios obtained for all peptides in the assayed 

regions of each gel were plotted to determine the median L/H ratio for each experiment.  

Ideally, the Log2 L/H ratio distribution should be centered at 0 if the incorporation of the 

heavy lysine label was complete and if the light and heavy lysates were combined 1:1.  

In most cases, the distribution of log2 L/H ratios was centered close to 0 in these 

experiments.  A representative distribution of the log2 L/H ratios obtained in Geld. Exp. 

1 can be found in Figure 24, while the distributions for Geld Exp. 1, Gedunin Exp. 1, and 

Gedunin Exp. 2 can be found in Figures 53 and 56-57 in Appendix B. 
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Figure 24: Distribution of the log2 L/H ratios of the peptides assayed in Geld. SILAC-PP 
Exp. 1.  The distribution is centered at a log2 L/H ratio of 0.1. 

4.4.3.1 Geldanamycin SILAC-PP Results 

As expected, the L/H ratios from the Hsp90 peptides assayed in the 50-75 kDa 

region of the gel in Geld. Exp. 1 and 2 are indicative of a stabilization of Hsp90 in the 

presence of geldanamycin (see Figure 25 for Exp. 2 data and Figure 52 in Appendix A 

for Exp. 1 data). The L/H ratios at each [urea] were averaged from 22 Hsp90 peptides, all 

of which showed significantly altered L/H ratios between 3.85 – 5.3 M urea that are 

consistent with a stabilizing interaction and a ΔC1/2 value of 1.45 M urea.  The ∆C1/2 value 

of 1.4 M was used to calculate a Kd value of 0.5 µM for the Hsp90-geldanamycin 

interaction using Equation 2.  The SILAC-PP data is consistent with the shift observed in 

the iTRAQ-SPROX experiments between 1.2 and 1.8 M GdmCl  since GdmCl is known 

to be approximately twice as strong of a denaturant as urea (3), and the calculated Kd 

values of 1.5 and 0.5 µM are very similar.  Additionally, a peptide from a thermolysin 
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fragment of Hsp90 that was identified in the 25-37 kDa region of the SILAC-PP Exp. 1 

gel shows a decrease in the Log2 average L/H ratio around 3.6 – 5.3 M urea (Figure 26). 

This is also indicative of a stabilizing interaction between Hsp90 and geldanamycin for a 

fragment peptide (44).  Although the molecular weight regions of the gel corresponding 

to where Sba1 is predicted to migrate were assayed, no Sba1 peptides were identified in 

either of the geldanamycin experiments. 

 

Figure 25: SILAC-PP data set for Hsp90 peptides identified from LC-MS/MS analysis of 
the 50-75 kDa region of the gel from Geldanamycin SILAC-PP Exp. 2.  The Log2 L/H 
ratios displayed were averaged from data obtained on 22 peptides from Hsp90.  The 
increased Log2 L/H ratio between 3.6 – 5.3 M indicate a stabilization of Hsp90 upon 
geldanamycin binding. 
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Figure 26: SILAC-PP data set for a fragment peptide from Hsp90, AILFIPK, assayed in 
the 25 – 37 kDa region of the gel in Geld. Exp. 1.  This was the only Hsp90 peptide 
assayed in this region of the gel, so an average value could not be calculated.  The 
decrease in the log2 L/H ratios between 3.6 – 5.3 M Urea indicates a stabilization of 
Hsp90 in the presence of geldanamycin, as the readouts from the intact protein and the 
protein fragments display inverse behavior.   

The hit proteins identified in the yeast geldanamycin iTRAQ-SPROX 

experiments were also targeted in the yeast SILAC-PP experiments.  While the majority 

of the iTRAQ-SPROX protein hits were not identified in the SILAC-PP experiments, two 

of the yeast protein hits were assayed.  NADP-specific glutamate dehydrogenase 1 did 

not exhibit hit behavior in SILAC-PP Exp. 1 or 2 and was therefore considered to be a 

false-positive from yeast iTRAQ-SPROX Exp. 1.  One of the iTRAQ-SPROX hits, 

elongation factor 3A, was confirmed to interact with geldanamycin in SILAC-PP 

experiment 2 (Figure 27).  This 116 kDa protein exhibited altered L/H ratios between 1.0-

2.7 M urea, indicative of a destabilization of the protein in the presence of geldanamycin.  
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This protein hit was only identified with one peptide probe, so the data is not as 

confident as for proteins that were assayed with multiple peptide probes.   

 
Figure 27: SILAC-PP data set for elongation factor 3A from the 100-75 kDa molecular 
weight region of the geldanamycin SILAC-PP Exp. 2 gel.  The protein exhibits altered 
L/H rations between 1.0-2.7 M urea, indicative of a destabilization by geldanamycin. 

 

4.4.3.2 Gedunin SILAC-PP Results 

Two SILAC-PP experiments were performed with gedunin to determine if this 

experimental approach could be used to detect the protein stability changes of Hsp90 

and Sba1. The gel regions that were cut out and digested, along with the number of 

unique peptides and proteins assayed in each row, are listed in Table 17. In SILAC-PP 

Exp. 1, three rows of the gel corresponding to the 50-75 kDa, 20-25 kDa, and 15-20 kDa 

molecular weight regions were digested and analyzed by LC-MS/MS. However, no Sba1 

peptides were identified in any of the digested gel regions, so SILAC-PP could not be 

used to determine the Kd value for the Sba1-gedunin interaction in this experiment.  In 
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the 50-75 kDa region, 12 peptides from Hsp90 were assayed, and the L/H ratios at each 

[urea] were analyzed. As can be seen in Figure 28, Hsp90 did not exhibit altered stability 

in the presence of gedunin.  

 

 

Figure 28: SILAC-PP data obtained on Hsp90 peptides assayed in the 50-75 kDa region 
of the gel in Gedunin Exp. 1.  This data is the Log2 of the L/H ratios averaged from 12 
Hsp90 peptides.  Two outliers in the data trend are circled in gray.  These outliers are 
not indicative of an interaction with Hsp90 because the outliers did not occur at two 
consecutive denaturant concentrations. 

Since Sba1 is known to bind the double dimerized ATP-loaded conformation of 

Hsp90 (111), a second SILAC-PP experiment was performed in which both the light and 

heavy lysates were incubated with AMP-PNP, an ATP mimic, and Mg2+ before gedunin 

was added to the cell lysates.  This ensured that the Hsp90 proteins in both the light and 

heavy lysates were properly bound to Sba1 before gedunin was added.  Under these 

conditions, the indirect effect of gedunin disrupting the Hsp90-Sba1 protein interaction 

may be more apparent.  Unfortunately, no Sba1 peptides were assayed in this replicate 
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experiment.  As can be seen in Figure 29, no significant changes in the stability of Hsp90 

were observed in this experiment because the L/H ratios from the Hsp90 peptides did 

not significantly deviate from one another.  However, it is important to note that no 

Hsp90 peptides were identified in the two highest [urea], 4.8 and 6.7 M, so stability 

changes in this region could not be monitored. 

 

Figure 29: SILAC-PP data for Hsp90 peptides assayed in the 50-75 kDa region of the gel 
in Gedunin Exp. 2.  This data is the Log2 of the L/H ratios averaged from 6 Hsp90 
peptides.  This data does not show a change in Hsp90 stability in the presence of 
gedunin.   

4.5 Discussion 

4.5.1 Analysis of Direct and Indirect Targets of Geldanamycin and 
Gedunin 

A major goal of this work was to see if iTRAQ-SPROX and SILAC-PP could be 

used to detect the direct and indirect effects of geldanamycin and gedunin on protein 

stability in yeast and human cell lysates.  Geldanamycin and gedunin are both Hsp90 

inhibitors, but they cause inhibition through slightly different mechanisms.  
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Geldanamycin binds to the N-terminal domain of Hsp90, disrupts the protein-protein 

interaction between Hsp90 and Sba1/p23, and prohibits ATP binding and subsequent 

functions of Hsp90 (Figure 30) (111, 112, 114, 128).  Gedunin inhibits Hsp90 by binding 

directly to Sba1/p23 and thereby inhibiting the binding of Sba1/p23 to Hsp90 (see Figure 

30) (124, 125).  Direct binding of a drug to a protein is expected to stabilize the protein of 

interest.   

 

Figure 30: Crystal structure of the Hsp90 dimer bound to two Sba1/p23 co-chaperone 
proteins at the Hsp90 N-terminal domains.  Geldanamycin binds directly to the N-
terminal domains of Hsp90 while gedunin binds to Sba1/p23 directly.  The crystal 
structure was obtained from reference (111). 

While the direct binding of geldanamycin was shown to stabilize Hsp90 in both 

yeast and MCF-7 lysates, the binding interaction between gedunin and Sba1 was not 
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detected in any of these experiments.  The effect of gedunin on Sba1 could not be 

assessed in any of the yeast experiments described here because no peptides from 

Sba1/p23 were assayed in the yeast iTRAQ-SPROX or SILAC-PP experiments.  However, 

Sba1/p23 was assayed in a yeast gedunin Hybrid experiment performed by co-worker 

Yingrong Xu from the Fitzgerald Lab, and the peptide assayed in this experiment did 

not show hit behavior (data not shown).  While a tryptophan-containing peptide from 

Sba1 was assayed in both the MCF-7 High and Low Concentration Hybrid samples, this 

peptide was not a hit under either gedunin concentration (see Figure 22).  Two 

concentrations of gedunin, 300 µM and 20 µM, were utilized in the High and Low 

Concentration Hybrid experiments to determine if the concentration of gedunin was 

affecting the ability to detect the binding interaction between gedunin and Sba1/p23.  

Gedunin has been shown to induce cleavage of Sba1/p23 by caspase-7 at a concentration 

of 30 µM, which contributes to the cytotoxicity of gedunin (125).  Significant cleavage of 

Sba1/p23 by gedunin could prevent the protein-drug interaction from occurring or 

reduce the amount of the protein-ligand complex present in the cell lysate, which would 

hinder detection of a Sba1/p23 stability change by iTRAQ-SPROX.  However, Sba1/p23 

did not exhibit altered stability in samples utilizing either a 300 µM or 20 µM gedunin 

concentrations.  The 20 µM gedunin concentration may still have led to protein cleavage 

and disrupted the protein interaction, or the concentration of gedunin may not have 

made a significant contribution to the false-negative result.  Presumably, the Sba1/p23 
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interaction is not strong enough to be detected under the experimental conditions used 

in the iTRAQ-SPROX experiments.  In order for a binding interaction to be detected and 

quantified by iTRAQ-SPROX, the ligand must induce a stabilization of at least 0.5 M 

GdmCl (or 1 M urea), corresponding to a difference in two or more consecutive iTRAQ 

tags.  Since these conditions were not met for either the 20 or 300 µM gedunin 

concentrations during the SPROX reaction, the Kd value for the gedunin-Sba1/p23 

interaction must be weaker than 3.8 µM.  While an IC50 value of 8.84 µM for gedunin in 

MCF-7 cells has been reported, a Kd value for the gedunin-Sba1/p23 interaction has not 

been measured (124). 

The indirect effects of geldanamycin and gedunin disrupting the Hsp90-Sba1/p23 

protein-protein interaction were not observed in any of the experiments.  Geldanamycin 

binding to Hsp90 would theoretically destabilize Sba1/p23, and gedunin binding to 

Sba1/p23 would likewise be expected destabilize Hsp90.  While the stability of Sba1/p23 

could not be assessed in all of these experiments, no change in Sba1/p23 stability in the 

presence of geldanamycin was observed in the MCF-7 Hybrid experiment.  The inability 

to detect the destabilization of Sba1/p23 could be due to the placement of the denaturant 

concentrations in the experiment, which may have caused the experiment not to be 

sensitive enough to detect the destabilization of the interaction. 

The indirect effect of gedunin disrupting the binding of Hsp90 to Sba1/p23 was 

expected to cause a destabilization of Hsp90.  Even though Sba1/p23 peptides were not 
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assayed in the yeast experiments, peptides mapping to every domain of Hsp90 were 

thoroughly analyzed in the iTRAQ-SPROX experiments (see Table 32 in Appendix A).  

An alternate experimental strategy, SILAC-PP, was used in parallel with the yeast 

iTRAQ-SPROX experiments to obtain complementary protein stability results in the 

presence of the drugs.  The SILAC-PP technique can be useful for targeting protein hits 

obtained in iTRAQ-SPROX in order to validate their interaction with the ligand of 

interest.  SILAC-PP yields protein-level readouts, and does not rely on the identification 

of methionine or tryptophan peptides to determine ligand-induced stability changes.  

Instead, every peptide can be used for analysis in SILAC-PP.  While unfortunately 

Sba1/p23 was not assayed in the geldanamycin or gedunin SILAC-PP experiments, the 

data generated on Hsp90 indicated that the stability of the protein was not significantly 

altered in the presence of gedunin (see Figures 24-25).  Sba1/p23 only binds to Hsp90 

when it is bound to ATP at both of its N-terminal domains and has formed its double 

dimerized structure (111).  Therefore, a second SILAC-PP experiment was performed in 

the presence of a non-hydrolyzable ATP mimic, AMP-PNP, and Mg2+ to shift the Hsp90 

conformation to the state required for full Sba1/p23 binding.  Under these conditions, 

Sba1/p23 should be fully bound to Hsp90 before the addition of gedunin and the 

subsequent disruption of the protein-protein interaction.  However, even under these 

specialized conditions, the stability of Hsp90 was not altered in the presence of gedunin.   
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The inability to detect the expected destabilization of Hsp90 in the presence of 

gedunin may be due to the relatively low concentration ratio of Sba1/p23 to Hsp90 in the 

yeast cell lysate.  Based on the conditions under which the S. cerevisiae cells were grown 

and using protein abundance measurements previously made for S. cerevisiae (138), the 

relative concentration ratio of Hsp90 to Sba1 in these experiments was estimated to be 

~58:1.  While there is some controversy over whether the Hsp90 dimer binds to Sba1/p23 

in a ratio of 2:2 or 2:1, Hsp90 was present in large excess over Sba1/p23 in either case 

(111, 139).  Additionally, Sba1/p23 has been shown to share only ~25 % of its cellular 

interactions with Hsp90, making it unlikely that all of the Sba1/p23 protein present in 

the cell lysates would be interacting with Hsp90 simultaneously (140).  The relatively 

high concentration of Hsp90 compared to Sba1/p23 likely impaired the ability to detect 

the off-target effect of disrupting the Hsp90-Sba1/p23 protein-protein interaction, since a 

larger fraction of Hsp90 was not present in a complex with Sba1.  

4.5.2 Hsp90 Conformational Changes upon Geldanamycin Binding 

The location of the Hsp90 peptides assayed in the iTRAQ-SPROX experiments 

reveal significant information about the stability changes in the protein domains of 

Hsp90 upon binding of geldanamycin.  Hsp90 has four main domains including a N-

terminal ATP-binding domain (yeast residues 1-216; human residues 1-224), a large 

middle domain (yeast residues 273-409; human residues 293-469), a small middle 

domain (yeast residues 435-525; human residues 470-547), and a C-terminal dimerization 
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domain (yeast residues 534-709; human residues 548-732) (111, 137).  Disordered regions 

of the protein include yeast residues 262-269, and human residues 351–358, 396–404, and 

617-629 (111, 137).  The hit peptides from the yeast and MCF-7 experiments are located 

in the N-terminal ATP-binding domain of Hsp90 where geldanamycin is known to bind 

(DSGIGMTK in yeast; TLTIVDTGIGMTK and TDTGEPMGR in MCF-7) (114). Four 

additional methionine-containing peptides from Hsp90 were assayed in the yeast 

experiments: EMLQQNK (Met-378) from the large middle domain, MPEHQK (Met-460) 

from the small middle domain, and TGQFGWSANMER (Met-585) and DSSMSSYMSSK 

(Met-599, Met-603) from the C-terminal domain. None of the peptides from the middle 

or C-terminal domains of Hsp90 displayed C1/2 value shifts in the presence of 

geldanamycin. Likewise, every domain of human Hsp90 was also probed in the MCF-7 

iTRAQ-SPROX experiments, including a couple peptides that map to disordered regions 

of the human protein (see Table 13).   

The domain-specific Hsp90 stability changes in the presence and absence of 

geldanamycin reveal a new part of the mechanism by which the drug inhibits Hsp90. 

Previous studies have shown that when yeast Hsp90 binds ATP, conformational 

changes occur in the large middle domain of the protein.  When the Hsp90 dimer binds 

ATP, the large middle domains move 20 Å closer together and each middle domain 

physically interacts with the N-terminal domain of the other protomer (111).  

Additionally, the Sba1 binding sites on the N-terminal domains are only present in the 



 

160 

correct three-dimensional conformation when the Hsp90 dimer is bound to ATP (111).  It 

has also been noted that Sba1 binds to ATP-loaded Hsp90 with higher affinity than 

ADP-bound Hsp90 (139). 

In a recent ATP-binding study using SPROX, a stabilization of the N-terminal 

domain of Hsp90 was observed along with a significant destabilization of the large 

middle domain of the protein that is consistent with the known conformational changes 

of the protein upon ATP binding (62).  These results were obtained in a SILAC-SPROX 

solution phase experiment, which is fundamentally similar to the iTRAQ-SPROX 

experiment but utilizes SILAC instead of iTRAQ quantitation and urea instead of 

GdmCl as the chemical denaturant.  The specific peptides probes used in the SILAC- 

and iTRAQ-SPROX experiment are also slightly different due to the use of Lys-C instead 

of trypsin in the bottom-up proteomics readout.  However, the methionine residues that 

the peptides contain are the same, and in each experiment, the peptide reports on the 

stability of the entire protein domain.  In SILAC-SPROX, the peptide VLEIRDSGIGMTK 

from the N-terminal domain showed a ΔC1/2 shift of > 1.3 M urea, which was used to 

calculate a Kd value of <1000 µM for the binding of ATP to Hsp90 (62).  However, both 

the unoxidized peptide GVVDSEDLPLNLSREMLQQNK as well as the oxidized version 

GVVDSEDLPLNLSREM(ox)LQQNK from the Hsp90 large middle domain showed 

destabilizations of -2.8 and -2.5 M urea, respectively (62).  This result shows that the 
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large middle domain of yeast Hsp90 is destabilized upon ATP binding when 

conformational changes occur within the protein.  

While urea is a weaker denaturant than GdmCl, a destabilization of ~1.2-1.4 M 

GdmCl for the peptide EMLQQNK assayed in the iTRAQ-SPROX experiment with 

geldanamycin would be expected if the binding of the drug to Hsp90 induced the same 

conformational changes as ATP, leading to destabilization of the large middle domain of 

the protein.  In the iTRAQ-SPROX experiments with geldanamycin described here, no 

stability changes in the middle or C-terminal domains of Hsp90 were observed when 

geldanamycin bound to the N-terminal domain.  These results indicate that when 

geldanamycin binds to Hsp90, it inhibits the conformational changes in the middle 

domain of Hsp90 that promote p23/Sba1 binding.  The lack of conformational changes in 

the middle domains of Hsp90 likely contributes to the inability of Hsp90 to facilitate the 

folding of substrate proteins.  This is an important result for understanding the 

mechanism by which geldanamycin inhibits Hsp90 within the context of a cell lysate. 

This result also shows that iTRAQ-SPROX can be used to determine domain-specific 

protein stability changes associated with ligand-binding interactions. 

4.5.3 Hsp90-Geldanamycin Binding Affinity Comparisons 

Another significant goal of this project was to assess the strength of the binding 

affinity of the Hsp90-geldanamycin interaction in yeast and MCF-7 cell lines.  Several 

studies have observed that the Hsp90-geldanamcyin binding interaction has a 
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nanomolar dissociation constant (Kd) value in tumor cells compared to a micromolar Kd 

value in normal cells, which contributes to geldanamycin’s selectivity for cancer cells 

over normal cells (117).  The reason for the tighter binding affinity of geldanamycin to 

Hsp90 in tumor cells has been attributed to the larger percentage of Hsp90 that is 

involved in protein complexes with chaperones such as Sba1/p23 and Hop compared to 

normal cells.  The larger amount of Hsp90 present in protein complexes is attributed to 

the overexpression of Hsp90 as well as its co-chaperone proteins.  Therefore, 

geldanamycin has been proposed to bind the tumor Hsp90 protein complex with higher 

affinity than to purified Hsp90 or Hsp90 from normal cell lysates (117).  Yeast Hsp90 is 

also overexpressed, and as discussed previously, the concentration ratio of Hsp90 to 

Sba1/p23 was estimated to be ~58:1 using previously established protein abundance 

measurements (138).  Therefore, it is possible that a larger proportion of yeast Hsp90 

would be present as a free dimer than MCF-7 Hsp90. 

The Hsp90-geldanamcyin binding affinities for yeast (normal) and MCF-7 

(tumor) cell lysates with the 30 min incubation times were compared.  The Kd value 

measured for the Hsp90-geldanamycin interaction in the yeast cell lysate was 1.5 µM 

while the Kd value measured in the MCF-7 cell lysate was 0.16 µM (see Table 12).  Based 

on these measurements, it appears that the binding affinity of geldanamcyin to Hsp90 

may be 10-fold tighter in MCF-7 cells compared to yeasts. 
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While the 30 min iTRAQ-SPROX data support the hypothesis that the binding 

affinity of the Hsp90-geldanamycin complex is tighter in tumor cells compared to 

normal cells, a different study has argued that geldanamycin requires an extended 

incubation time with Hsp90 in order to reach equilibrium.  This study claims that 

geldanamycin binds slowly to Hsp90 and therefore the drug must be equilibrated with 

the protein for more than 10 hrs in order to measure an accurate Kd value, after which 

the binding affinity of geldanamycin to the Hsp90 protein complex is equivalent to the 

binding affinity of geldanamycin to purified Hsp90 (132).  This hypothesis was tested by 

incubating geldanamycin with the proteins in yeast and MCF-7 cell lysates for 19 hrs 

before subjecting the samples to the hydrogen peroxide oxidation reactions.  In the yeast 

experiments, the Kd values measured from the 19 hr incubation samples were on the 

order of 0.62 µM compared to the 1.5 µM Kd value measured after the 30 min incubation 

time.  The measured Kd values for the interaction in the MCF-7 cell lysate after a 19 hr 

incubation were 0.62 µM compared to the Kd value of 0.16 µM measured in the samples 

with the 30 min equilibration time.  Therefore, the measured Kd values for the Hsp90-

geldanamycin interaction in yeast appear to be tighter after the longer incubation, while 

the measured MCF-7 Kd values are weaker.   

Interestingly, the Kd values measured for the interaction in the yeast and MCF-7 

cell lysates are equivalent in the samples that were incubated with geldanamycin for 19 

hr.  However, close examination of the data in Figures 18-20 reveals that there is little 
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separation between the pre- and post-transition baselines of the SPROX curves.  The low 

amplitude of these curves may be leading to erroneous C1/2 value placement in these 

data sets.  If the post-transition baseline is at a higher C1/2 value than is represented by 

the experimental data sets (> 2.5 M), then the Kd value for the Hsp90-geldanamycin 

binding interaction may be much tighter than 0.62 µM.  A Kd value of 0.009 µM  was 

previously reported for the binding interaction after a 24 hr incubation time (132).  Due 

to the limitation of 8 denaturant concentrations in the iTRAQ-SPROX experiment, the 

denaturant concentrations are chosen to suit a wide range of protein stabilities.  This can 

limit the sensitivity of the technique to the magnitude of the ΔC1/2 shift.  In this case, the 

denaturant concentration placement may be underestimating the ΔC1/2 shift induced by 

geldanamycin.  SILAC-PP experiments are currently being performed in order to 

confirm the Kd values for the Hsp90-geldanamycin binding interaction in both yeast and 

MCF-7 cell lysates. 

4.5.4 Novel Geldanamycin and Gedunin Protein Targets 

Several unknown protein targets of geldanamycin and gedunin were discovered 

in the iTRAQ-SPROX discovery experiments (see Tables 14 and 16).  While a few of 

these proteins were detected as hits in multiple experiments or using multiple peptide 

probes in the same experiment, the majority of the hit peptides were not assayed in the 

replicate experiment.  The SILAC-PP data from the yeast geldanamycin experiments 

were also utilized to confirm interactions observed in iTRAQ-SPROX experiments.  The 
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yeast protein elongation factor 3A was detected as a hit with destabilized behavior using 

both iTRAQ-SPROX and SILAC-PP data.  Elongation factor 3A has been reported to 

interact with yeast Hsp90 in several Affinity Capture-MS studies (96).  The Affinity 

Capture-MS studies do not always indicate direct protein-protein interactions, but 

suggest that Hsp90 and elongation factor 3A are present in protein complexes with one 

another.  Binding of geldanamycin to Hsp90 likely disrupted the protein-protein 

interaction between elongation factor 3A and Hsp90, leading to the observed 

destabilization of elongation factor 3A.  The SILAC-PP data was also used to eliminate a 

protein hit identified in the iTRAQ-SPROX experiments.  The protein NADP-specific 

glutamate dehydrogenase 1 displayed a destabilization in iTRAQ-SPROX Exp. 2 but was 

not detected as a hit in in either SILAC-PP experiment (see Table 14). 

Several of the MCF-7 geldanamycin hit proteins were detected in multiple 

experiments or with multiple peptide probes in the same experiment.  Purine nucleoside 

phosphorylase was detected as a hit in MCF-7 Short Exp. 1 and 2 with a destabilization 

of -0.5 M in each experiment.  Purine nucleoside phosphorylase is an enzyme that 

phosphorylates a ribose and cleaves a nucleoside in the nucleotide salvage pathway.  

The purine nucleotide salvage pathway is activated when the de novo synthesis pathway 

has been disrupted (141).  60S ribosomal protein L7 was detected as a hit with two 

tryptophan-containing peptides in MCF-7 Short Exp. 1.  One of these peptide probes, 

EANNFLWPFK, showed destabilizing behavior while another peptide from the protein, 
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FKEANNFLWPFK, was stabilized with a C1/2 value of + 0.5 M.   Keratin type II 

cytoskeletal 8 was detected with a destabilizing interaction with 3 peptide probes in 

MCF-7 Long Exp. 2.  It is unclear at this time how these novel protein targets are 

involved in the inhibition of Hsp90, and additional experiments will need to be 

performed to determine how the altered stabilities of these proteins are related to 

geldanamycin’s mode-of-action. 

 A bioinformatics analysis using the STRING database with high confidence (< 

0.7) (142) revealed that 24 of the geldanamycin MCF-7 hit protein targets are known to 

interact with at least one of the other hit proteins (see Figure 31).  Two of these proteins, 

myosin 9 (MYH9) and the protein activator of heat shock 90 kDa ATPase homolog 1 

(AHSA1), are known to have direct binding interactions with Hsp90 (HSP90AA1).  

MYH9 and AHSA1 were both detected as hits in MCF-7 Long Exp. 2 with 

destabilizations of -0.5 M.  Binding of geldanamycin to Hsp90 may have disrupted the 

interactions of these proteins with Hsp90, leading to the observed destabilizations.  The 

significance of how these protein interaction networks may be contributing to the 

observed stability changes for these unknown protein targets remains to be investigated.  
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Figure 31: STRING analysis of the geldanamycin hits detected in the MCF-7 
experiments. The lines represent protein-protein interactions that are known based on 
experimental data.  Blue lines indicate direct binding interactions.  Other direct physical 
and functional interactions such as inhibition, catalysis, and reaction are indicated by 
red, purple, and black lines, respectively. White lines indicate indirect physical and 
functional interactions (e.g., connections made using the results of tandem affinity 
purification experiments). 

Several novel gedunin protein targets were also discovered in the yeast and 

MCF-7 iTRAQ-SPROX discovery experiments in multiple experiments or with multiple 

peptide probes in the same experiment. A high confidence (< 0.7) STRING analysis (142) 

of the High and Low MCF-7 protein hits including the two non-hit proteins Hsp90 and 

p23 revealed that 51 of the gedunin hit proteins interacts with one or more of the other 

protein hits (Figure 32).  Interestingly, several of the hit proteins are known to be 

involved in protein-protein interactions with Sba1/p23 (PTGES3) and Hsp90 
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(HSP90AA1).  Stress-induced phosphoprotein 1 (STI1/HOP), which was detected as a hit 

with two peptide probes in MCF-7 Low Exp. 1, is known to bind to Hsp90 with a Kd 

value of 90 nM and to mediate the interaction of Hsp90 with the co-chaperone Hsp70 

(143, 144).  Hsp90, Hsp70, and Hop all undergo significant conformational changes 

during their interactions with one another (143).  Heat shock 70 protein 8 (HSPA8), 

platelet-activating factor acetylhydrolase IB subunit α (PAFAH1B1), myosin 9 (MYH9), 

and myosin 14 (MYH14) are also known to have binding interactions with Hsp90 (145-

147).  The observed stability changes in these proteins may be due to alterations in the 

Hsp90-Sba1/p23 chaperone network in the presence of gedunin.  Even though the direct 

binding of gedunin to Sba1/p23 was not observed in this experiment, a fraction of the 

Sba1/p23 proteins are bound to gedunin in the cell lysate, leading to alterations in 

protein interactions and functions.   
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Figure 32: STRING analysis of the gedunin hits detected in the MCF-7 experiments as 
well as with the non-hit proteins Hsp90 (HSP90AA1) and Sba1/p23 (PTGES3). The lines 
represent protein-protein interactions that are known based on experimental data.  Blue 
lines indicate direct binding interactions.  Other direct physical and functional 
interactions such as inhibition, catalysis, and reaction are indicated by red, purple, and 
black lines, respectively. White lines indicate indirect physical and functional 
interactions (e.g., connections made using the results of tandem affinity purification 
experiments). 

Additional reproducible gedunin protein targets were discovered that do not 

have direct links to Hsp90 or Sba1/p23.  These proteins include elongation factor 2, 

glucose 6-phosphate isomerase, heat shock protein beta-1, transgelin-2, and keratin type 

II cytoskeletal 8, nicotinamide phosphoribosyltransferase, exportin-1, and nucleoside 

diphosphate kinase B.  It is unclear at this time how these proteins may be involved in 

gedunin’s drug mode-of-action.  Further experiments will be conducted to confirm these 
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interactions and to discover how these proteins contribute to gedunin’s anti-cancer 

activity. 

4.6 Conclusion 

The geldanamycin and gedunin studies performed in yeast and MCF-7 cell 

lysates have shed light on the ability to detect the direct and indirect targets of the drugs 

using energetics-based approaches.  While direct binding of geldanamycin to Hsp90 was 

detected in both yeast and MCF-7 cell lysates, the direct binding of gedunin to Sba1/p23 

was not detected in either cell lysate using iTRAQ-SPROX.  Although the indirect effects 

of disrupting the Hsp90 and Sba1 protein interactions in the presence of geldanamycin 

or gedunin were not detected using iTRAQ-SPROX or SILAC-PP, a part of the 

mechanism of action by which geldanamycin inhibits Hsp90 by altering the protein’s 

conformational changes was discovered.   

Additionally, the binding affinities of the Hsp90-geldanamycin binding 

interaction in yeast and MCF-7 lysates were compared after short and long incubation 

times.  After 30 min incubation times, the measured Kd value for the Hsp90-

geldanamycin interaction is 10-fold greater in MCF-7 lysates than in yeast lysates.  

However, after 19 hr incubations with geldanamycin in each lysate, the Hsp90-

geldanamycin binding affinities are equivalent in the yeast and MCF-7 experiments.  

The measured Kd value for the yeast Hsp90-geldanamycin interaction decreased from 

1.5 µM to 0.62 µM after the 19 hr incubation, while the measured Kd value for the MCF-7 
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interaction increased from 0.16 µM to 0.62 µM.  This finding indicates that the Hsp90-

geldanamycin protein complex may require an extended incubation period in order to 

reach equilibrium.   
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5. ATP Binding Study 

5.1 Introduction 

The interaction of proteins with ligands is a fundamental aspect of protein 

function and such interactions are a critical part of many cellular processes including 

protein activation, cell signaling, and molecular transport (148).  While some protein-

ligand binding interactions are well understood, many important biological interactions 

remain uncharacterized.  This is especially true of ubiquitous enzyme co-factor 

interactions, such as those involving ATP.  Adenosine triphosphate, ATP, is an 

important co-factor that is required for energy metabolism protein synthesis, molecular 

transport across membranes, and protein folding (148-152).  Many proteins bind ATP to 

perform their necessary functions within the cell.  Knowing which proteins interact with 

ATP provides insight into the particular cellular processes in which each protein is 

involved.   

Many techniques have been used over the years to characterize ATP binding 

interactions with proteins.  The ATP binding properties of many proteins have been 

studied by X-ray crystallography (153).  There are currently around 20 X-ray 

crystallographic structures of Saccharomyces cerevisiae proteins that have been solved 

with ATP (111, 154-171).  A significantly larger number of S. cerevisiae proteins have 

been predicted to bind ATP using bioinformatics approaches.  For example, a GO-term 

analysis of ATP-binding proteins in the Saccharomyces Genome Database (SGD) 
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identifies 668 ATP-binding proteins determined through computational analyses based 

on primary amino acid sequence analyses of known ATP binding domains.   

A number of experimental approaches have been developed for large-scale 

analysis of ATP-binding proteins. Chemical probes such as acyl phosphates that interact 

with lysine residues in ATP binding sites of proteins have been used to identify human 

protein kinases and to evaluate novel kinase inhibitors (172-175).   Isotope-Coded ATP 

Probes (ICAPs) have also been used in several studies to enrich ATP-binding proteins 

and discover novel ATP-binding motifs (176, 177).  Other techniques utilizing absorption 

maxima of protein-dye binding, fluorogenic labeling with cross-linking of ATP-binding 

proteins, and ATP competition assays have also been applied to studies of known and 

novel ATP-binding proteins (178-180).   

Several energetics-based techniques have also been applied to the study of ATP-

binding proteins.  Pulse proteolysis with 2D gel electrophoresis and pulse proteolysis 

combined with anion exchange chromatography and one-dimensional SDS-PAGE 

analysis were used to assess the ATP-binding properties of proteins in E. coli lysates (57, 

59).  The Cellular Thermal Shift Assay (CETSA) was used to detect the stabilization of 

213 proteins annotated at ATP-binding in two replicate experiments using 2 mM 

MgATP in the K562 chronic myeloid leukemia cell line (74).  The SILAC-SPROX 

technique was recently employed for the large-scale analysis of ATP-binding proteins in 

the S. cerevisiae proteome (62).  This latter study, which assayed 526 yeast proteins for 
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their ATP binding properties, resulted in the identification of 139 ATP-binding proteins 

(62).  Interestingly, ~70% of the newly discovered ATP-binding proteins were not 

previously annotated as ATP-binding proteins in SGD.   

A significant issue with the above experimental approaches is the appearance of 

false positive results.  For example, the false-positive rate of ligand discovery using the 

SILAC-SPROX technique has been shown to be between 2.0-3.4 % (62).  Therefore, the 

cross validation of newly discovered protein-ligand binding interactions using different 

experimental strategies is critically important for the identification of true targets.  To 

this end, the work described here aims to cross-validate the newly discovered ATP-

binding proteins discovered in the SILAC-SPROX experiments using another SPROX-

related approach, iTRAQ-SPROX.  SILAC-SPROX and iTRAQ-SPROX both report on the 

same chemical denaturant dependent unfolding properties of proteins and protein-

ligand complexes.  However, their use of different quantitative proteomics strategies 

(SILAC versus iTRAQ) enables the elimination of false-positives that result from 

technical issues associated with the quantitation strategies.  Because many of the 

technical issues associated with each quantitation strategy are different, it is unlikely 

that false-positives arising from these issues would appear in both SILAC-SPROX and 

iTRAQ-SPROX (64). 

Reported here is the application of iTRAQ-SPROX for the discovery of ATP-

binding proteins in the S. cerevisiae proteome.  A total of 373 proteins were assayed for 
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ATP binding using the non-hydrolyzable ATP mimic, AMP-PNP.  A total of 40 ATP-

binding protein hits were identified in the work described here.  As part of this work, 

the overlap of hits identified here and in other energetics-based studies is used to 

corroborate the identification of 14 novel ATP-binding proteins.  The biological 

significance of a subset of these novel ATP-binding proteins is also discussed 

5.2 Experimental Procedures 

5.2.1 Materials 

A non-hydrolyzable ATP mimic, Adenyl imidodiphosphate (AMP-PNP), was 

used instead of ATP in these experiments, and was purchased from Calbiochem.  The 

Pi3™ - Methionine Reagent Kits and C18 columns were purchased from The Nest Group 

(Southboro, MA). The iTRAQ® 8-plex reagents and were purchased from ABSciex 

(Framingham, MA).  TCEP was purchased from Thermo Scientific.  All other chemicals 

were purchased from Sigma-Aldrich. 

5.2.2 Buffer Preparation 

Urea buffers were prepared fresh before each ATP-binding experiment as 

described in Chapter 4.2.2.2.  The refractive index of each buffer was measured using a 

refractometer and determined to be 1.3411 for the 0.1 M Tris-HCl buffer and 1.4109 for 

the 9 M urea buffer in 0.1 M Tris-HCl, pH 7.4. The actual [urea] of the 9 M urea buffer 

was 8.42 M as determined by the known equation relating the concentration of urea to 

the refractive index of the solution (3).  
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5.2.3 Experimental Protocol 

The Y258 yeast strain was grown on a –URA agar plate for 3 days at 30˚C.  One 

colony was used to inoculate 50 mL of YPD media and grown overnight at 30˚C while 

shaking.  An aliquot was added to 600 mL of YPD media to an OD600 of ~0.3.  The culture 

was grown at 30˚C until the OD600 was 1.2-1.4 (~6 hr).  The culture was centrifuged at 

5,000 rcf for 5 min and the supernatant was discarded.   The cell pellet was suspended in 

~4 mL of d. I. H2O and divided into four portions containing ~125-250 mL of culture, 

which were each centrifuged at 15,000 rcf for 10 min. The supernatant in each sample 

was removed and the resulting cell pellets were stored at -20˚C until further use. 

Both of the ATP-binding iTRAQ-SPROX experiments were performed using the 

same basic protocol, with a few minor exceptions. For “ATP Exp. 1”, one yeast pellet 

was lysed in 0.1 M Tris-HCl buffer, pH 7.4 with 1X protease inhibitor cocktail with glass 

beads on a Disrupter Genie for 20 seconds with 1 minute on ice in between, for a total of 

15 cycles. The house-made protease inhibitor cocktail contained Pepstatin A, Leupeptin, 

E-64, Bestatin, and AEBSF at concentrations of 0.2 mM, 0.4 mM, 0.3 mM, 1 mM, and 20 

mM, respectively.  The lysate was clarified by centrifugation at 14,000 rcf for 10 minutes 

at 4°C. The concentration of the yeast lysate was ~8 µg/µL, as determined by a Bradford 

Assay. The lysate was aliquoted into two 144 µL portions, and 18 µL of 1 M MgCl2 was 

added to each aliquot. An 823 mM stock of AMP-PNP was prepared by dissolving 25 

mg of AMP-PNP in 43 µL of d. I. H2O. To create the control sample, 18 µL of H2O was 
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added to one aliquot. To create the (+) ATP sample, 18 µL of AMP-PNP was added to 

the second aliquot. Both samples were equilibrated for 1 hr on ice. 20 µL of each 

equilibrated sample was diluted into 75 µL of urea buffers of the following 

concentrations: 0, 1.3, 2.6, 3.7, 4.5, 5.3, 6.4, and 8 M and equilibrated for 1 hr at room 

temperature.  The final [urea] in each buffer was 0, 1.0, 2.0, 2.7, 3.4, 4.0, 4.8, and 6.0 M 

and the final [AMP-PNP] was 16.5 mM. The oxidation of methionine residues was 

initiated with the addition of 5 µL of H2O2, allowed to proceed for 6 minutes, and 

quenched with 1 mL of 300 mM methionine.  

The proteins in each sample were precipitated by the addition of 160 µL of 100% 

TCA (wt/vol) and incubated on ice at 4°C overnight. The samples were centrifuged at 

8,000 rcf for 30 minutes at 4°C and the supernatant was decanted. The protein pellets 

were washed three times with 300 µL of ice-cold Ethanol. The Ethanol was decanted, 

and the protein pellets were dried in a fume hood. The protein pellets were dissolved in 

30 µL of 0.5 M TEAB with 0.1 % final concentration of SDS. The samples were vortexed, 

heated at 60°C, and sonicated for 10 minutes at a time, for 2-3 cycles. The disulfide 

bonds were reduced with a final concentration of 5 mM TCEP for 1 hour at 60°C. The 

free cysteine residues were alkylated with a final concentration of 10 mM MMTS for 10 

minutes at room temperature. The proteins were digested with 1.5 µL of 1 mg/mL 

trypsin at 37 °C for 16 hr. 
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The 0 M, 1.0 M, 2.0 M, 2.7 M, 3.4 M, 4.0 M, 4.8 M, and 6.0 M (-) and (+) ATP 

samples were labeled with 0.5 unit of the 113, 114, 115, 116, 117, 118, 119, and 121 iTRAQ 

tags dissolved in isopropanol, respectively. The labeling reactions were allowed to 

proceed for 2 hours at room temperature. 40 µL of each sample was combined within a 

set, (-) or (+), and 80 µL of each combined sample was removed to create the non-

enriched samples. The remaining combined sample was placed on a Speed Vac to 

reduce the sample volume to ~50 µL. The samples were then enriched for methionine-

containing peptides using commercially available Pi3™ - Methionine Reagent kit. The 

methionine enrichment protocol was completed according to the manufacturer’s 

protocol. The non-enriched and methionine-enriched samples were both diluted in 0.1 % 

or 2% TFA, respectively, and cleaned with C18 resin for LC-MS/MS analysis.  The C18 

resin was wetted 400 µL of methanol and rinsed with 400 µL of 2 % TFA.  The sample 

was loaded in two batches, the resin was rinsed 2X with 2% TFA, and peptides were 

eluted with 50 µL of 30 % Acetonitrile/0.1 % TFA 1X, then 50 µL of 70 % Acetonitrile/0.1 

% TFA 2X.  Samples were placed on a Speed Vac concentrator to remove acetonitrile, 

and the volume was reduced to ~ 50 µL and then diluted with 0.1 % TFA. 

For “ATP Exp. 2”, the yeast lysate concentration was ~9 mg/mL. The initial [urea] 

in 0.1 M Tris-HCl buffers, pH 7.4 was 0 M, 2.0 M, 2.6 M, 3.3 M, 3.6 M, 4.4 M, 5.3 M, and 

6.4 M. The final [urea] in 0.1 M Tris-HCl, pH 7.4 during the methionine oxidation 

reaction was 0 M, 1.5 M, 2.0 M, 2.4 M, 2.7 M, 3.4 M, 4.0 M, and 4.8 M. The oxidation 



 

179 

reactions were allowed to proceed for 24 min. The 0 M, 1.5 M, 2.0 M, 2.4 M, 2.7 M, 3.4 M, 

4.0 M, and 4.8 M urea samples were labeled with 0.5 unit of the 113, 114, 115, 116, 117, 

118, 119, and 121 iTRAQ tags, respectively. The (-) Control and (+) ATP samples were 

not enriched for methionine residues. All other parameters were the same as previously 

stated.  

5.2.4 LC-MS/MS Analyses 

LC-MS/MS analyses for ATP Exp. 1 were performed on an Orbitrap Elite ETD 

mass spectrometer also equipped with an Easy-nLC 1000 system. The instrumental 

parameters were the same as described in Chapter 2.2.3. LC-MS/MS analyses for ATP 

Exp. 2 were performed on a Thermo Scientific Q-Exactive Plus high resolution mass 

spectrometer with a nanoAcquity UPLC system (Waters Corp) using the instrumental 

parameters described in Chapter 4.2.4. 

The LC-MS/MS data from ATP Exp.1 acquired on the Orbitrap Elite were 

searched against the SwissProt Saccharomyces cerevisiae database using Proteome 

Discoverer. Search parameters included fixed modification of MMTS on cysteine 

residues, fixed modification of iTRAQ® 8-Plex on N-terminus and lysine residues, a 

variable modification of oxidation on methionine residues, and two missed cleavage 

sites were allowed. The precursor mass tolerance was set to 10 ppm and the fragment 

mass tolerance was set to 0.8 Da.  Peptides identified with high and medium confidence 

(i.e., false discovery rates (FDR) <1% and 5%, respectively) were used for data analysis.  



 

180 

The LC-MS/MS data from ATP Exp.2 acquired on the Q-Exactive Plus were searched 

against the SwissProt Saccharomyces cerevisiae database using Spectrum Mill.  Search 

parameters were the same as previously stated, except that the precursor mass tolerance 

was set to 10 ppm and the fragment mass tolerance was set to 20 ppm.   

5.2.5 Data Analysis 

The SPROX data was analyzed as previously described (10). Briefly, the 

identified peptide sequences and their iTRAQ® reporter ion intensities were exported 

into Excel along with the filename, identification, score, charge state, modifications, 

isolation purity, retention time, protein accession number, and protein name.  Only 

peptides with high quality quantitative data (i.e., iTRAQ® reporter ion intensities at m/z 

113-121 that summed to >1,000) were used in analyses. The iTRAQ® reporter ion 

intensities for an individual peptide were normalized as previously described (10).  

The normalized iTRAQ® reporter ion intensities were used to generate chemical 

denaturation data sets for the peptides successfully quantified in each of the SPROX 

experiments. In each experiment, a set of peptides with normalized iTRAQ® reporter ion 

differences that resulted in significant transition midpoint shifts of two iTRAQ tags or 

more were identified by a visual inspection of the data.  All of the peptides identified 

with significant transition midpoint shifts in each experiment were labeled as hits.  
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5.2.6 Quantification of Ligand Binding 

From visual inspection of the data, ΔC1/2 values for protein-ATP interactions were 

determined based upon the criteria of a two iTRAQ tag difference in C1/2 placement 

between the Control and (+) ATP samples.  Kd values were calculated as described in 

Chapter 4.2.6.  An m-value of 1.3 kcal mol-1M-1 for urea was used for all proteins.  This 

m-value was estimated based upon the average protein domain size of 100 amino acids 

and the average contribution of 0.013 kcal mol-1 M-1 of urea to the m-value of the protein 

(135).  For all calculations, n was assumed to be 1, R was 0.001987 kcal mol-1 K-1, and T 

was 298.15 K. 

5.3 Results 

5.3.1 Discovery of ATP-binding Proteins 

Two experiments utilizing the iTRAQ-SPROX protocol were performed using the 

proteins in yeast cell lysates to identify ATP-binding proteins using a non-hydrolyzable 

ATP mimic, AMP-PNP (Figure 33).  The experimental conditions used in the two 

experiments were similar with the exception of the hydrogen peroxide reaction time 

employed, which was 6 and 24 min in Experiments 1 and 2, respectively.  In some cases, 

use of a longer hydrogen peroxide reaction time in the SPROX protocol can make the 

technique more sensitive to weaker binding interactions, as discussed below.  In Exp. 1 a 

methionine-containing peptide enrichment was performed to increase the coverage of 

methionine-containing peptides.  A methionine peptide enrichment step was not 
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performed in Exp. 2 because the resin only binds wild-type methionine peptides.  As a 

result of the longer oxidation time in Exp. 2, the number of wild-type methionine 

peptides present in the samples was limited.  Therefore, the enrichment step was not 

deemed to be cost-effective.  The protein and peptide coverage obtained in each iTRAQ-

SPROX experiment is summarized in Table 18.  As expected, the methionine-containing 

peptide and protein coverage for Exp. 1 was higher than for Exp. 2 due to use of the 

methionine-containing peptide enrichment in Exp. 1.  

 

Figure 33: The non-hydrolyzable ATP mimic, AMP-PNP, used in the iTRAQ-SPROX 
ATP-binding experiments. 

Table 18: Summary of Proteomics Results.  Total Assayed Peptides are those that contain 
the same methionine-containing peptide sequence, but may be either wild-type or 
oxidized.  

Experiment Oxidation Time 
(min) 

Assayed 
Peptides 

Assayed 
Proteins 

Hit Peptides 
(Proteins) 

1 6 777 372 33 (31) 
2 24 92 67 12 (12) 

Total - 733 373 45 (40) 
 

While the numbers of peptides and proteins assayed in Exp. 2 were significantly 

smaller than in Exp. 1, the percentages of peptides and proteins detected as hits in Exp. 2 
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(13.0 and 17.9 %, respectively) were significantly higher than in Exp. 1 (4.2 and 8.3 %, 

respectively).  Presumably, this is because Exp. 2, which utilized the 24 min oxidation 

time, was more sensitive to weaker binding interactions.  A total of 373 unique proteins 

were effectively assayed in the two experiments.  In total, 40 unique proteins were 

detected as ATP-binding hits based on the quantitative proteomics data collected on 45 

methionine-containing peptide probes.  Of these 40 proteins, 3 proteins were 

consistently identified as ATP-binding hits in both experiments (see Table 19).  A total of 

25 protein hits were only assayed in one experiment, and 12 protein hits (4 from Exp. 1 

and 8 from Exp. 2) were identified as a hit in one experiment and not in the other (see 

Table 19).  

Table 19: Protein hits detected in the iTRAQ-SPROX ATP-binding experiments. a, the 
protein is annotated as “ATP-binding” in the SGD, b ithe protein was found as a hit in 
Ref. (62), c the peptide was assayed in the corresponding iTRAQ-SPROX replicate 
experiment but did not show hit behavior, and d the protein was assayed in Ref. (62) but 
was not a hit.  The entries in bold are unannotated ATP-binding proteins that were 
assayed in both the iTRAQ-SPROX experiments reported here and the SILAC-SPROX 
experiments in Ref. (62). 

Protein and Gene Names Accession 
Number 

Peptide Sequence Exp ΔC1/2 Kd 
(mM) 

Pyruvate kinase 1, CDC19 P00549a,b IMYVDYK 1 -1.5 - 
Phosphoglycerate mutase, 

GPM1 

P00950b TVM(ox)IAAHGNSL

R 

1 + 1.5 0.62 

Phosphoglycerate mutase, 

GPM1 

P00950b TVMIAAHGNSLR 2 + 0.8 3.3 

Elongation Factor 1 alpha, 

TEF1 

P02994b SVEM(ox)HHEQLEQ

GVPGDNVGFNVK 

2 -1.3 - 

Phosphoribosylpyrophosph
ate amidotransferase, ADE4 

P04046 EIVNMAK 1 + 1.3 0.98 

Phosphoribosylpyrophosph P04046 VSGLAGSMGIAHLR 1 + 0.7 4.4 
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ate amidotransferase, ADE4 
Poly(A) binding protein, 

PAB1 

P04147b IMWSQR 1 + 2.1 0.16 

Ribosomal 60S subunit 

protein L25, RPL25 

P04456b VIEQPITSETAMKc 2 + 1.3 0.98 

Threonyl-tRNA synthetase, 
THS1 

P04801a,d EATSWETTPM(ox)DI
AKc 

2 + 1.5 0.62 

Hexokinase isoenzyme 1, 
HXK1 

P04806a,d LKQPYIM(ox)DTSYP
ARc 

2 -1.3 - 

Hexokinase isoenzyme 2, 
HXK2 

P04807a,b FDKPFVMDTSYPAR 1 -1 - 

Plasma membrane P2-type 
H+-ATPase, PMA1 

P05030a RGEGFMVVTATGD
NTFVGR 

1 -1.8 - 

Ribosomal 60S subunit 
protein L36A, RPL36A 

P05745 VEEM(ox)NNIIAASRc 2 + 1.3 0.98 

Pyruvate decarboxylase, 

PDC1 

P06169b LIDLTQFPAFVTPM

GK 

1 -1.5 - 

Pyruvate decarboxylase, 

PDC1 

P06169b NATFPGVQM(ox)Kc 2 -1.4 - 

Beta subunit of fatty acid 

synthetase, FAS1 

P07149b GVMLWK 1 -1.4 - 

Histidine tRNA synthetase, 
HTS1 

P07263a,b QGLDDIATLMK 1 -1.4 - 

Acetolactate synthase, ILV2 P07342 HEQGAGHM(ox)AE
GYAR 

1 + 1 2.0 

Pentafunctional arom 
protein, ARO1 

P08566a MQQRPIAPLVDSLR 1 -1.2 - 

Ribosomal 60S subunit 

protein L23A, RPL23A 

P0CX41b VM(ox)PAIVVRc 1 -1.7 - 

Protein component of the 

(40S) ribosomal subunit, 

RPS18A 

P0CX55b IVQIM(ox)QNPTHY

K 

1 + 1 2.0 

Translation initiation factor 
eIF4A, TIF1 

P10081a,b FDDM(ox)ELDENLL
Rc 

2 + 1.3 0.98 

Heat shock 70 family 
protein, SSA2 

P10592a,b NQAAM(ox)NPANT
VFDAKc 

2 + 0.8 3.3 

Cytoplasmic ATPase 
molecular chaperone, SSB1 

P11484a,b TFSPQEISAMVLTK 2 -0.8 - 

Ribosomal 60S subunit 

protein L3, RPL3 

P14126b NDFIMVK 1 -1.5 - 
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Ribosomal 60S subunit 

protein L3, RPL3 

P14126b TVAVDSVFEQNEM(

ox)IDAIAVTK 

2 + 0.5 8.0 

DAHP synthase, ARO3 P14843b DLLIIMR 1 -2.2 - 

Lysyl-tRNA synthetase, 
KRS1 

P15180a,b RINMIEELEK 1 -1.4 - 

Translation elongation 
factor 3, YEF3 

P16521a,b QINENDAEAMNKc 1 > 2 <0.2 

Subunit A of the V1 domain 
of V-ATPase, VMA1 

P17255a,d TTLVANTSNMPVAA
Rc 

1 + 1.5 0.62 

Glucokinase, GLK1 P17709a,d RTLAFMK 1 -1 - 
Alpha subunit of fatty acid 

synthetase, FAS2 

P19097b AFLDSMAQK 1 -1 - 

Alpha subunit of fatty acid 

synthetase, FAS2 

P19097b VVEIGPSPTLAGM(o

x)AQR 

1 >3.7 <0.00

5 

Type I HSP40 co-chaperone, 
YDJ1 

P25491a,d VGIVPGEVIAPGMRc 1 + 1.5 0.62 

Elongation factor 2, EFT2 P32324b STAISLYSEMSDED

VKc 

2 -1 - 

ATPase component of 
Hsp90 chaperone complex, 
SSE1 

P32589a,b QVEDEDHMEVFPA
GSSFPSTK 

1 -0.8 - 

Serine 
hydroxymethyltransferase, 
SHM1 

P37292/P3
7291 

GAMIFFR 1 -1.4 - 

G-protein beta subunit for 

Gpa2p, ASC1 

P38011b VWQVMTAN 1 -1.4 - 

Base subunit of the 19S RP 
of the 26S proteasome, 
RPN1 

P38764 SVFDATSDPVMHK 1 + 1.2 1.2 

Protein that binds to 
cruciform DNA structures, 
CRP1 

P38845 GNFEITMPVK 1 -2.1 - 

Dihydroxyacid 

dehydratase, ILV3 

P39522b TMELGILPR 1 -1 - 

Ribosomal 60S subunit 
protein L10, RPL10 

P41805 LQQGMR 1 -2.5 - 

Aromatic aminotransferase 
I, ARO8 

P53090 MDSFSK 1 -1.1 - 

Protein with similarity to 
Tfs1p, YLR179C 

Q06252 SQLSAEDKLALLMT
DPDAPSRTEHK 

1 + 1.4 0.78 
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Non-ATPase subunit of the 
26S proteasome lid, RPN6 

Q12377 ELM(ox)GDELTR 1 >4 <0.00
25 

 

Shown in Figure 34A and B are iTRAQ-SPROX data sets for a methionine-

containing peptide from phosphoglycerate mutase (P00950) that showed hit behavior in 

both Exp. 1 and 2.  The data in Figure 34 indicate that the protein is stabilized in the 

presence of ATP, and Kd values for the protein-ATP binding interaction of 0.6 and 3.3 

mM were determined using the ΔC1/2 values measured in Exp. 1 and Exp. 2, respectively.  

Phosphoglycerate mutase was previously identified in SILAC-SPROX experiments, 

where Kd values of 2.3, 12, and 100 µM were reported, depending on the experimental 

replicate (62).  Shown in Figure 35A and B are iTRAQ-SPROX data sets for pyruvate 

decarboxylase (P06169), which was detected as a hit in both iTRAQ-SPROX experiments, 

albeit with different peptide probes in each experiment.  The chemical denaturation 

behaviors observed for these two methionine-containing peptides from pyruvate 

decarboxylase are consistent with ligand-induced destabilizations.  Pyruvate 

decarboxylase was also detected as a hit protein in the SILAC-SPROX experiments (62).  

However, the gel-based data generated in the SILAC-SPROX experiment did not enable 

a distinction in whether ATP exhibited a stabilizing or destabilizing effect. 
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Figure 34: iTRAQ-SPROX data for phosphoglycerate mutase obtained from (A) the 
peptide TVM(OX)IAAHGNSLR assayed in Exp. 1, and (B) TVMIAAHGNSLR assayed 
Exp. 2.  The dashed line at a normalized reporter ion intensity of 1 is the cut-off value 
that separates the pre- and post-transition baselines.  The arrows in each data set 
indicate the placement of the C1/2 values.  The data in (A) show a ΔC1/2 value of 1.5 M, 
while the data in (B) show a ΔC1/2 value of 0.8 M. The averaged data from 2 or more 
peptide readouts is reported, and the error bars represent one standard deviation. 

All the peptide and protein hits identified in this work are summarized in Table 

17.  In these experiments, ~40 % of the identified hits were previously annotated as ATP-

binding proteins (see Table 19).  92 of the 373 unique proteins assayed in these ATP-

binding experiments are annotated as “ATP-binding” in the SGD.  The direction and 

magnitude of the observed Δ C1/2 value shift is also shown in Table 19.  Positive Δ C1/2 

value shifts are consistent with ATP-induced stabilizations, and negative Δ C1/2 values 

are indicative of ATP-induced conformational changes that are destabilizing to the 

protein domain to which the methionine-containing peptide probe maps.   
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Figure 35: iTRAQ-SPROX data sets for pyruvate decarboxylase obtained on the hit 
peptides (A) LIDLTQFPAFVTPMGK in Exp. 1 and (B) NATFPGVQM(ox)K in Exp. 2.  
The dashed line at a normalized reporter ion intensity of 1 is the cut-off value that 
separates the pre- and post-transition baselines.  The arrows in each data set indicate the 
placement of the C1/2 values.  The data in (A) show a ΔC1/2 value - 1.5 M, while the data in 
(B) show a ΔC1/2 value of – 1.4 M.  The averaged data from 2 or more peptide readouts is 
reported, and the error bars represent one standard deviation 

5.3.2 Hit Overlap with SILAC-SPROX Study 

A goal of this work was to compare the hits identified in iTRAQ-SPROX Exp. 1 

and 2 with the hits previously reported in SILAC-SPROX experiments reported, and to 

see if any previously unannotated ATP-binding protein hits were corroborated between 

these two studies (62).  179 of the 378 unique proteins assayed in the iTRAQ-SPROX 

experiments were also assayed in the SILAC-SPROX Solution-phase experiments (62).  

Half of the protein hits identified in the iTRAQ-SPROX experiments performed here 

were also identified as ATP-binding proteins using the SILAC-SPROX technique (62).  

Summarized in Table 20 are the 23 proteins found as hits in both techniques.  The 
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experimental conditions used in the previously reported SILAC-SPROX experiments 

included the use of 2 mM MgCl2 and 16 mM ATP concentrations with a 6 min hydrogen 

peroxide oxidation time in one experiment (SILAC-SPROX Sol. 1A/B and Gel Exp. 1 in 

Table 20) and the use of 20 mM MgCl2 and 16 mM ATP concentrations with a 24 min 

hydrogen peroxide reaction time in the second experiments (SILAC-SPROX Sol. Exp. 2 

and Gel 2 in Table 20).  Thus, the experimental conditions in iTRAQ-SPROX Exp. 2 are 

identical to the conditions employed in SILAC-SPROX Solution Exp. 2 and Gel Exp. 2.  

The SILAC-SPROX experiment enabled use of both a solution-phase and gel-based 

readout.  The solution-phase readout is directly analogous to the solution-phase 

proteomics readout in iTRAQ-SPROX, as both require the detection and quantitation of 

methionine-containing peptides.  The gel-based readout in SILAC-SPROX enables any 

peptide (methionine-containing or not) to report on the ATP-binding properties of the 

protein from which it is derived. 
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Table 20: Overlap between iTRAQ-SPROX and SILAC-SPROX experimental results. The 
a indicates that the protein is annotated with the GO Term “ATP-binding” in the SGD, 
the b indicates that the protein was found as a hit in Ref. (62).  The “X” indicates in 
which SILAC-SPROX experiment(s) the protein hit was previously observed.   

Protein Name 
Accession 
Number 

Peptide 
Sequence 

Exp. 

Sol. 
1A/B 

Sol. 
2 

Gel 
1 

Gel 
2 

SI-SP 
Exp. 

2 20 2 20 
Final 

[Mg2+] 
(mM) 

6 24 6 24 
Reaction 

Time 
(min) 

Pyruvate 
kinase 1 

P00549a,b IMYVDYK 1  X  X 

Phosphoglycer
ate mutase 

P00950b TVM(ox)IAA
HGNSLR 

1 X X X X 

Phosphoglycer
ate mutase 

P00950b TVMIAAHG
NSLR 

2 X X X X 

Elongation 
Factor 1 alpha 

P02994b SVEM(ox)H
HEQLEQGV
PGDNVGFN

VK 

2    X 

Poly(A) 
binding 
protein 

P04147b IMWSQR 1    X 

Ribosomal 60S 
protein L25 

P04456b VIEQPITSET
AMK 

2 X X   

Hexokinase 
isoenzyme 2 

P04807a,b FDKPFVMD
TSYPAR 

1  X   

Pyruvate 
decarboxylase  

P06169b LIDLTQFPA
FVTPMGK 

1   X X 

Pyruvate 
decarboxylase  

P06169b NATFPGVQ
M(ox)K 

2   X X 

Beta subunit of 
fatty acid 
synthetase 

P07149b GVMLWK 1  X  X 

Histidine 
tRNA 

P07263a,b QGLDDIAT
LMK 

1  X   
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synthetase 

Ribosomal 60S 
protein L23A 

P0CX41b VM(ox)PAIV
VR 

1  X   

 (40S) 
ribosomal 
subunit 

P0CX55b IVQIM(ox)Q
NPTHYK 

1 X    

Translation 
initiation factor 
eIF4A 

P10081a,b FDDM(ox)E
LDENLLR 

2 X X   

Ssa2 P10592a,b NQAAM(ox)
NPANTVFD

AK 

2  X   

ATPase 
molecular 
chaperone 

P11484a,b TFSPQEISA
MVLTK 

2  X  X 

Ribosomal 60S 
protein L3 

P14126b NDFIMVK 1 X X  X 

Ribosomal 60S 
protein L3 

P14126b TVAVDSVF
EQNEM(ox)I

DAIAVTK 

2 X X  X 

DAHP 
synthase 

P14843b DLLIIMR 1  X   

Lysyl-tRNA 
synthetase 

P15180a,b RINMIEELE
K 

1  X   

Translation 
elongation 
factor 3 

P16521a,b QINENDAE
AMNK 

1    X 

Alpha subunit 
of fatty acid 
synthetase 

P19097b AFLDSMAQ
K 

1  X   

Alpha subunit 
of fatty acid 
synthetase 

P19097b VVEIGPSPT
LAGM(ox)A

QR 

1  X   

Elongation 
factor 2 (EF-2) 

P32324b STAISLYSE
MSDEDVK 

2  X   

ATPase 
component of 
Hsp90 
chaperone 

P32589a,b QVEDEDH
MEVFPAGS

SFPSTK 

1  X   
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complex 
G-protein beta 
subunit for 
Gpa2p 

P38011b VWQVMTA
N 

1 X X   

Dihydroxyacid 
dehydratase 

P39522b TMELGILPR 1 X X   

 

As expected, most of the overlapping hits in the iTRAQ-SPROX and SILAC-

SPROX experiments were those that were identified in the solution-phase SILAC-

SPROX experiments.  This degree of overlap was expected since the iTRAQ-SPROX 

experiments were also performed in solution, and both techniques rely on detection and 

quantitation of the same methionine-containing peptide probe in domain-level readouts.  

Four of the overlapping protein hits, (i.e. elongation factor 1a, poly(A) binding protein, 

pyruvate decarboxylase, and translation elongation factor 3), were only detected as hits 

in the gel-based SILAC-SPROX experiments.  The gel-based SILAC-SPROX experiment 

has the drawback that it yields only protein-level information and that the direction of 

the protein stability change (e.g. stabilization or destabilization) cannot be ascertained 

from the data.  This is in contrast to the solution-based SILAC-SPROX experiment and 

the iTRAQ-SPROX experiment, which yield peptide readouts that report on the 

stabilization or destabilization of the protein domain from which they were derived.  

The new iTRAQ-SPROX data collected for the four overlapping proteins that were 

previously identified only in the SILAC-SPROX gel-based readouts reveals that the 

domains assayed for  elongation factor 1 A and pyruvate decarboxylase are destabilized 
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in the presence of ATP, while elongation factor 3 and poly(A) binding protein were 

stabilized in the presence of ATP (see Table 19). 

  The 23 overlapping protein hits identified in both the iTRAQ-SPROX 

experiments in this study and in the SILAC-SPROX experiments in our previous work 

included 9 proteins that were previously annotated as ATP-binding proteins, and 14 

proteins that were not previously annotated in the SGD as “ATP-binding” (Table 19 and 

20).  Thus, the experimental overlap enabled the corroboration of 14 proteins as novel 

ATP-binding proteins (Table 19 and 20).  A total of 7 of the 18 peptide probes from these 

14 newly discovered ATP-binding proteins showed an increase in protein stability in the 

presence of ATP, while the remaining 11 peptide probes showed a decrease in protein 

stability.   

The PANTHER database (181) was utilized in a bioinformatics analysis to 

investigate the distribution of the protein classes for all of the ATP-binding protein hits 

detected in the iTRAQ-SPROX and SILAC-SPROX experiments.  In this analysis, the 

protein class distributions for the 47 annotated ATP-binding protein hits and the 109 

newly discovered unannotated ATP-binding protein hits were compared to the class 

distribution for all of the 668 annotated ATP-binding proteins from the SGD (see Table 

21).  The 109 newly discovered ATP-binding proteins were not significantly enriched in 

kinases, ligases, chaperones, or transporters. As can be seen in Table 21, very low 

percentages (< 4 %) of the novel ATP-binding hits originated from proteins of these 
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classes.  In contrast, these latter protein classes, which are well known to have ATP-

binding activity, were each well-represented in the annotated hits and in the 668 yeast 

proteins that are currently annotated as ATP-binding proteins in the SGD (Table 21).  

Table 21: Summary of protein class representation for the 154 ATP-binding protein hits 
identified in the iTRAQ-SPROX experiments in this work and in the SILAC-SPROX 
experiments described in (62).  Also summarized are the protein classes represented by 
all of the 668 proteins annotated with the GO term “ATP-binding” in the SGD. aIncludes 
5 additional protein classes each containing <5 % of the previously annotated hits. 
bIncludes 10 additional protein classes each containing <10 % of the novel hits. cIncludes 
13 additional protein classes each containing <3 % of all annotated yeast proteins. 

 
 

Protein Class 

47 Annotated 
Hits (%) 

109 Novel Hits 
(%) 

All 668 
Annotated Yeast 

Proteins (%) 
Transferase 17.5 7.6 21.5 
Chaperone 15.9 2.5 4.0 

Ligase 17.5 1.7 10.0 
Nucleic Acid Binding 12.7 32.2 17.5 

Hydrolase 7.9 11.9 10.7 
Kinase 9.5 3.4 19.1 

Transporter 6.3 2.5 5.5 
Oxidoreductase 1.6 11.9 1.1 

Other 11.1a 26.3b 10.6c 

 

Many kinase proteins contain the phosphate loop (P-loop) binding motif, which 

is a known binding site for ATP and guanosine triphosphate (GTP) (182).  The relatively 

low representation of these protein classes in the novel hits suggests that the 

bioinformatics approaches used to identify ATP-binding proteins work well for proteins 

in these classes, especially those proteins that contain conserved ATP-binding domains.  

However, not all ATP-binding proteins contain P-loop motifs or other well-
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characterized ATP-binding pockets (182).  However, significant percentages (> 7 %) of 

the novel hits detected in this study were proteins categorized as transferases, nucleic 

acid-binding proteins, hydrolases, and oxidoreductases.  This suggests that the ATP-

interaction properties of proteins in these classes are less well-predicted using existing 

bioinformatics approaches. 

5.3.3 Hit Discrepancies between iTRAQ-SPROX and SILAC-SPROX 

This study also included an assessment of discrepancies between the hits 

obtained in the iTRAQ-SPROX experiments and the previously reported SILAC-SPROX 

experiments.  Such discrepancies could be the result of false positives or false negatives.  

False positives were classified as proteins that were not annotated as “ATP-binding” in 

the SGD and were only identified as a hit in one of the two experimental approaches.   

Proteins that have been annotated as “ATP-binding” in the SGD but were not 

consistently detected as hits in both iTRAQ-SPROX and SILAC-SPROX experiments 

were considered false negatives. 

The assessment of false-positive and false-negative results was limited to the 

overlap of peptides and proteins that were assayed in both the iTRAQ-SPROX 

experiments and the SILAC-SPROX solution-phase experiments.  Only 179 of the 378 

proteins assayed in the iTRAQ-SPROX experiments were also assayed in the SILAC-

SPROX Solution-phase experiments.  The percentage of overlapping peptides and 

proteins may be limited by the fact that peptides must be identified in four or more 
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samples with different urea concentrations in order to be included in the SILAC-SPROX 

analysis.  In contrast, a peptide only needs to be identified once in both the Control and 

(+) Ligand samples in order for it to be included in the iTRAQ-SPROX assay.  Several of 

the 139 ATP-binding protein hits identified in the SILAC-SPROX experiments were 

likewise not assayed in the iTRAQ-SPROX experiments described here.  The increased 

peptide and protein coverage of the SILAC-SPROX experiment is largely due to the gel-

based readout that does not require detection of a methionine-containing peptide.  Since 

the SILAC-SPROX gel readout is at the protein level and the solution phase readout is at 

the domain level, it was not possible to directly compare results from the SILAC-SPROX 

gel experiments to the iTRAQ-SPROX experiments. 

Several false-negative results were discovered in the iTRAQ-SPROX and SILAC-

SPROX experiments.  Of the 17 protein hits exclusively discovered in the iTRAQ-SPROX 

experiments, only 5 of these protein hits were assayed in the SILAC-SPROX 

experiments.  These 5 proteins that were hits in iTRAQ-SPROX are all annotated as 

“ATP-binding” in the SGD.  Therefore, these proteins were classified as false-negatives 

in the SILAC-SPROX experiments (Table 35 in Appendix A).  Likewise, 8 proteins with 9 

methionine-containing peptide probes were hits in the SILAC-SPROX experiments, but 

did not show hit behavior in the iTRAQ-SPROX experiments (Table 34 in Appendix A).   

Four of these 9 peptides were assayed in both iTRAQ-SPROX Exp. 1 and 2.  False-
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negative rates of 0.5 % and 10 % can be estimated for iTRAQ-SPROX Exp. 1 and 2, 

respectively. 

To identify potential false positives from the SILAC-SPROX experiments, 

discrepancies between the iTRAQ-SPROX data generated here and the previously 

published SILAC-SPROX solution phase data were investigated.  Due to the domain-

specificity of iTRAQ-SPROX, only peptide probes including the same methionine 

residue were considered in this analysis.  Using the data from iTRAQ-SPROX Exp. 1, 9 

peptide probes from 7 proteins were found to be false positives from the SILAC-SPROX 

experiments.  Using the data from iTRAQ-SPROX Exp. 2, 14 peptide probes from 9 

proteins were identified as false positives in the SILAC-SPROX experiments.  In total, 15 

unique peptides from 10 proteins found as hits in SILAC-SPROX experiments were 

labeled as false-positives using the iTRAQ-SPROX data (Table 36 in Appendix A).  No 

false-positives from the iTRAQ-SPROX data could be assessed because none of the 

protein hits that were not annotated as “ATP-binding” in the SGD were assayed in the 

SILAC-SPROX experiments. 

5.4 Discussion  

5.4.1 Tuning Magnesium and Hydrogen Peroxide Reaction Time 

The comparison between the hits found in common between the iTRAQ-SPROX 

and SILAC-SPROX experiments highlights the importance of Mg2+ for ATP binding.  23 

proteins were found to bind ATP in both experimental approaches.  12 of the 23 proteins 



 

198 

were previously identified as hits in the SILAC-SPROX Solution Exp. 2 when 20 mM 

Mg2+ was present during the ATP-binding reaction, but were not found as hits in SILAC-

SPROX Solution Exp. 1 when 2 mM Mg2+ was present.  Between SILAC-SPROX Exp. 1 

and 2, the hydrogen peroxide reaction time was also increased from 6 min to 24 min.  

Previously, it was unclear whether the identification of these proteins as ATP-binding 

hits was due to the increase in Mg2+ or the increase in the hydrogen peroxide reaction 

time.  11 of these 12 proteins that were previously only identified in SILAC-SPROX with 

20 mM Mg2+ and a 24 min hydrogen peroxide reaction time were hits in the iTRAQ-

SPROX experiments under conditions of 20 mM Mg2+ and a 6 min hydrogen peroxide 

reaction time.  This indicates that theses 11 proteins may require a higher concentration 

of Mg2+ in order to fully bind to ATP.  ATP is known to chelate Mg2+ and induce 

different conformational changes in tRNA at different [ATP]/[Mg2+] ratios (183), and 

ATP-grasp enzymes require 1-3 Mg2+ ions to bind ATP (149).  This indicates that for 

some proteins, a higher concentration of Mg2+ is needed for ATP binding. 

Increasing the hydrogen peroxide reaction time in SPROX can increase the 

sensitivity of the technique so that weaker binding interactions can be detected.  If the 

oxidation time is too short for a particular protein, then the apparent ΔG value being 

measured may be inaccurate and may not follow the expected linear trend obtained by 

plotting ΔGapp versus the C1/2 (See Equation 3).  This could lead to an erroneous measure 

of a protein’s C1/2 value, causing the difference between the C1/2 values of the (-) Control 
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and (+) ATP samples (ΔC1/2) to seem closer than it should be.  The ΔGapp must be 

measured under conditions where the product of koxt is much greater than 0.693 in order 

to obtain the correct measurement of the C1/2 value (See Equation 3).   

RTln[(koxt/0.693)-1] = – mC1/2 – ΔG     [Equation 3] 

By increasing the hydrogen peroxide reaction time to 24 min in ATP Exp. 2, 8 

peptides from 8 proteins were discovered as hits that were assayed in ATP Exp. 1 but 

did not show hit behavior.  Based upon the calculated Kd values for the protein-ATP 

binding interactions from Exp. 2 (0.62 - 8.0 mM), not all of these proteins display weaker 

Kd values compared to the hits from iTRAQ-SPROX Exp. 1 (0.0025 – 4.4 mM).  The 

iTRAQ-SPROX technique only allows the use of eight denaturant concentrations, which 

limits the sensitivity of the technique for some protein-ligand binding interactions.  To 

survey the proteins in a cell lysate, a set of denaturant concentrations that is amenable to 

a wide range of protein stabilities is chosen.  However, for some proteins, this choice of 

denaturant concentrations may not be sensitive enough to measure the true ΔC1/2 value, 

and the Kd value measure may be a rough estimate of the protein-ATP binding affinity. 

5.4.2 Determination of False-Negative and False-Positive Results 

A significant goal of these iTRAQ-SPROX experiments was to corroborate the 

novel ATP-binding proteins reported in a recent ATP-binding study using SILAC-

SPROX with solution-based and gel-based readouts (62).   The false-positive rates of 

protein-ligand discovery using iTRAQ-SPROX and SILAC-SPROX have previously been 
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determined to be ~0.2-0.8 % and 2.0-3.4 %, respectively (62, 64).  Thus, there is a need to 

corroborate hits to confirm that our ligand-binding discoveries are reproducible and 

biologically significant.  One way to help distinguish false-positives from true-positives 

is to confirm results in multiple experiments, as false-positives tend to result from 

random errors associated with peptide quantitation in the bottom-up proteomics 

readout, and thus the same false-positives do not typically show up in replicate 

experiments (64).  

The false-negative rates of iTRAQ-SPROX and SILAC-SPROX have not been 

previously established.  SPROX analyses using ubiquitous ligands such as ATP provide 

an opportunity to assess the false-negative rate.  ATP studies are convenient for false-

negative analyses because the ATP-binding properties of many proteins are known, and 

have been annotated in the SGD.  To perform this analysis, the ATP-binding hits 

obtained between the iTRAQ-SPROX and SILAC-SPROX experiments were compared.  

Proteins that are annotated as “ATP-binding” in the SGD but were effectively assayed 

using both techniques, but only showed hit behavior in one of the two techniques, were 

considered false-negatives.  A total of 8 proteins with 9 methionine-containing peptide 

probes that were hits in SILAC-SPROX experiments were determined to be false-

negatives in the iTRAQ-SPROX experiments (Table 34 in Appendix A).  3 of these 

proteins with 4 methionine-containing peptide probes were labeled as false-negatives, 

leading to false-negative rates of 0.5 % for methionine-containing peptides (~0.8 % for 
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proteins) in iTRAQ-SPROX Exp. 1.  All 8 proteins with 9 peptide probes are also false-

negatives in iTRAQ-SPROX Exp. 2, which yields false-negative rates of 13 % for 

methionine-containing peptides (~8 % for proteins).   

The SILAC-SPROX false-negative rate was also assessed using the iTRAQ-

SPROX data.  The peptide and protein coverage from the SILAC-SPROX experiments 

was used to estimate the false-negative rate of protein target discovery.  A total of 5 

unique ATP-annotated proteins with 5 peptide probes did not show hit behavior in 

SILAC-SPROX data (Table 35 in Appendix A).  In the SILAC-SPROX studies, 526 

peptides from 209 proteins were assayed in Solution 1B and 353 peptides from 216 

proteins were assayed in Solution 2 (62).  4 protein hits with 4 methionine-containing 

peptide probes that are annotated as “ATP-binding” and were hits in iTRAQ-SPROX 

were not found as hits in SILAC-SPROX Solution Exp. 1B, leading to false-negative rates 

of 0.8 % for methionine-containing peptide discovery (~2 % for proteins).  Also, 3 protein 

hits with 3 methionine-containing peptide probes were not found as hits in SILAC-

SPROX Solution Exp. 2, leading to false-negative rate of 0.8 % for peptide discovery (~1.4 

% for proteins).    

The false-negative rates for iTRAQ-SPROX and SILAC-SPROX seem to be on the 

same order of magnitude if iTRAQ-SPROX Exp. 2 is excluded.  The false-negative rate of 

iTRAQ-SPROX Exp. 2 is likely inflated due to the low peptide and protein coverage 

achieved in this experiment.  False-negative rates for iTRAQ-SPROX and SILAC SPROX 
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seem to be between 0.5 – 0.8 % for methionine-containing peptide discovery, and around 

0.8 – 2 % for proteins.  This estimate is within the same range as the established false-

positive rates for methionine-containing peptide probe discovery: 0.2-0.8 % for iTRAQ-

SPROX, and 2.0-3.4 % for SILAC-SPROX. 

Several of the SILAC-SPROX hits were found in multiple SILAC-SPROX 

experiments even though they did not show up as hits in iTRAQ-SPROX experiments.  

For now, these peptides showing inconsistent data between the two experiments will be 

labeled as false-positives, although additional experiments may need to be performed 

with the purified protein to ascertain the protein’s ATP-binding capabilities.  A total of 

15 unique methionine-containing peptides from 10 proteins that were hits in SILAC-

SPROX experiments were labeled as false-positives after comparing the results with 

iTRAQ-SPROX data (Table 36 in Appendix A).  Four of these 15 methionine-containing 

peptides were assayed in both iTRAQ-SPROX experiments.  The appearance of replicate 

false-positive occurrences is in contrast to the random false-positives that have 

previously been observed in other studies (64).  Perhaps certain protein-ligand 

interactions are more amenable to detection using either iTRAQ or SILAC quantitation.  

Multiple methionine-containing peptides from Enolase 2 and Alcohol Dehydrogenase 1 

that showed hit behavior in SILAC-SPROX did not show stability changes in iTRAQ-

SPROX.  Alcohol Dehydrogenase 1 and 40S ribosomal protein S3 are surprising false-

positives because these proteins were confirmed to interact with ATP in SILAC-PP 
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analyses (44).  The reason for the inconsistencies in these results is unknown at this time, 

and further experiments will need to be conducted to confirm the ATP-binding 

properties of these proteins.   

The percentage of false-positives observed in each SILAC-SPROX solution-based 

experiment is within the previously determined range for this technique.  526 peptides 

were assayed in SILAC-SPROX Solution Exp. 1B and 353 peptides were assayed in 

SILAC-SPROX Solution Exp. 2 (62).  In total, 7 peptide probes were found as false-

positives out of 526 peptides assayed in Solution 1B, yielding a false-positive rate of 1.3 

%.  In Solution Exp. 2, 16 peptide probes were found as false-positives out of a total of 

353 peptides that were assayed, yielding a false-positive rate of 4.5 %.  These values are 

close to the reported range of 2.0-3.4% for the SILAC-SPROX experiment.  

5.4.3 Protein Stabilization and Destabilization in the Presence of ATP 

Many of the protein-ATP interactions detected in the iTRAQ-SPROX 

experiments showed stabilizations in the presence of ATP.  Upon direct ATP binding to 

the native state of a protein or protein domain, the stability of the protein is expected to 

increase.  The ligand-induced stabilizations resulting from direct protein-ATP binding 

interactions were measured and used to calculate Kd values for the protein-ATP 

interactions detected in this study.  The Kd values for the protein-ATP interactions 

detected in the iTRAQ-SPROX Experiments range from 0.0025 to 8.0 mM, which is 

within the range of known ATP binding affinities (184-186). 
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Interestingly, ~55 % of the observed C1/2 value shifts indicate a decrease in protein 

stability in the presence of ATP.  Around half of the annotated ATP-binding hit peptides 

and half of the unannotated ATP-binding hit peptides showed destabilizations in the 

presence of ATP (10 out of the 16 peptides originating from annotated ATP-binding 

proteins and 15 out of 29 peptide hits from unannotated ATP-binding proteins).  This 

indicates that the observed destabilizations were not predominantly observed in the 

unannotated ATP-binding proteins.  Ligand binding may stabilize one domain of the 

protein while causing a decrease in protein stability in a different protein domain as the 

protein undergoes conformational changes (e.g., transitioning from an inactive to an 

active form of the protein) (187).  This scenario was observed for yeast Hsc82 (Hsp90) in 

the SILAC-SPROX experiments, in which the ATP-binding domain was stabilized in the 

presence of ATP while other Hsc82 domains were destabilized (62).   

ATP-induced destabilizations have been previously reported in other studies.  

For example, a decrease in glyceraldehyde 3-phosphate dehydrogenase (GAPDH) 

stability in the presence of ATP was detected in an E. Coli ATP-binding study using 

pulse proteolysis (57).  Further investigation revealed that ATP bound to and stabilized 

a transition state of GAPDH instead of the native state of the protein, which resulted in 

an observed destabilization of GAPDH in pulse proteolysis (57, 186).  A destabilization 

of S. cerevisiae GAPDH was also observed in SILAC-SPROX Solution Exp. 1A/B and 2 

(62).  GAPDH was not detected as a hit in this iTRAQ-SPROX study even though it was 
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assayed with three methionine-containing peptide probes, two of which overlapped 

with those detected as hits in the SILAC-SPROX experiment.  One of the overlapping 

peptides (PMFVMGVNEEK) did show a 0.9 M destabilization in the iTRAQ-SPROX 

experiment.  However, the destabilization was only defined by a single iTRAQ reporter 

ion difference.  In order to minimize the false-positive rate of ligand discovery in 

iTRAQ-SPROX experiments, hit peptides are taken as those with at least two 

consecutive iTRAQ reporter ion differences.  This requirement, combined with the use 

of only 8 denaturant concentrations in iTRAQ-SPROX, can limit the sensitivity of 

iTRAQ-SPROX.  For other proteins displaying destabilizations in this study, it is 

possible that ATP may interact with a non-native form of the protein.   

The destabilizations detected for other protein hits in this study could also result 

from ATP binding events that disrupt protein-protein interactions.  For example, a direct 

ATP binding interaction with one protein may cause another protein to be destabilized 

due to the disruption of a protein-protein interaction.  Analysis of the 40 ATP-binding 

protein hits detected in the iTRAQ-SPROX experiments using the STRING database 

(142) revealed that 27 of the 40 protein hits were known to interact with at least one or 

more of the other identified protein hits (Figure 36).  
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Figure 36: Protein interaction network generated using the STRING database to analyze 
the 40 ATP interacting protein hits. Shown are the 27 protein hits that were found to 
interact with at least one or more of the other identified hits.  The lines represent 
protein-protein interactions that are known based on experimental data.  Blue lines 
indicate direct binding interactions.  Other direct physical and functional interactions 
such as inhibition, catalysis, and reaction are indicated by red, purple, and black lines, 
respectively. White lines indicate indirect physical and functional interactions (e.g., 
connections made using the results of tandem affinity purification experiments).  

The STRING database analysis can also be used to speculate about the networks 

of protein-protein interactions that are involved in the ATP-interactome. For example, 

four of the ATP interaction hits identified here (including the type 1 Hsp40 co-chaperone 

YDJ1, the heat shock protein 70 family protein SSA2, the cytoplasmic ATPase molecular 
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chaperone SSB1 and the ATPase component of the Hsp90 Chaperone Complex SSE1) are 

involved in a known protein interaction network (see Figure 36).  Two proteins in the 

network, YDJ1 and SSA2, are previously annotated ATP-binding proteins and were each 

found to be stabilized in the presence of ATP.  The other two proteins in the network, 

SSE1 and SSB1, were non-annotated ATP-binding proteins that were found to be 

destabilized in the presence of ATP. One hypothesis is that the direct binding of ATP 

with YDJ1 and SSA2 may disrupt protein-protein interactions involving the two known 

ATP-binding proteins and the two non-annotated ATP-binding proteins (SSB1 and 

SSE1). Additional ATP-binding experiments on the purified proteins and on defined 

mixtures containing these proteins using SPROX or other experimental approaches are 

needed to help evaluate the above hypothesis.    

5.4.4 Discovery of Novel ATP-binding Proteins 

A total of 14 proteins were corroborated as ATP-binding proteins in this iTRAQ-

SPROX study.  These 14 proteins with 18 peptide probes were previously detected in 

SILAC-SPROX experiments and were confirmed to interact with ATP in these iTRAQ-

SPROX experiments.  3 of these 14 novel ATP-binding proteins, phosphoglycerate 

mutase (P00950), pyruvate decarboxylase (P06169), and ribosomal 60S subunit protein 

L3 (P14126), were detected as hits with multiple peptide probes in both iTRAQ-SPROX 

Exp. 1 and 2.  Pyruvate decarboxylase and ribosomal 60S subunit protein L3 were also 

confirmed to interact with ATP in SILAC-PP experiments (44, 62).  
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5.4.4.1 Phosphoglycerate Mutase 

Phosphoglycerate mutase was stabilized by ATP in both iTRAQ-SPROX Exp. 1 

and 2 with ΔC1/2 values of 1.5 M and 0.8 M urea, respectively. Phosphoglycerate mutase 

is an important enzyme in the glycolytic pathway in the cell, during which sugars are 

oxidized to produce ATP.  In one of the latter steps of glycolysis, phosphoglycerate 

mutase catalyzes the conversion of 3-phosphoglycerate to 2-phosphoglycerate, 

ultimately leading to the net production of two molecules each of pyruvate, ATP, and 

NADH (188).   

The crystal structure of yeast phosphoglycerate mutase has been solved, and the 

protein has been shown to primarily exist as a homotetramer in solution (189, 190).  Each 

subunit of the tetramer consists of two domains that form a three layer sandwich with a 

parallel β-sheet core and α-helices on each side (see Figure 37) (191, 192).  The active site 

of each subunit is located in a crevice near the C-terminal region of a beta sheet (191), 

and in the tetrameric structure the active sites of the monomeric subunits are separated 

from one another (193).  The methionine-containing peptide probe that was identified as 

a hit in each iTRAQ-SPROX experiment was TVM(ox)IAAHGNSLR in Exp.1 and 

TVMIAAHGNSLR in Exp. 2.  This peptide is located at amino acid residues 176-187 in 

the protein sequence, which is in the active site of the protein.  In fact, histidine residue 

182 is known to be an important residue for catalysis (188, 193).  Therefore, as observed 

in these experiments, phosphoglycerate mutase is stabilized when ATP binds to the 
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active site of the protein.  Kd values of 0.62 and 3.3 mM were calculated for the binding 

affinitiy of ATP to phosphoglycerate mutase in Exp. 1 and Exp. 2, respectively. 

 

Figure 37: Phosphoglycerate mutase tetramer that was identified as a hit in both iTRAQ-
SPROX Exp. 1 and 2.  The blue highlighted regions show the location of the peptide 
TVMIAAHGNSLR that was stabilized in these experiments.  This crystal structure was 
obtained from reference (192). 

5.4.4.2 Pyruvate Decarboxylase 

Pyruvate decarboxylase functions as a homotetramer and is known to bind 

thiamine diphosphate (ThDP) and Mg2+.  Pyruvate decarboxylase functions in the 

mitochondria of eukaryotes to remove a CO2 molecule from pyruvate, ultimately 

yielding one molecule each of acetyl CoA and NADH.  In yeast, pyruvate decarboxylase 

acts as a catalyst in the fermentation process, where it converts pyruvate into 

acetaldehyde and CO2 (194).  
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A destabilization of pyruvate decarboxylase was observed in the presence of 

ATP in both iTRAQ-SPROX Exp. 1 and 2 with ΔC1/2 values of -1.5 M and -1.3 M, 

respectively. These two peptides, LIDLTQFPAFVTPMGK (residues 234-249) and 

NATFPGVQM(ox)K (residues 317-327), are both located in the central domain, which 

includes the ThDP binding site (194, 195).  In the native form of the pyruvate 

decarboxylase tetramer, residues 104-113 and 290-304 form disordered loop regions.  

However, studies have shown that activation of pyruvate decarboxylase upon binding 

to a cofactor such as pyruvamide causes these loop regions in the pyruvate 

decarboxylase tetramer to transition into an ordered structure as the protein undergoes 

conformational changes (194).  Based on our results, the central domain of the pyruvate 

decarboxylase monomer appears to be destabilized in the presence of ATP.  One 

explanation for the observed destabilization may be that the high concentration of ATP 

used in our experiments results in the displacement of endogenous ThDP and 

pyruvamide co-factors, causing the loop regions of pyruvate decarboxylase to become 

disordered again.   

5.4.4.3 Ribosomal Protein L3 

Ribosomes catalyze protein synthesis and are composed of a large subunit (60S) 

and a small subunit (40S).  Ribosomal protein L3 consists of two globular protein 

domains with two extensions that are located in the core of the large 60S subunit near 

the peptidyl transferase center (PTC).  Ribosomal protein L3 functions during translation 
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elongation by modulating binding of tRNAs and elongation factor 2.  Ribosomal protein 

L3 is also involved in the assembly of early pre-60S ribosomal particles, particularly 20S 

pre-rRNA (196).   

Ribosomal 60S subunit protein L3 is an interesting hit because the protein 

displayed an increase in stability in one domain in the presence of ATP but a decrease in 

stability in a different protein domain in both iTRAQ-SPROX and SILAC-SPROX 

experiments.  The iTRAQ-SPROX Exp. 2 data reported a stabilization of 0.5 M with the 

peptide probe TVAVDSVFEQNEM(ox)IDAIAVTK (amino acid residues 202-242), and 

the SILAC-SPROX data revealed a stabilization of 2.0 M using the peptide probe 

AGMTTIVRDLDRPGSK (amino acids 51-66) (62).  In contrast, the iTRAQ-SPROX Exp. 1 

data indicated a destabilization of -1.5 M with the peptide probe NDFIMVK (amino acid 

residues 318-325), and the SILAC-SPROX data showed destabilizations of -2.0 and -2.7 

using the peptide probe TITPMGGFVHYGEIK (amino acid residues 304-318) (62).  

The methionine-containing peptide probes that show different stability changes 

in the presence of ATP are located on either side of a functionally important residue in 

the ribosomal 60S subunit protein L3.  When the protein is bound to tRNA, tryptophan 

residue 255 is positioned away from the PTC.  As ribosomal protein L3 transitions from 

being bound to tRNA to binding elongation factor 2, tryptophan residue 255 shifts 

location and points toward the PTC.  This conformational change causes turnover of 

tRNA so that elongation factor 2 can bind to ribosomal protein L3 (197).  The positive 



 

212 

and negative protein stability changes in the different domains of ribosomal protein L3 

show how each domain is affected by the conformational changes associated with ATP 

binding.  ATP appears to bind to ribosomal protein L3 in the same domain as 

TVAVDSVFEQNEM(ox)IDAIAVTK with a Kd value of 8.0 mM.  A Kd value of 2.0 µM 

was calculated for this ATP interaction in SILAC-SPROX (62). 

5.5 Conclusion 

 In this study, the discovery of 14 novel ATP-binding proteins has been 

corroborated by comparing iTRAQ-SPROX results to a previously reported SILAC-

SPROX study.  After detecting these proteins as hits in multiple experiments using 

different quantitation strategies, the confidence in the interaction of these proteins with 

ATP has increased.  Phosphoglycerate mutase, pyruvate decarboxylase, and ribosomal 

protein L3 are particularly interesting ATP-binding proteins based on their structural 

characteristics and known interactions.   

Discovery of each protein’s ATP-induced stability changes in different protein 

domains helped shed light on the potential significance of the ATP-binding interaction.  

For example, ATP-binding activates many proteins, causing conformational changes 

that are vital for protein function.  The network of protein interactions involving the 

ATP-binding hit proteins revealed that 27 of the 40 protein hits interacts with at least 

one of the other hit proteins identified in the iTRAQ-SPROX experiments.  These protein 

interaction networks help shed light on how ATP-binding may lead to association or 
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disruption of protein-protein interactions.  The discovery of these novel ATP-binding 

proteins leads to a better understanding of how each protein functions in its known and 

unknown roles within the cell.  This study also demonstrates how results from SILAC-

SPROX and iTRAQ-SPROX techniques can be used in parallel to confirm hits and 

eliminate false-positive results. 

The interactions of these novel ATP-binding proteins can be confirmed using 

activity assays or binding assays.  In the activity assay, the purified protein hit would be 

incubated with ATP for 30 min.  The activity of the protein would be determined by 

measuring the amount of free phosphate present in the reaction after processing of ATP 

to form ADP and free phosphate using UV-Vis detection.  If the ATP-binding protein hit 

is the result of an indirect interaction, then a pull down assay could be conducted.  The 

protein of interest could be tagged with biotin and equilibrated in the presence and 

absence of excess ATP.  After the equilibration, the sample could be incubated with anti-

biotin resin, washed with buffer, and then eluted from the column.  The proteins that co-

eluted with the detected protein hit could then be assessed to determine which of the 

proteins have known direct binding interactions with ATP. 
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6. Manassantin A Drug Mode-of-Action Study 

6.1 Introduction 

Manassantin A is a natural product that has been isolated from the perennial 

herb Saururus chinensis Baill (198) and the aquatic plant Saururus cernuus (77, 199, 200).  

Manassantin A has been used to treat a variety of ailments including edema, jaundice, 

gonorrhea, and hepatoma in traditional medicine (198).  Manassantin A has been shown 

to possess potent hypoxia inducible factor 1 alpha (HIF-1α) inhibitory activity in a cell-

based assay screen of thousands of natural products.  Manassantin A holds promise as 

an anti-cancer drug since it has been shown to selectively target tumor cells over normal 

cells (201).  The background of manassantin A activity, its role in HIF-1α inhibition, and 

the motivation to discover more about manassantin A’s mode-of-action is discussed in 

this chapter. 

6.1.1 Roles in Inflammation, Melanin Production, and Atherosclerosis 

The cellular activity of manassantin A has been assessed to gain a further 

understanding of its drug mode-of-action for a variety of diseases and conditions.  

Manassantin A is a potent inhibitor of nuclear factor kappa-light-chain-enhancer of 

activated B cells (NF-κB), which regulates transcription of many inflammatory cytokines 

including interleukin 6 (IL-6) and tumor necrosis factor alpha (TNF-α) (202, 203). NF-κB 

is a heterodimer composed of p50, a regulatory subunit that modulates DNA binding, 

and RelA/p65, which contains a transactivation domain.  When unactivated, NF-κB is 
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bound to the inhibitory protein IκB-α in the cytoplasm.  Upon phosphorylation of IκB-α 

and subsequent proteasome degradation of the inhibitory protein, NF-κB translocates 

into the nucleus where it induces gene transcription (203).  Manassantin A inhibits NF-

κB by suppressing the transactivation of the RelA/p65 subunit without altering DNA-

binding or IκB-α degradation (203).  This mechanism causes the down regulation of 

several target genes, including IL-6, a pro-inflammatory cytokine, and leukotriene C4, an 

important lipid mediator involved in airway inflammation (204-207).  Nitric oxide 

production by macrophages is also decreased, potentially leading to inhibition of 

dendritic cell maturation, which is important for the immune response (208).  

Suppression of these inflammatory responses by manassantin A could be used to treat 

ailments such as asthma and allergies.   

Manassantin A has also shown therapeutic potential for treatment of diseases 

involving melanin production, atherosclerosis, and cancer.  Manassantin A is a 

candidate for treatment of hyperpigmentation disorders due to its ability to inhibit 3-

isobutyl-1-methylxanthine (IBMX)- and cyclic adenosine monophosphate (cAMP)-

induced melanin production in B16 melanoma cells with an IC50 value of 14 nM (209, 

210).  Plaque buildup and cell aggregation is reduced in the presence of manassantin A, 

indicating it has potential to treat atherosclerosis (211-213).  Interestingly, manassantin A 

has also shown cytotoxicity against a wide range of cancer cells including HT-29, 

HepG2, PC-3, and MDA-MB-231, but weak cytotoxicity against non-cancer cell lines 
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such as MCF-7 (198, 214, 215).  This cytotoxic specificity makes manassantin A an 

attractive anti-cancer drug candidate. 

6.1.2 HIF-1α Regulation and Inhibition 

While molecular O2 is necessary for normal cells to produce ATP through 

oxidative phosphorylation, many tumor cells operate under hypoxic conditions (216, 

217).  Hypoxia, which is considered a molecular oxygen O2 level of less than or equal to 

2%, induces changes in cellular activity that can lead to increased tumor growth, 

angiogenesis, and metastasis (218, 219).  Overexpression of HIF-1α is often observed 

during hypoxia, and this overexpression correlates with increased patient mortality (219, 

220).   

Under normoxia, HIF-1α is regulated by prolyl hydroxylase domains (PHDs) in 

the cytosol.  PHDs utilize molecular O2 to hydroxylate HIF-1α at proline residues, which 

induces HIF-1α binding to the von Hippel-Lindau (pVHL) protein complex involving 

elongin C, elongin B, cullin-2, and Rbx1 (VCB-CUR E3 ligase) (221-223).  Binding of HIF-

1α to the VCB-CUR E3 ligase complex results in polyubiquitination of HIF-1α and 

degradation by the 26S proteasome (220, 221).  This cycle of HIF-1α hydroxylation and 

proteasomal degradation does not occur under hypoxic conditions in the absence of O2 

(224).  Reactive oxygen species (ROS) have also been shown to stabilize HIF-1α.  

Decreased molecular O2 levels caused by hypoxia result in production of ROS by the 

mitochondria (225).  Increased ROS levels contribute to increased HIF-1α protein 
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expression which can be reduced by antioxidants, leading to PHL degradation of HIF-1α  

(226, 227). 

HIF-1α is also controlled by the mitogen-activated protein kinase (MAPK) 

pathway.  HIF-1α is directly phosphorylated by extracellular signal-regulated kinase 1 

(ERK1) at the protein’s C-terminal transactivation domain (228).  Phosphorylation of 

HIF-1α is necessary in order to reach full HIF-1 transcriptional activity (224).  However, 

different MAPK proteins are activated in different cell lines, leading to specific MAPK 

protein activation (229). 

Tyrosine kinase activation has also been shown to regulate HIF-1α through the 

phosphatidylinositol 3-kinase (PI3K)/protein kinase B (AKT) signaling pathway.   The 

signaling pathway results in increased HIF-1α protein expression and increased 

transcription (230).  Increased glucose levels cause phosphorylation of AKT, and 

PI3K/AKT signaling leads to activation of mTOR, which results in increased HIF-1 

protein synthesis (230-232).  AKT has also been shown to lead to worse cancer 

progression in the absence of HIF-1 through VEGF secretion (233).  

The bHLH-PAS domain of HIF-1α interacts with heat shock protein 90 (Hsp90), 

and Receptor for Activated C Kinase 1 (RACK1) competes with HIF-1α for binding to 

Hsp90, contributing to HIF-1α instability and degradation (234-236).  The N-terminal 

region of HIF-1α also interacts with the large cytoskeletal actin-binding protein Filamin 

A (237).  During hypoxia, Hsp90 aids the translocation of HIF-1α into the nucleus where 
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it binds with HIF-1β to form the transcription factor HIF-1 (235, 236).  The HIF-1β 

subunit (91-94 kDa) is constitutively expressed, while the HIF-1α subunit (120 kDa) is 

only overexpressed in hypoxia (199, 235, 238).  The protease calpain cleaves Filamin A, 

producing a C-terminal fragment that accumulates in the nucleus (237).  The Filamin A 

fragment stabilizes the N-terminal region of HIF-1α and promotes target gene 

expression (237).  Inside the nucleus, the HIF-1 protein complex binds to the hypoxia 

response element (HRE) (199).  This causes transcriptional activation of over 200 stress 

response genes needed for the cell to adapt to hypoxia, including genes that promote 

tumor growth, angiogenesis, and metastasis (199, 236).  Therefore, HIF-1α inhibitors 

could be potent anti-cancer drugs (236). 

Manassantin A has been shown to be a potent inhibitor of HIF-1 in cell-based 

assays (199, 201, 239).  In mouse mammary carcinoma 4T1 cells and in the MDA-MB-231 

cell line, expression of HIF-1α was inhibited by manassantin A concentrations greater 

than 10 nM under hypoxic conditions (239).  In human breast tumor T47D cells, HIF-1 

activation induced by hypoxia was inhibited by manassantin A with an IC50 of 3 nM, 

and full inhibition was observed in a dual luciferase reporter assay at a concentration of 

10 nM (201).  Several manassantin A derivatives and analogues have also shown HIF-1α 

inhibition, some with lower IC50 values than the parent compound (199, 201, 239).  

Induction of one of the angiogenic genes induced by hypoxia, Vascular Endothelial 

Growth Factor (VEGF), is also inhibited by manassantin A at concentrations of 10 nM or 
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greater (201, 239).  While many studies have shown inhibition of HIF-1α in the presence 

of manassantin A, the full molecular mechanism(s) by which this inhibition occurs are 

unknown. 

6.1.3 Potential HIF-1α Inhibition Mechanisms 

6.1.3.1 Hsp90 Inhibition 

Several HIF-1 inhibitors such as hypericin and geldanamycin derivatives inhibit 

HIF-1 by interacting with Hsp90.  Hypericin is a perihydroxylated perylene quinone 

with anti-metastatic and anti-angiogenic therapeutic properties that causes HIF-1α 

degradation under normoxia and hypoxia (236, 240).  Hypericin treatment leads to poly-

ubiquitination and fast degradation of Hsp90 by the proteasome, which disrupts Hsp90 

client proteins, including HIF-1α (240).  Since hypericin is photodynamic and possess 

redox reactivity, it can induce an intracellular pH reduction in the dark (236).  This pH 

reduction makes HIF-1α more susceptible to degradation by cathepsin B (236).  

Hypericin also prevents the translocation of HIF-1α into the nucleus (236).   

Geldanamycin, an ansamycin antibiotic, also causes degradation of HIF-1α and 

the transcription factor VEGF (241).  Geldanamycin inhibits Hsp90 by binding to the 

protein’s ATP binding domain and inhibiting Hsp90 so that it cannot stabilize HIF-1α 

(241). Geldanamycin induces ubiquitination of HIF-1α and degradation by the 

proteasomal pathway under normoxia and hypoxia (220, 241). 
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6.1.3.2 Mitochondrial Inhibition 

Another potential mode-of-action for HIF-1 degradation by manassantin A is 

through inhibition of mitochondrial respiration.  It has been proposed that 

mitochondrial inhibitors can subsequently block the activation of HIF-1α due to an 

increase in intracellular oxygen (242).  When cellular oxygen levels are increased from 

hypoxia, HIF-1α has been shown to rapidly degrade in vivo (238).  Manassantin A was 

found to inhibit mitochondrial oxygen consumption with IC50 values of 600 nM and 5 

nM, respectively (201, 243).  Individual assays with each complex of the mitochondrial 

electron transport chain (ETC) revealed that manassantin A was a specific inhibitor of 

Complex I (243).  While manassantin A’s inhibitory effect on the ETC may account for 

some of the observed HIF-1α inhibition, it is likely that other protein interactions 

contributing to manassantin A’s anti-cancer activity remain to be unveiled.    

6.1.3.3 Protein Synthesis Inhibition 

Another possible manassantin A inhibition mechanism is through inhibition of 

protein synthesis.  Inhibitors of mTOR, which regulates synthesis of many proteins 

involved in cancer, have shown HIF-1α inhibition (220).  In cancer cells, the 

upregulation of tyrosine kinases and signal transduction pathways involving PI3K/AKT 

and RAS/MAP ultimately causes an increase in mTOR activity, which induces HIF-1 

(231, 244).  Inhibition of mTOR has been shown to be particularly important in 



 

221 

transgenic mice models of prostatic intraepithelial neoplasia and renal cell carcinoma 

(245, 246). 

6.1.4 Project Motivation and Strategy 

Due to the complex biological pathways involved in cancer and hypoxia, it is 

difficult to determine the mode-of-action by which manassantin A inhibits HIF-1.  While 

some of the biological activities of manassantin A have been discovered in various cell-

based activity assays, the molecular basis of manassantin A’s biological activities is not 

well characterized.  The primary goal of the work described in this chapter was to 

identify protein targets of manassantin A.  As part of this work the proteins in a hypoxic 

MDA-MB-231 cell lysate were screened for interactions with manassantin A.  The 

motivation for the large scale experiments was to uncover novel manassantin A 

interactions that lead to the drug’s HIF-1 inhibition and anti-cancer activity. 

Three energetics-based approaches were utilized in this manassantin A mode-of-

action study: iTRAQ-SPROX, SILAC-SPROX, and SILAC-Pulse Proteolysis.  In these 

energetics-based approaches, protein stability is measured using the chemical 

denaturant dependence of either a methionine oxidation reaction (iTRAQ-SPROX and 

SILAC-SPROX), or a thermolysin protease digest (SILAC-Pulse Proteolysis).  Using each 

of these techniques, the stability of proteins in the absence and presence of excess 

manassantin A was monitored to assess ligand-induced protein stability changes. 
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This work represents proteome-wide unbiased screens for manassantin A 

binding interactions.  A total of 1,635 unique proteins from MDA-MB-231 cell lysates 

were assayed using the iTRAQ-SPROX technique, 58 proteins were assayed using the 

SILAC-SPROX technique, and 99 proteins were assayed using the SILAC-PP technique 

for binding to manassantin A.  The energetics-based techniques employed in this work 

have led to the discovery of 16 novel manassantin A targets.  Two proteins, Filamin A 

and Filamin B, were identified as hits in both the iTRAQ-SPROX and SILAC-PP 

experiments.   

6.2 Experimental Procedures 

6.2.1 Materials 

Light and heavy SILAC labeled MDA-MB-231 protein pellets were grown and 

labeled by collaborator Dr. Doug Weitzel.  Heavy SILAC pellets contained proteins 

labeled with 8 Da Lysine and 10 Da Arginine.  Pellets were exposed to hypoxia for 1 hr.  

Manassantin A was prepared through total chemical synthesis and provided by Do 

Yeon Kwon.  N-(3-Dimethylaminopropyl)-N’-ethylcarboiimide hydrochloride (EDC) 

was purchased from Sigma-Aldrich.  (-)-Epigallocatechin gallate (EGCG) was purchased 

from Sigma. Human Hsp90α (recombinant) was purchased from Enzo Life Sciences.  

Manassantin A was prepared by total chemical synthesis and provided by the Hong lab.  

Tris-Glycine gels were purchased from nuSep nUView.  Glacial Acetic Acid was from 

Mallinckrodt, Coomassie Brilliant Blue and Molecular Weight Marker Precision Plus 
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Protein Kaleidoscope were obtained from BioRAD.  EDTA was purchased from 

OmniPur.  Isopropanol was purchased from VWR.  6X SDS-Sample Buffer, Nonreducing 

was from Boston BioProducts.  TCEP was purchased from Thermo Scientific.  iTRAQ-

8Plex reagents were purchased from ABSciex.  All other chemicals were obtained from 

Sigma-Aldrich.  The Cathepsin B Activity Fluorometric Assay Kit was purchased from 

BioVision, and the Calpain Activity Assay Kit was purchased from abcam. 

6.2.2 Buffer Preparation 

6.2.2.1 Guanidine Hydrochloride Buffers  

The GdmCl buffers were prepared as described in Chapter 3.2.2.  The refractive 

index of the 0 M GdmCl in 20 mM phosphate buffer, pH 7.4 and the 8 M GdmCl in 20 

mM phosphate buffer, pH 7.4 were 1.3389 for the and 1.4689, respectively. The 0 M 

GdmCl and 8 M GdmCl stock buffers were combined in different volumes to create a 

series of buffers with varying final [GdmCl] and the pH was adjusted to 7.4  

6.2.2.2 Urea Buffers 

A fresh series of urea buffers was prepared before each SILAC-SPROX and 

SILAC-Pulse Proteolysis experiment using the protocol described in Chapter 4.2.2.2.  

The refractive index of each buffer was measured using a refractomer and determined to 

be 1.3395 for the 0 M Urea buffer in 20 mM Tris-HCl, pH 7.4 and 1.4085 for the 9 M Urea 

buffer in 20 mM Tris-HCl, pH 7.4. The actual [Urea] of the 9 M urea buffer was 8.32 as 
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determined by the equation relating the concentration of urea to the refractive index of 

the solution (3).  

6.2.3 Experimental Protocols 

6.2.3.1 iTRAQ-SPROX  

All of the manassantin A iTRAQ-SPROX experiments were performed using the 

same basic protocol, with a few minor exceptions.  For iTRAQ-SPROX Exp. 1, two 

hypoxic MDA-MB-231 protein pellets were lysed in 20 mM phosphate buffer, pH 7.4 

with 1X protease inhibitor cocktail with 1.0 mM Zirconia beads on a Disrupter Genie for 

20 s with 1 m on ice in between, for a total of 20 cycles. The house-made protease 

inhibitor cocktail contained Pepstatin A, Leupeptin, E-64, Bestatin, and AEBSF at 

concentrations of 0.2 mM, 0.4 mM, 0.3 mM, 1 mM, and 20 mM, respectively. The lysate 

was clarified by centrifugation at 14,000 rcf for 10 minutes at 4°C.  The concentration of 

the yeast lysate was ~6 µg/µL, as determined by a Bradford Assay.  The lysate was 

aliquoted into two 207 µL portions. 23 µL of DMSO was added to create the control 

sample and 23 µL of 3 mM manassantin A was added to the other aliquot.  The lysate 

was equilibrated with drug for 1.5 hr at RT.  25 µL of equilibrated lysate, (-) or (+), was 

diluted into 20 µL of GdmCl buffers in 20 mM phosphate buffer, pH 7.4 and equilibrated 

for 1.5 hr at RT. The final [GdmCl] in each buffer was 0.5, 1.0, 1.3, 1.5, 1.7, 2.0, 2.5, and 3.0 

M and the final [manassantin A] was 120 µM. The oxidation of methionine residues was 

initiated with the addition of 5 µL of H2O2, allowed to proceed for 5 min, and quenched 



 

225 

with 1 mL of 300 mM methionine.  20 µL of the following [GdmCl] buffers were added 

to the samples from low [GdmCl] to high [GdmCl] to equalize the GdmCl in each 

sample before TCA precipitation: 6.3, 5.0, 4.3, 3.8, 3.3, 2.5, 1.3, and 0 M. 

The proteins in each sample were precipitated by the addition of 250 µL of 100% 

TCA (wt/vol) and incubated on ice overnight. The samples were centrifuged at 8,000 rcf 

for 30 minutes at 4°C and the supernatant was decanted. The protein pellets were 

washed four times with 300 µL of ice-cold Ethanol. The Ethanol was decanted, and the 

protein pellets were dried in a fume hood. The protein pellets were dissolved in 35 µL of 

0.5 M TEAB with 0.1 % final concentration of SDS. The samples were vortexed, heated at 

60°C, and sonicated for 10 min at a time, for 2-3 cycles. The disulfide bonds were 

reduced with a final concentration of 5 mM TCEP for 1 hour at 60°C. The free cysteine 

residues were alkylated with a final concentration of 10 mM MMTS for 10 minutes at 

room temperature. The proteins were digested with 1.0 µL of 1 mg/mL trypsin at 37 °C 

for 16 hr. 

The 0.5, 1.0, 1.3, 1.5, 1.7, 2.0, 2.5, and 3.0 M (-) and (+) manassantin A samples 

were labeled with 0.5 unit of the 121, 116, 119, 117, 115, 114, 118, and 113  iTRAQ tags 

dissolved in isopropanol, respectively. The labeling reactions were allowed to proceed 

for 2 hr at RT. 10 µL of each sample was combined within a set, (-) or (+), and cleaned 

with C18 resin to create the non-enriched samples. A separate 30 µL portion of each 
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sample within a set, (-) or (+), was combined and placed on a SpeedVac concentrator to 

reduce the volume to ~50 µL.   

The (-) and (+) combined samples were then subjected to methionine enrichment 

procedure using a commercially available Pi3™ - Methionine Reagent kit according to 

the manufacturer’s protocol. The sample volumes were brought to 75 µL with d. I. H2O, 

and 25-30 µL of 100% acetic acid was added to reduce the sample pH to 2-3. The tubes 

containing the methionine resin were centrifuged at 2000 rcf for 1 min to settle all 

material at the bottom of the tube. A blue cap was placed on the end of the spin tube, 

200 µL of methanol was added, and the spin tube was vortexed for 15 min. The spin 

tube was placed in a collection tube, centrifuged at 2000 rcf for 1 min, and washed with 

400 µL three times.  

The prepared peptide samples were then added to the prepped resin and 

vortexed for ~1.5 hr. 100 µL 0.2 M β-mercaptoethanol in 25% Acetic Acid was added to 

the spin tube and then placed on the vortex for an additional 30 min. The sample was 

centrifuged at 2000 rcf for 1 min and the flow through was discarded. The resin was 

washed with 400 µL 0.2 M β-mercaptoethanol in 25% Acetic Acid three times, 400 µL 

70% ACN/0.1% TFA three times, then 400 µL H2O three times.  86 µL of 1.0 M 

Ammonium bicarbonate, pH 9.0-9.1, and 14 µL of β-mercaptoethanol was added to the 

resin in each spin tube. The spin tubes were vortexed for 2 hrs to elute the methionine-

containing peptides. The spin tubes were centrifuged at 2000 rcf, the flow through was 
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reserved, and 50 µL 20% ACN/0.1% TFA was added to the spin tubes.  The spin tubes 

were vortexed for 15 min and centrifuged at 2000 rcf for 1 min. 400 µL 2% TFA was 

added to the spin tubes, the tubes were vortexed, and then centrifuged at 2000 rcf for 1 

min, twice. The samples were then cleaned with C18 resin.  

For Exp. 2, the hypoxic MDA-MB-231 lysate concentration was ~5.0 mg/mL, and 

the 0.5, 1.0, 1.3, 1.5, 1.7, 2.0, 2.5, and 3.0 M (-) and (+) manassantin A samples were 

labeled with the 113, 114, 115, 116, 117, 118, 119, and 121 tags, respectively.  All other 

parameters were the same as previously stated.  For Exp. 3, the hypoxic MDA-MB-231 

lysate concentration was ~5.3 mg/mL, and the 0.5, 1.0, 1.3, 1.5, 1.7, 2.0, 2.5, and 3.0 M (-) 

and (+) manassantin A samples were labeled with the 121, 116, 119, 117, 115, 114, 118, 

and 113 tags, respectively. No methionine enrichment was completed for Exp. 4; all 

other parameters were as previously stated.  For “3 min Exp. 1,” the hypoxic MDA-MB-

231 lysate concentration was ~5.7 mg/mL, and the 0.5, 1.0, 1.3, 1.5, 1.7, 2.0, 2.5, and 3.0 M 

(-) and (+) manassantin A samples were labeled with the 113, 114, 115, 116, 117, 118, 119, 

and 121 tags, respectively.   All other parameters were the same as previously stated.   

6.2.3.2 SILAC-SPROX  

Two light and two heavy labeled MDA-MB-231 protein pellets were lysed in 20 

mM Tris-HCl buffer, pH 7.4 with 1X protease inhibitor cocktail with 1.0 mM Zirconia 

beads on a Disrupter Genie for 20 s with 1 min on ice in between, for a total of 20 cycles.  

The lysates of the same label were combined and then clarified by centrifugation at 
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14,000 rcf for 10 minutes at 4°C. The concentration of the light MDA-MB-231 lysate was 

~5.3 µg/µL and the concentration of the heavy lysate was ~6.6 µg/µL, as determined by a 

Bradford Assay.  The heavy lysate was diluted to ~5.3 µg/µL to match the concentration 

of the light lysate.  Each lysate was aliquoted into two 337.5 µL portions.  37.5 µL of 

DMSO was added to the heavy lysate to create the Control sample, and 37.5 µL of 3 mM 

manassantin A was added to the light lysate to create the (+) manassantin A sample.  

Both samples were equilibrated for 1 hr at RT. 25 µL of each equilibrated sample was 

diluted into 75 µL of the following urea buffers in 20 mM Tris-HCl, pH 7.4: 1.3, 2.0, 2.6, 

3.3, 4.0, 4.5, 5.3, 6.0, 6.5, 7.3, 7.5, and 8.3 M and equilibrated for 1 hr at RT.  The final 

[urea] in each buffer was 0.9, 1.5, 2.0, 2.5, 3.0, 3.4, 4.0, 4.5, 4.9, 5.5, 5.6, and 6.2 M and the 

final [manassantin A] was 0.07 µM. The oxidation of methionine residues was initiated 

with the addition of 5 µL of H2O2, allowed to proceed for 6 minutes, and quenched with 

800 µL of 375 mM methionine.  

The light and heavy samples from the same [urea] were combined before the 

proteins in each sample were precipitated by the addition of 250 µL of 100% TCA 

(wt/vol) and incubated on ice at 4°C overnight. The samples were centrifuged at 8,000 

rcf for 30 minutes at 4°C and the supernatant was decanted. The protein pellets were 

washed three times with 300 µL of ice-cold Ethanol. The Ethanol was decanted, and the 

protein pellets were dried in a fume hood. The protein pellets were dissolved in 50 µL of 

0.5 M TEAB with 0.1 % final concentration of SDS. The samples were vortexed, heated at 
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60°C, and sonicated for 10 minutes at a time, for 2-3 cycles. The disulfide bonds were 

reduced with a final concentration of 5 mM TCEP for 1 hour at 60°C. The free cysteine 

residues were alkylated with a final concentration of 10 mM MMTS for 10 minutes at 

room temperature. The proteins were digested with 1.0 µL of 1 mg/mL trypsin at 37 °C 

for 16 hrs.  The samples were diluted with 0.1 % TFA and cleaned with C18 resin.  C18 

columns were rinsed with 400 µL acetonitrile and washed with 400 µL 0.1 % TFA.  

Peptide samples were loaded onto the column, rinsed 3X with 400 µL 0.1 % TFA, and 

peptide were eluted with 50 µL of 30 % acetonitrile/0.1 % TFA 1X, then 50 µL of 70 % 

acetonitrile/0.1 % TFA 2X.  Acetonitrile volume was reduced using a Speed Vac 

concentrator, and samples were diluted in 0.1 % TFA for LC-MS/MS analysis. 

6.2.3.3 SILAC-Pulse Proteolysis  

Two light and heavy labeled MDA-MB-231 pellets were suspended in 300 µL of 

20 mM Tris-HCl with 50 mM NaCl, 10 mM CaCl2, and 1x protease inhibitor at pH 7.4. 

The pellets were lysed in buffer with 1.0 mm Zirconia beads by mechanical disruption 

using a Disruptor Genie for 20 s intervals with 1 min on ice in between for a total of 20 

cycles. Lysates were clarified by centrifugation at 14,000 rcf for 10 min at 4 ⁰C. A 

Bradford Assay was used to determine the protein concentration of each lysate, which 

was ~4.6 mg/mL for the light lysate and 5.6 mg/mL for the heavy lysate.  The heavy 

lysate was diluted to 4.6 mg/mL using the lysis buffer. The Control sample was prepared 

using 405 µL of the ~5 mg/mL heavy lysate combined with 45 µL of DMSO.  The (+) 
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manassantin A samplewas prepared using 405 µL of the 4.6 mg/gm light lysate added to 

45 µL of 3 mM manassantin A prepared in DMSO. Both samples were equilibrated at RT 

for 1 hr.  25 µL of each equilibrated lysate, (-) or (+) drug, was then aliquoted into 75 µL 

of urea buffers in 20 mM Tris-HCl, pH 7.4. The final [urea] in each reaction buffer was 0, 

1.0, 1.5, 2.0, 2.4, 3.0, 3.4, 4.0, 4.5, 4.9, 5.4, 5.6, and 6.2 M. The samples were incubated in 

urea buffers for 1 hr at RT.   

Thermolysin solutions were prepared to a concentration of 10 mg/mL in 2.5 M 

NaCl and 10 mM CaCl2. The pulse proteolysis reaction was initiated with 2.0 µL of 9 

mg/mL thermolysin, allowed to proceed for 1 min, and quenched with 2.08 µL of 0.5 M 

EDTA. 25 µL of (+) manassantin A light samples were combined with 100 µL of (-) 

control heavy samples from the same final [urea] in each experiment. To each combined 

sample, 3.5 µL of beta mercaptoethanol and 12 µL of 6x SDS Coomassie dye were added.  

The samples were heated at 95 ⁰C for 5 min, cooled, and centrifuged.  35 µL of each 

sample was loaded onto one of two 8% Tris-glycine gels at 150 V for ~1 hr.  The gels 

were placed in fixing solution for 20 min, stained with Coomassie dye overnight, and 

destained with 10% acetic acid for ~30 min.  Sections of the gel, corresponding to 

different protein molecular weight regions, were cut out and digested using a protocol 

described elsewhere (134).  Each row of the gel was completely digested except for rows 

6, 7, and 10, which were partially digested. 
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6.2.4 LC-MS/MS Analyses 

6.2.4.1 iTRAQ-SPROX 

The iTRAQ-SPROX samples were analyzed on an Orbitrap Elite ETD mass 

spectrometer equipped with an Easy-nLC 1000 system.  The instrumental parameters 

utilized in the sample analyses were the same as described in Chapter 2.2.3. The LC-

MS/MS data were searched using Proteome Discoverer with fixed modifications of 

MMTS on cysteine and iTRAQ® 8-Plex on N-terminus and lysine residues.  Proteome 

Discoverer was set with a variable modification of oxidation on methionine residues.  

For data analysis, only peptides identified with high and medium confidence (i.e., false 

discovery rates (FDR) <1% and 5%, respectively) were used.    

6.2.4.2 SILAC-SPROX 

The SILAC-SPROX samples were analyzed on an Agilent 6520 Q-TOF mass 

spectrometer with a Chip Cube interface.  The solvents used for analysis were H2O with 

0.1 % formic acid (Solvent A) and acetonitrile with 0.1 % formic acid (Solvent B).  The 

solvent gradient increased linearly from 3 to 15 % B over 2.5 min, 15 to 45 % B over 78 

min, and 45 to 100 % B in 10 min, and remained and 100 % B for 10 min.  An HPLC chip 

with a 160 nL trapping column and 75 µm x 150 mm column with 300 Å Zorbax C18 

packing (5 µM) was utilized for analyses.  The flow rate was 0.4 µL/min and the 

inclusion window for precursor ions was 4 m/z.  Collision induced dissociation energy 

was achieved using the equation 3.50 V/100 m/z with an off-set of - 4.80 V.  The drying 
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gas was set to 6 L/min at 350 °C, the capillary voltage ranged from 1800-1850, the 

skimmer was set to 65 V, and the fragmentor was set to 175 V.  The LC-MS/MS data 

were searched on Spectrum Mill Workbench Software B.04 Rev. B against the SwissProt 

homo sapiens database with trypsin digestion including tryptic peptides with up to 3 

missed cleavages.  Fixed modifications of carbamidomethylation on cysteine residues 

were set along with variable modifications of SILAC 0-8 Da on Lys residues, SILAC 0-10 

Da on Arg residues, methionine residue oxidation (0-1) and deamidation of asparagine 

residues.  

6.2.4.3 SILAC-PP 

The SILAC-PP samples were analyzed on an Agilent Q-TOF system described 

above.  Solvent A consisted of H2O with 0.1 % formic acid and Solvent B consisted of 

acetonitrile with 0.1 % formic acid.  The solvent gradient increased linearly from 3 to 5% 

B over 2 min, 5 to 15% B over 2 min, 15 to 60% B over 18 min, 60 to 90% B over 3 min, 90 

to 100% B over 0.1 min, 100 to 5% B over 1.9 min, and then isocratic at 5% B for 3 min. 

The flow rate was 0.4 µL/min and the inclusion window for precursor ions was 4 m/z.  

An HPLC chip with a 40 nL trapping column and 75 µm x 43 mm column with 300 Å 

Zorbax C18 packing (5 µM) was employed.  The collision induced dissociation energy 

was achieved using the equation 3.50 V/100 m/z with an off-set of - 4.80 V.  The drying 

gas was set to 6 L/min at 350 °C, the capillary voltage ranged from 1800-1850, the 

skimmer was set to 65 V, and the fragmentor was set to 175 V.  Four precursor ions were 
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selected for fragmentation in each cycle.  The LC-MS/MS data were searched on 

Spectrum Mill Workbench Software B.04 Rev. B against the SwissProt homo sapiens 

database with trypsin digestion including tryptic peptides with up to 3 missed 

cleavages. Fixed modifications of SILAC 0-8 Da on Lys residues and 

carbamidomethylation on cysteine residues were set along with variable modifications 

of methionine residue oxidation (0-1) and deamidation of asparagine residues.  

6.2.5 Data Analysis 

6.2.5.1 iTRAQ-SPROX 

The iTRAQ-SPROX data analysis was performed as previously described (76).  

Briefly, the identified peptide sequences and their corresponding iTRAQ® reporter ion 

intensities were exported into Excel along with the filename, identification, score, charge 

state, modifications, isolation purity, retention time, protein accession number, and 

protein name.  Only peptides with high quality quantitative data (i.e., iTRAQ® reporter 

ion intensities at m/z 113-121 that summed to >1,000), peptides with isolation purity of 

70 % or greater, and peptides with High and Medium Confidence (i.e., false discovery 

rates (FDR) <1% and 5%, respectively) data were used in subsequent analyses.  The 

average iTRAQ intensity for the 113-121 tags was calculated, and the iTRAQ intensities 

(113-121) were divided by the average iTRAQ intensity for that peptide to generate so-

called N1 normalization factors.  The N1 normalized iTRAQ intensities for the non-

methionine-containing peptides were averaged for each iTRAQ tag to generate a set of 
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N2 normalization factors.  The N1 normalized iTRAQ data for the methionine-

containing peptides were divided by the N2 normalization factors.   

The normalized iTRAQ® reporter ion intensities were used to generate chemical 

denaturation data sets for the peptides identified in the (-) Control and (+) manassantin 

A samples.  In each experiment a set of hit peptides with normalized iTRAQ® reporter 

ion differences that resulted in transition midpoint shifts of >0.5 M were identified by a 

visual inspection of the data or by visual inspection of the data.  All the peptides with 

significant transition midpoint shifts (i.e., shifts >0.5 M) and consistent retention times 

(i.e., within 5 min) in the manassantin A experiments were labeled as hits. 

6.2.5.2 SILAC-SPROX 

The SILAC-SPROX data was analyzed as previously reported (62).  The 

identified peptide sequences and their L/H ratios were exported into Excel along with 

the filename, identification, score, charge state, modifications, isolation purity, retention 

time, protein accession number, and protein name.  The L/H ratios for peptides from the 

same [urea] with the same charge state were averaged.  Only peptides that were 

identified in four or more [urea] were used for analysis.  Those peptides that showed 

L/H ratios of 1.7-fold or greater than the average L/H ratio for the non-methionine-

containing peptide distribution (~1.6) at two or more consecutive urea concentrations 

were considered hits. 
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6.2.5.3 SILAC-PP 

The SILAC-PP data was analyzed as previously reported (44).  The identified 

peptide sequences and their L/H ratios were exported into Excel along with the 

filename, identification, score, charge state, modifications, isolation purity, retention 

time, protein accession number, and protein name.  The L/H ratios for all identified 

peptides from a particular protein were averaged for all identifications within a gel-

band for a particular denaturant concentration, and these average L/H ratios were used 

to generate SILAC-PP data sets.  Peptides identified in four or more [urea] were 

considered for changes in thermodynamic stability upon ligand binding.  Proteins with 

>1.7 fold deviations from the median L/H ratio at two or more consecutive denaturant 

concentrations were labeled as hits.  Hits were confirmed by visual inspection of the 

data.  While analyzing SILAC-PP data, it was apparent that the 5.25 M sample labeled 

“H” contained mostly abnormally high L/H ratios compared to the rest of the 

denaturant concentrations. When determining hits, this sample was overlooked. 

6.2.6 Hsp90 Dimerization Disruption Assays 

6.2.6.1 Reagent Preparation 

A 104 mM N-(3-Dimethylaminopropyl)-N’-ethylcarboiimide hydrochloride 

(EDC) stock was prepared by dissolving 1 mg of EDC in 50 µL of 10 mM Tris-HCl, pH 

7.0.  The 104 mM EDC stock was diluted to 31.5 mM by diluting 6 µL of 104 mM EDC in 

14 µL of 10 mM Tris-HCl, pH 7.0. A 0.044 M stock of (-)-Epigallocatechin gallate (EGCG) 
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was prepared by dissolving 1 mg of EGCG in 40 µL of DMSO (final volume of 50 µL).  

An 8 mM EGCG stock was prepared by diluting 7.3 µL of 0.044 M EGCG to a final 

volume of 40 µL in DMSO.  4 mM, 2 mM, and 1 mM EGCG solutions were then 

prepared through serial dilution of the 8 mM stock solution.  Manassantin A dilutions 

were made from a 10 mM stock in DMSO to prepare solution concentrations of 8 mM, 4 

mM, 2 mM, and 1 mM manassantin A. 

10x SDS Running Buffer was prepared by dissolving 30.3 g of Tris base, 144.8 g 

Glycine for electrophoresis, and 10 g of SDS in d.I. water to a final volume of 1 L.  1x SDS 

Running Buffer was prepared by diluting 10X SDS Running Buffer 1:10 in d.I. water.  

Fixing Solution was prepared by combining 250 mL of Isopropanol, 100 mL Glacial 

Acetic Acid, and 650 mL d.I. water.  0.01 % Coomassie Blue Dye was prepared by 

diluting 100 µL of Coomassie Brilliant Blue R-250 and 100 mL of Glacial Acetic Acid 

(Mallinckrodt) to 1 L in d.I. water.  10 % Acetic Acid Destaining Solution was prepared 

by diluting 100 mL Acetic Acid in 900 mL d.I. water. 

10 % methanol/5 % acetic acid was prepared by diluting 50 mL methanol and 25 

mL acetic acid in 425 mL d. I. water.  Sodium Thiosulfate Solution was prepared by 

dissolving 0.02 g sodium thiosulfate in 50 mL d. I. water (20 mL reserved for Developing 

Solution).  Silver Stain Solution was prepared by dissolving 0.9 g silver nitrate in 500 mL 

d. I. water.  Developing Solution was prepared by dissolving 10 g potassium carbonate 
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in 20 mL sodium thiosulfate solution with 250 µL 40 % formaldehyde, and filled to a 

final volume of 500 mL with d.I. water.  

6.2.6.2 EGCG Hsp90 Dimer Disruption Control Experiments 

Cross-linking experiments were performed by aliquoting 8 µL of 20 mM 

phosphate buffer, pH 7.4 into seven 0.5 mL plastic tubes.  Human Hsp90α (2.2 µg/µL) 

was aliquoted in 1µL portions to each tube so that the final concentration of Hsp90α was 

2.4 µM in each sample.  The following reaction steps were performed in each of the 

seven tubes: a) equilibrated without or with EGCG for 1 hr at RT, b) reacted with or 

without EDC cross-linking reagent (1.5 mM final concentration) for 1 hr at RT. 

1. Negative Control: a) Added 1 µL DMSO, b) 0.5 µL of 10 mM Tris-HCl, pH 7.0 

2. Positive Control: a) Added 1 µL DMSO, b) 0.5 µL of 31.5 mM EDC 

3. 100 µM EGCG: a) Added 1 µL 1 mM EGCG, b) 0.5 µL 31.5 mM EDC 

4. 200 µM EGCG: a) Added 1 µL 2 mM EGCG, b) 0.5 µL 31.5 mM EDC 

5. 400 µM EGCG: a) Added 1 µL 4 mM EGCG, b) 0.5 µL 31.5 mM EDC 

6. 800 µM EGCG: a) Added 1 µL 8 mM EGCG, b) 0.5 µL 31.5 mM EDC 

7. 4.4 mM EGCG: a) Added 1 µL 0.044 M EGCG, b) 0.5 µL 31.5 mM EDC 

All cross-linking reactions were quenched with 10 µL of 100 mM Tris-HCl, pH 

7.0 and incubated at RT for 15 min.  10 µL of 6x SDS-Sample Buffer (2x final) was added 

to each sample.  The samples were heated at 95 °C for 5 min, cooled, and centrifuged.  

The samples were analyzed by SDS-PAGE using an 8 % Tris-Glycine gel and 1x SDS 
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running buffer.  The gel loading strategy is as follows: molecular weight marker (lane 1), 

Negative Control (lane 2), Positive Control (lane 3), 1x SDS-Sample Buffer Blank (lane 4), 

100 µM EGCG (lane 5), 200 µM EGCG (lane 6), 400 µM EGCG (lane 7), 1x SDS-Sample 

Buffer Blank (lane 8), 800 µM EGCG (lane 9), and 4.4 mM EGCG (lane 10).  30 µL of each 

sample was loaded in each lane, except for the molecular weight marker, which 

contained 10 µL. The gel was run at 150 V for 1 hr and 40 min, placed in fixing solution 

for 20 min, stained with 0.01 % Coomassie overnight, and destained with 10 % acetic 

acid.  

The above procedure was repeated using 1µL of ~4 µg/µL purified yeast Hsc82 

instead of human Hsp90α.  Yeast Hsc82 was purified as noted in Section 3.2.3.  All 

samples were prepared with the same Controls and EGCG concentrations, except that 

the 100 µM EGCG sample was omitted. The gel loading strategy is as follows: molecular 

weight marker (lane 1), Negative Control (lane 2), Positive Control (lane 3), 1x SDS-

Sample Buffer Blank (lane 4), molecular weight marker (lane 5), 1x SDS-Sample Buffer 

Blank (lane 6), 200 µM EGCG (lane 7), 400 µM EGCG (lane 8), 800 µM EGCG (lane 9), 

and 4.4 mM EGCG (lane 10).  20 µL of each sample was loaded in each lane, except for 

the molecular weight marker, which contained 10 µL.  

6.2.6.3 Manassantin A Dimer Disruption Assays 

8 µL of 20 mM phosphate buffer, pH 7.4 was aliquoted into nine 0.5 mL plastic 

tubes.  Human Hsp90α (2.2 µg/µL) was aliquoted in 1µL portions to each tube so that 
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the final concentration of Hsp90α was 2.4 µM in each sample.  The following reaction 

steps were performed in each of the seven tubes: a) equilibrated without or with 

manassantin A or EGCG for 1 hr at RT, b) reacted with or without EDC cross-linking 

reagent (1.5 mM final concentration) for 1 hr at RT. 

1. Negative Control: a) 1 µL DMSO, b) 0.5 µL of 10 mM Tris-HCl, pH 7.0 

2. Positive Control: a) 1 µL DMSO, b) 0.5 µL of 31.5 mM EDC 

3. Man. A Control: a) 1 µL 10 mM Man. A, b) 0.5 µL of 10 mM Tris-HCl, pH 7.0 

4. EGCG Control: a) 1 µL 0.044 M EGCG, b) 0.5 µL 31.5 mM EDC 

5. 100 µM Man. A: a) 1 µL 1 mM Man. A, b) 0.5 µL 31.5 mM EDC 

6. 200 µM Man. A: a) 1 µL 2 mM Man. A, b) 0.5 µL 31.5 mM EDC 

7. 400 µM Man. A: a) 1 µL 4 mM Man. A, b) 0.5 µL 31.5 mM EDC 

8. 800 µM Man. A: a) 1 µL 8 mM Man. A, b) 0.5 µL 31.5 mM EDC 

9. 1 mM Man. A: a) 1 µL 10 mM Man. A, b) 0.5 µL 31.5 mM EDC 

All cross-linking reactions were quenched with 10 µL of 100 mM Tris-HCl, pH 

7.0 and incubated at RT for 15 min.  10 µL of 6x SDS-Sample Buffer (2x final) was added 

to each sample.  The samples were heated at 95 °C for 5 min, cooled, and centrifuged.  

The samples were analyzed by SDS-PAGE using an 8 % Tris-Glycine gel and 1x SDS 

running buffer.  The gel loading strategy is as follows: molecular weight marker (lane 1), 

Negative Control (lane 2), Positive Control (lane 3), Man. A Control (lane 4), EGCG 

Control (lane 5), 100 µM Man. A (lane 6), 200 µM Man. A (lane 7), 400 µM Man A. (lane 
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8), 800 µM Man. A (lane 9), and 1 mM Man. A (lane 10).  20 µL of each sample was 

loaded in each lane, except for the molecular weight marker, which contained 10 µL.  

The gel was run at 150 V for 1 hr and 40 min, placed in fixing solution for 20 min, 

stained with 0.01 % Coomassie overnight, and destained with 10 % acetic acid.   

A replicate experiment was performed with a few minor alterations.  During the 

initial protein equilibration with drug, 6 µL of 20 mM phosphate buffer, pH 7.4 was 

used, and the “Man. A Control” sample was excluded.  The gel loading strategy for the 

replicate experiment was as follows: molecular weight marker (lane 1), Negative Control 

(lane 2), Positive Control (lane 3), EGCG Control (lane 4), 100 µM Man. A (lane 5), 1x 

SDS Loading Buffer Blank (lane 6), 200 µM Man. A (lane 7), 400 µM Man. A (lane 8), 800 

µM Man. A (lane 9), and 1 mM Man. A (lane 10).  30 µL of each sample was loaded in 

each lane, except for the molecular weight marker, which contained 10 µL.   

A third manassantin A cross-linking experiment was performed and subjected to 

Silver Staining with the assistance of Dr. Douglas Weitzel.  These cross-linking reactions 

were performed as described above, using manassantin A concentrations between 25 – 

300 µM.  The gel loading strategy was as follows: molecular weight marker (lane 1), 

Negative Control (lane 2), Positive Control (lane 3), EGCG Control (lane 4), molecular 

weight marker (lane 5), 25 µM Man. A (lane 6), 50 µM Man. A (lane 7), 100 µM Man. A 

(lane 8), 200 µM Man. A (lane 9), and 300 µM Man. A (lane 10).  14 µL of each sample 

was loaded in each lane, except for the molecular weight marker, which contained 10 
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µL.  The gel was run at 150 V for 1hr in 1X SDS Running Buffer, then placed gel in a 

solution of 10 % methanol/5 % acetic acid overnight.  The gel was washed in water 4 

times for 5 min each time.  Then the gel was incubated in a Sodium Thiosulfate Solution 

for 90 s, and then quickly washed with d. I. water 3 times.  The gel was incubated in 

Silver Stain Solution for ~20 min, and then quickly rinsed with d. I. water 3 times.  The 

Developing Solution was added for a few min until desired shade was achieved.  10 % 

methanol/5 % acetic acid was added to the gel to stop the reaction.   

6.2.7 Quantification of Ligand Binding 

The positive ΔC1/2 values observed in the iTRAQ-SPROX data sets were used to 

calculate Kd values for the interaction of target proteins with manassantin A.  Kd values 

were calculated as described in Chapter 4.2.6.  An m-value of 2.6 kcal mol-1M-1 for urea 

was used for all proteins.  This m-value was estimated based upon the average protein 

domain size of 100 amino acids and the average contribution of 0.026 kcal mol-1 M-1 of 

GdmCl to the m-value of the protein (135).  Since the concentration of manssantin A was 

in large excess over the concentration of any individual protein in the human cell lysate, 

the [L] was taken to be the total amount of manassantin A in the reaction buffers, which 

equaled 120 µM in the iTRAQ-SPROX experiments.  For all calculations, n was assumed 

to be 1, R was 0.001987 kcal mol-1 K-1, and T was 298.15 K. 
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6.3 Results 

6.3.1 Manassantin A Protein Target Discovery 

6.3.1.1 Proteome-Wide iTRAQ-SPROX Studies 

Four iTRAQ-SPROX experiments were performed using two different hydrogen 

peroxide reaction times to survey the proteins in an MDA-MB-231 cell lysate for binding 

to manassantin A (Figure 38).  The structure of the natural product manassantin A can 

be seen in Figure 39.  Exp. 1 and 2 utilized 3 min reaction times, while Exp. 3 and 4 

utilized 5 min reaction times.  All of the experiments except Exp. 4 included the use of a 

methionine-containing peptide enrichment procedure.  The protein and peptide 

coverage obtained in these four experiments is summarized in Table 22.  As can be seen 

in Table 22, the proteomic coverage for Exp. 3 and 4 is lower than for Exp. 1 and 2.  This 

is due to the longer hydrogen peroxide reaction time utilized in Exp. 3 and 4.  The 

methionine-containing peptide enrichment kit only binds to wild-type methionine 

residues and cannot bind to oxidized methionine residues.  After a 5 min oxidation, 

there were not as many wild-type methionine peptides remaining in the sample as there 

was in Exp. 1 or 2.  Therefore, the methionine-containing peptide enrichment step was 

omitted in Exp. 4.    
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Figure 38: iTRAQ-SPROX workflow utilized in the manassantin A binding experiments.  
The lysate was equilibrated in the absence and presence of manassantin A, distributed 
into a series of GdmCl buffers, and subjected to a hydrogen peroxide oxidation reaction.  
The samples were then prepared for bottom-up proteomics analysis, labeled with 
iTRAQ 8-Plex reagents, combined within a set (- or +), enriched for methionine-
containing peptides, and analyzed by LC-MS/MS. 
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Figure 39: Structure of the natural product manassantin A studied in this work. 

 
Table 22: Peptides and proteins assayed in manassantin A iTRAQ-SPROX experiments.  
The assayed peptides are those that were in common between the control and (+) 
manassantin A data sets.  Hit peptides are those that showed a ΔC1/2 shift of 0.5 M or 
greater.  The number of hit peptides displayed is the total number prior to elimination 
due to inconsistencies between biological replicate experiments. 

Experiment 
 

Oxidation Time 
(min) 

Peptides 
Assayed 

Proteins 
Assayed 

Hit Peptides 
(Proteins) 

1 3 1743 795 6 (6) 
2 3 1456 677 8 (8) 
3 5 586 306 1 (1) 
4 5 193 132 6 (6) 

Total  2566 1635 20 (19) 
 

 The peptide hits were defined as those that showed a ΔC1/2 value difference of 0.5 

M GdmCl or greater between the Control and (+) manassantin A samples.  A total of 19 

unique protein hits were identified in these four iTRAQ-SPROX experiments.  However, 

12 of these nineteen hit protein did not show consistent data between biological replicate 

experiments that utilized the same hydrogen peroxide reaction time (i.e., they were 

identified as a hit in one experiment but did not show hit behavior in another 

experiment).  These 12 peptides that showed inconsistent hit behavior were deemed 
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false-positives and removed from the hit list (see Table 37 in Appendix A).  A total of 7 

protein hits that displayed consistent results are summarized in Table 23.  Other 

peptides from the hit proteins Pyruvate Kinase, Ribosomal L14, Plastin-2, Filamin A, and 

Filamin B that are summarized in Table 23 were assayed in the iTRAQ-SPROX 

experiments but did not show hit behavior.  These non-hit peptides are summarized in 

Table 38 in Appendix A.  No other peptides from Annexin A or Cathepsin B were 

assayed in any of the iTRAQ-SPROX experiments.  

Table 23: Manassantin A Protein and Peptide Hits Detected in the iTRAQ-SPROX 
Experiments.  None of these peptides were assayed in any of the biological replicate 
experiments.  The ΔC1/2 values and calculated Kd values are shown. 
Protein 
Name 

Accession 
Number 

Peptide Sequence Exp. ΔC1/2 Kd 
(µM) 

Annexin A5 P08758 SIPAYLAETLYYAM(ox)K 3 -0.5 - 
Pyruvate 
Kinase  

P14618 SVETLKEMIK 1 -0.5 - 

Ribosomal 
L14 

Q6IPH7 MTDFDRFK 1 -0.5 - 

Plastin-2 P13796 GDEEGVPAVVIDMSGLR 2 -0.6 - 
Filamin A P21333 GAGSYTIMVLFADQATPTSPIR 2 -0.5 - 
Filamin B O75369 MDCQETPEGYK 2 0.8 3.7 
Cathepsin B P07858 DIMAEIYK 2 -0.4 - 
 

An iTRAQ-SPROX data set for a peptide that was not found to interact with 

manassantin A is shown in Figure 40.  This peptide, TLTIVDTGIGMTK, is located in the 

N-terminal ATP-binding domain of Hsp90 (137).  The C1/2 values for this peptide in the 

absence and presence of manassantin A are ~1.6 M GdmCl for each data set.  Since a C1/2 
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value shift was not observed in the presence of manassantin A, an interaction between 

manassantin A and Hsp90 was not detected. 

 

Figure 40: Representative iTRAQ-SPROX data set for a non-hit peptide 
TLTIVDTGIGMTK from Hsp90 assayed in Exp. 1.  The C1/2 value measured for this 
peptide was 1.6 M both in the absence and presence of manassantin A. The dashed line 
at a normalized reporter ion intensity of 1 is the cut-off value that separates the pre- and 
post-transition baselines.  The averaged data from 2 or more peptide readouts is 
reported, and the error bars represent one standard deviation.  

iTRAQ-SPROX data for two hit proteins from Exp. 2, Filamin A and Filamin B, 

are shown in Figure 41A and B.  In the presence of manassantin A, the peptide probe 

GAGSYTIMVLFADQATPTSPIR from Filamin A showed a ΔC1/2 value shift of - 0.5 M 

GdmCl, which indicates a destabilization of the protein in the presence of manassantin 

A.  The peptide hit from Filamin B, MDCQETPEGYK, showed a ΔC1/2 value of + 0.8 M 

GdmCl, which is indicative of a stabilization of the protein upon ligand binding.  A Kd 

value of 3.7 µM was calculated for the Filamin B-manassantin A binding interaction.    
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Figure 41: iTRAQ-SPROX data sets for (A) the peptide GAGSYTIMVLFADQATPTSPIR 
from Filamin A, and (B) the peptide MDCQETPEGYK from Filamin B.  The data set in 
(A) shows a destabilization of – 0.5 M for Filamin A, and the data set in (B) shows a 
stabilization of + 0.8 M for Filamin B. The dashed line at a normalized reporter ion 
intensity of 1 is the cut-off value that separates the pre- and post-transition baselines.  
The averaged data from 2 or more peptide readouts is reported, and the error bars 
represent one standard deviation. 

6.3.1.2 Target Discovery using SILAC-SPROX 

A SILAC-SPROX solution phase experiment was also completed to discover 

proteins with altered stability in the presence of manassantin A.  In this experiment, 

light and heavy labeled MDA-MB-231 cell lysates were used for the (+) manassantin A 

and Control samples, respectively.  After the methionine oxidation reaction, the Control 

and (+) manassantin A samples from the same denaturant concentration were combined 

and underwent the same proteomics sample preparation.  The assayed methionine-

containing peptides and proteins from this experiment are listed in Table 24.  The same 
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methionine peptide sequence had to be identified in four or more [urea] samples in 

order for the peptide to be in the assay, which significantly reduced the coverage of this 

experiment.  Also, these samples were analyzed on a Q-TOF mass spectrometer, which 

is not as fast or as sensitive as the Orbitrap Elite mass spectrometer that was used to 

analyze the iTRAQ-SPROX samples in Exp. 1-4. 

Table 24: Peptides and proteins assayed in the SILAC-SPROX experiments.  Assayed 
peptides were those identified in ≥4 [urea] samples. 

Exp. Peptides Assayed Proteins Assayed Hit Peptide (Protein) 

5 77 58 1 (1) 

 

 Shown in Figure 42 is the distribution of the log2 average L/H ratio for all of the 

non-methionine-containing peptides assayed in the SILAC-SPROX experiment.  The 

distribution is centered at 0.4, which is slightly higher than expected.  If the 

incorporation of the heavy-labeled lysine and arginine was complete, and if the light and 

heavy lysate concentrations were equivalent before the light and heavy samples were 

combined, then the L/H ratio distribution should be centered around 1, and the log2 L/H 

ratio should equal 0.  This distribution shows that the protein concentration of the light 

lysate was slightly higher than the heavy lysate when the samples were combined after 

the methionine oxidation reaction.  This slight deviation may decrease the amplitude of 

SILAC-SPROX data sets, but it did not decrease the ability to detect protein hits.  
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Figure 42: Global distribution of the log2 L/H ratios for the non-methionine-containing 
peptides assayed in the SILAC-SPROX experiment.  The distribution is centered at a 
Log2 L/H ratio of 0.6. 

The only hit detected in the SILAC-SPROX experiment was myosin-9 (Figure 43).  

In Figure 32, the straight line at a Log2 L/H ratio ~0.4 is the data for the non-methionine-

containing peptide from myosin-9, ASITALEAK, which does not show a change in 

stability as a function of denaturant concentration, as expected.  The data points for a 

methionine-containing peptide from myosin-9, ALEEAM(ox)EQK, forms a peak 

between 1.3 – 4.0 M GdmCl, which is indicative of a stabilization of myosin-9 upon 

manassantin A binding (see Figure 43). 
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Figure 43: SILAC-SPROX data obtained for the protein myosin-9.  The log2 L/H ratios for 
a non-met peptide from myosin-9, ASITALEAK, are shown in gray, and the log2 L/H 
ratios for the methionine-containing peptide ALEEAM(ox)EQK is shown in black.  The 
methionine-containing peptide log2 L/H ratios between 1.5 M - 2.4 M Urea are indicative 
of a stabilization of myosin-9 by manassantin A.  

6.3.2 SILAC-PP Protein Target Confirmation 

Recently, the SILAC-PP approach has been proposed as a validation tool for 

iTRAQ-SPROX data (44).  Therefore, a SILAC-PP experiment was performed to 

corroborate hits from the iTRAQ-SPROX and SILAC-SPROX experiments.  In this 

experiment, Control and (+) manassantin A samples in heavy and light MDA-MB-231 

lysates, respectively, were equilibrated in urea buffers and subjected to thermolysin to 

digest unfolded proteins.  The Control and (+) manassantin A samples from the same 

denaturant concentration were combined and run on SDS-PAGE gels to separate intact 

proteins from protein fragments.  The lanes of the gels were divided into 10 rows, and 

portions of each lane were cut out and prepared for proteomics analysis.  The gels from 
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the experiment are displayed in Figures 44 and 45 along with the molecular weight 

regions digested.  The numbers of peptides and proteins assayed in each region of the 

gels are shown in Table 25.  In total, 263 unique peptides from 99 proteins were assayed 

in the SILAC-PP experiment. 

Table 25: Peptides and Proteins Assayed in the SILAC-PP Experiment.  The approximate 
protein molecular weight region of each gel row is noted. 

Gel Row Approximate Molecular 
Weight (kDa) 

Peptides Proteins Protein Hits 

1 > 150 52 13 2 
2 100-150 18 8 3 
3 75-100 89 15 1 
4 65-75 83 31 1 
5 55-65 67 34 2 
6 50-55 33 16 0 
7 43-50 32 17 0 
8 37-43 169 69 2 
9 34-37 116 51 2 

10 20-34 153 76 1 
Total  263 99 9 
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Figure 44: Manassantin A SILAC-PP Gel 1.  The [urea] sample that was loaded into each 
lane is included at the top of the gel.  The gel regions digested and the corresponding 
row numbers and approximate molecular weight regions are noted. 

 

Figure 45: Manassantin A SILAC-PP Gel 2. The [urea] sample that was loaded into each 
lane is included at the top of the gel.  The gel regions digested and the corresponding 
row numbers and approximate molecular weight regions are noted. 
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Summarized in Table 26 are the protein hits identified in the SILAC-PP 

experiment.  Several of the protein hits in Table 26 were also observed as hits in the 

iTRAQ-SPROX experiments.  The iTRAQ-SPROX hit proteins Filamin A and Filamin B 

were discovered as hits in SILAC-PP gel rows 1 and 2.  Since Filamin A is 281 kDa and 

Filamin B is 278 kDa, the peptides assayed in row 1 are likely from the intact protein, 

although some fragment protein may be present as well.  The Filamin A and B peptides 

from row 2 originate from protein fragments, which tend to display the opposite L/H 

ratio behavior as the intact protein (44).  The SILAC-PP data follows the trend of a 

decrease in signal for the intact protein as it is digested with thermolysin as a function of 

denaturant concentration, while the protein fragments show an increase in signal as a 

function of denaturant concentration (see Figure 5).  The data for the Filamin A SILAC-

PP intact protein and fragment protein readouts are located in Figures 46 and 47, 

respectively.  The dip observed in Figure 46 is characteristic of a ligand-induced 

destabilization for the intact protein, as is the peak observed in Figure 47 for the 

fragment protein. 
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Table 26: Protein hits detected in the SILAC-PP experiment.  M. W. stands for molecular 
weight.  The Approximate Gel M. W. Region is the region in which the protein hit was 
discovered.  The direction of the Δ C1/2 shift is also noted.  For a protein identified in a 
region of the gel that corresponds to the intact molecular weight of the protein, a (+) Δ 
C1/2 is indicative of a stabilization while a (-) Δ C1/2 is indicative of a destabilization.  For 
proteins discovered as hits in lower regions of the gel, the direction of the shift is more 
difficult to determine.  If the protein fragments are well separated from the intact 
protein, then the direction of the shift is the inverse of the intact protein: (+) Δ C1/2 is 
indicative of a destabilization while a (-) Δ C1/2 is indicative of a stabilization. 

Protein Name Accession 
Number 

Approximate 
Gel M. W. 

Region (kDa) 

Intact Protein 
M. W. (kDa) 

ΔC1/2 (M) 

Filamin A P21333 > 150 281 − 2 
Filamin B O75369 > 150 278 − 1.5 
Alpha actinin 4 O43707 100-150 105 − 1.5 
Filamin A P21333 100-150 281 − 1.5 
Filamin B O75369 100-150 278 + 2.3 
Transitional ER 
ATPase 

P55072 75-100 103 − 3.4 

Heat shock 
cognate 71 kDa 
protein 

P11142 65-75 71 − 1.5 

Cytochrome P450 
2B6 

P20813 55-65 56 − 1.6 

Elongation factor 
1-alpha 1 

P68104 55-65 50 3 

Elongation 
factor 1-alpha 1 

P68104 37-43 50 1.5 

Fructose-
bisphosphate 
aldolase C 

P09972 37-43 39 + 2 

Actin P62736 34-37 42 + 1 
L-lactate 
dehydrogenase A 

P00338 34-37 37 − 1.3 

L-lactate 
dehydrogenase A 

P00338 20-34 37 − 1 
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Figure 46: SILAC-PP data set for the intact Filamin A protein assayed in the > 150 kDa 
region of the gel.  The log2 L/H ratios are the average of 12 peptides from Filamin A.  The 
decrease in the L/H ratios between 4 – 6.2 M Urea is indicative of a destabilization of 
Filamin A in the presence of manassantin A. 

 

Figure 47: SILAC-PP data obtained for Filamin A peptides assayed in the 100-150 kDa 
region of the gel.  The log2 L/H ratios are the average of data obtained on 4 peptides.  
The peak between 3.4 - 5.4 M urea is indicative of a destabilization of Filamin A in the 
presence of manassantin A. 
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The SILAC-PP data obtained for pyruvate kinase did not conclusively 

corroborate the iTRAQ-SPROX data for this protein hit.  In iTRAQ-SPROX, pyruvate 

kinase showed a destabilization of 0.5 M GdmCl.  In Row 5 of the SILAC-PP gel where 

intact pyruvate kinase (54 kDa) was assayed, the Log2 Average L/H ratios display an 

inconsistent trend.  The point at 3.0 M Urea is above the average L/H ratio, while the 

data point at 6.2 M Urea is below the average L/H ratio.  Since the data is inconsistent 

with the expected trend of SILAC-PP data, pyruvate kinase cannot be confirmed as a hit 

protein in this study. 

6.3.3 Hsp90 Dimerization Inhibition Assays 

6.3.3.1 EGCG Inhibits Hsp90α Dimerization 

Early studies of manassantin A inhibition pattern indicated that the natural 

product produced similar effects as Hsp90 protein inhibitors.  Therefore, a mode-of-

action through Hsp90 inhibition seemed probable.  In order to test if manassantin A 

inhibited Hsp90 by disrupting the protein’s ability to form a dimer, a Control 

Experiment was performed using the known inhibitor of Hsp90 dimerization, 

Epigallocatechin 3-gallate (EGCG).  In this Control Experiment, Hsp90α samples were 

treated with EGCG concentrations ranging from 100 µM to 4.4 mM before the addition 

of a cross-linking reagent, EDC.  EDC forms cross-links between Hsp90 proteins that are 

present in their dimeric structure in solution.  The protein samples were then run on an 
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SDS-PAGE gel to separate dimeric and monomeric Hsp90 forms to determine the 

relative amount of dimerized protein under each EGCG concentration (Figure 48). 

 

Figure 48: EGCG Control cross-linking experiment gel 1.  The lanes contain the 
following samples: 1) molecular weight marker, 2) Hsp90 without EDC (Negative 
Control), 3) Hsp90 with EDC (Positive Control), 4) Blank, 5) Hsp90 with 100 µM EGCG, 
6) Hsp90 with 200 µM EGCG, 7) Hsp90 with 400 µM EGCG, 8) Blank, 9) Hsp90 with 800 
µM EGCG, and 10) Hsp90 with 4.4 mM EGCG.  The locations of migration of the Hsp90 
monomer and dimer and labeled next to the gel bands.  M. W. stands for molecular 
weight.  

In Figure 48, successful cross-linking of the 90 kDa Hsp90 protein can be seen by 

comparing Gel Lanes 2 and 3.  Lane 2 contained the Negative Control sample, which 

consisted of 2.2 µg Hsp90α without cross-linking reagent or EGCG, while Lane 3 

contained the Positive Control with 2.2 µg Hsp90α and 1.5 mM cross-linking reagent 

without EGCG.  In the absence of cross-linking reagent, the Hsp90α band appears 

primarily between 75 – 100 kDa, indicating that the protein is mostly present as a 
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monomer in this sample.  In Lane 3, the Hsp90α band is significantly diminished, and a 

band of the Hsp90α dimer can be seen around 200 kDa (see Lanes 2 and 3 of Figure 48). 

In order to ascertain the ability of EGCG to inhibit the C-terminal dimerization of 

Hsp90, Hsp90α samples were equilibrated with a range of EGCG concentrations, 

including 100, 200, 400, 800, and 0.0044 µM.  Lanes 5-10 show the dose-dependent 

inhibition of Hsp90α dimerization.  In Lane 5, the intensity of Hsp90α dimer band in the 

presence of 100 µM EGCG has approximately the same intensity as the Hsp90α dimer 

band in Lane 3 when EGCG is not present (see Figure 48).  In Lane 6, the intensity of the 

Hsp90α dimer looks diminished compared to Lane 5, and as the EGCG concentrations 

increase across the gel, the signal for the Hsp90α significantly decreases while the signal 

for the Hsp90α increases.  In Lane 10, with 4.4 mM EGCG present in the sample, signal 

for the Hsp90α dimer is almost completely gone, and the monomer band looks similar to 

the Hsp90α band from the Negative Control sample (Lane 2) in which no EGCG or EDC 

were included in the sample.   

6.3.3.2 Manassantin A Dimerization Inhibition Assays 

In order to test the hypothesis that manassantin A may be inhibiting Hsp90α 

with a similar mode-of-action as EGCG, several cross-linking experiments were 

performed with varying concentrations of manassantin A.  In manassantin A Exp. 1, 

Negative and Positive Controls were added to verify that the cross-linking reaction was 

working (Figure 49).  As can be seen in Lanes 2 and 3 of the gel, the Hsp90α dimer 
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successfully formed in the same manner as in the EGCG Control Experiment.  Two 

additional control samples were included in the manassantin A experiment, including a 

Man. A Control and an EGCG Control.  The Man. A Control (Lane 4) contained 2.2 µg of 

Hsp90α with 1 mM Man. A without cross-linking reagent.  The Man. A Control was 

included to ensure that Man. A did not have any unexpected direct effects on Hsp90α.  

As can be seen in Lane 4, the Hsp90α monomer appears the same as it does in the 

sample without manassantin A or cross-linking reagent in Lane 2 (see Figure 49).  The 

EGCG Control sample consisted of 2.2 µg of Hsp90α, 4.4 mM EGCG, and 1.5 mM EDC 

(see Lane 5).  The EGCG Control sample verified that Hsp90α dimerization was 

significant diminished in the presence of EGCG, as a significant amount of the monomer 

band reappeared, and much of the dimer band signal was diminished.   

 

Figure 49: Hsp90 cross-linking experiment with manassantin A dose-dependent 
treatment.  The lanes contain the following samples: 1) molecular weight marker, 2) 
Hsp90 without EDC (Negative Control), 3) Hsp90 with EDC (Positive Control), 4) Hsp90 
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with manassantin A and without EDC (Man A Control), 5) Hsp90 with 4.4 mM EGCG 
(EGCG Control), 6) Hsp90 with 100 µM manassantin A, 7) Hsp90 with 200 µM 
manassantin A, 8) Hsp90 with 400 µM manassantin A Blank, 9) Hsp90 with 800 µM 
manassantin A, and 10) Hsp90 with 1 mM manassantin A.  The locations of migration of 
the Hsp90 dimer and monomer are indicated.  M. W. stands for molecular weight. 

The cross-linking samples that included manassantin A ranged in concentration 

from 100 µM to 1 mM (Lanes 6-10).  These samples included the cross-linking reagent to 

test if manassantin A could inhibit Hsp90α dimerization.  However, no significant 

change in Hsp90α dimer intensity is apparent in any of these five lanes, and the faint 

signal for the monomer is consistent in each lane of the gel.  Therefore, manassantin A 

does not appear to inhibit Hsp90α dimerization in the same manner as EGCG.  A 

replicate experiment performed under similar conditions confirmed that manassantin A 

did not disrupt Hsp90 dimerization (data not shown).  

A third manassantin A cross-linking experiment was performed with silver 

staining since no Hsp90α dimer inhibition was observed in the first two experiments.  

Silver staining is more sensitive than Coomassie staining, and can be used to stain 

smaller amounts of protein.  The use of the silver stain enabled the relative amounts of 

monomeric and dimeric Hsp90α to be more sensitively monitored.  Additionally, lower 

concentrations of manassantin A were used in this experiment compared to the two 

previous experiments, ranging from 25 µM to 300 µM.  Interestingly, both Hsp90α 

dimer and multimer bands can be observed in this gel (Figure 50).  
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Figure 50: Hsp90 cross-linking experiment with manassantin A dose-dependent 
treatment and silver staining.  The lanes contain the following samples: 1) molecular 
weight marker, 2) Hsp90 without EDC (Negative Control), 3) Hsp90 with EDC (Positive 
Control), 4) Hsp90 with manassantin A and without EDC (Man. A Control), 5) molecular 
weight marker, 6) Hsp90 with 25 µM manassantin A, 7) Hsp90 with 50 µM manassantin 
A, 8) Hsp90 with 100 µM manassantin A Blank, 9) Hsp90 with 200 µM manassantin A, 
and 10) Hsp90 with 300 µM manassantin A.  The locations of the Hsp90 monomer and 
dimer bands are labeled. M. W. stands for molecular weight. 

The Control samples in the silver stain gel generally produced their expected 

results, although the dimer bands were not very clear in this gel compared to previous 

readouts (Figure 50).  As can be seen in the Hsp90α sample with cross-linking reagent 

but without Man. A (Lane 3), the band for the Hsp90α monomer is only somewhat 

decreased compared to the Hsp90α sample without cross-linking reagent or Man. A 

(Lane 2).  In the EGCG Control sample (Lane 4), the dimer appears fainter than in Lane 

3, but dimerization does not appear to be completely inhibited as in previous 
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experiments.  Lanes 6-10 contained manassantin A concentrations between 25 µM to 300 

µM.  No significant difference can be seen in the dimer or monomer intensities in these 

lanes (Figure 50).   

6.4 Discussion 

6.4.1 Protein and Peptide Coverage 

This study is the first proteome-wide survey of proteins in MDA-MB-231 cell 

lysates for interactions with the natural product manassantin A.  In iTRAQ-SPROX, 

1,635 different proteins with 2,566 peptide probes were assayed for binding to 

manassanin A (Table 22).  These numbers indicate that on average, every protein 

assayed in iTRAQ-SPROX was represented by two unique peptide probes, which 

allowed multiple domains of many proteins to be included in the screen.  Additionally, 

58 proteins with 77 peptide probes were assayed in SILAC-SPROX, and 99 proteins were 

assayed in SILAC-PP, increasing the number of assayed peptide probes and providing 

an opportunity for cross-validation of hits between the different experimental protocols.  

While manassantin A’s mode-of-action has been investigated using many different 

techniques, this is the first large-scale unbiased search for protein targets in a human cell 

line.  Measuring protein stability in complex protein mixtures such as cell lysates is 

important because it allows for the detection of indirect targets of the drug, which may 

be the result of a disruption of protein-protein or protein-ligand interactions that cannot 

be assayed in purified protein experiments.    
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These large-scale energetics-based approaches led to the discovery of 16 protein 

targets of manassantin A.  Two of these protein hits, Filamin A and Filamin B, are 

consistently identified with hit behavior in both iTRAQ-SPROX and SILAC-PP.  Many 

other interesting protein hits have been found in only one of these energetics-based 

techniques.  These hits help shed light on the cellular interactions of manassantin A that 

may be a result of the drug’s observed anti-cancer activity.  Several of these hit proteins, 

including Filamin A and Cathepsin B, have been previously identified with important 

roles in HIF-1α activation and inhibition mechanisms.  The implications of these 

potential targets in the mode-of-action of manassantin A are discussed below.     

6.4.2 False-Positive Elimination 

 Many of the hits obtained in the iTRAQ-SPROX experiments were eliminated 

due to inconsistent data.  These peptides did not show consistent C1/2 value shifts 

between biological replicate experiments that were performed using the same 

experimental conditions.  These peptides were considered false-positive results and 

were removed from the hit analysis.   Six peptides from 6 proteins showed inconsistent 

results in Exp. 1, 4 peptides from 4 proteins were inconsistent in Exp. 2, and 6 peptides 

from 6 proteins were inconsistent in Exp. 4.  No false-positives were found in Exp. 3.  

The number of false-positive results obtained in these experiments is close to the 

established false-positive rate for iTRAQ-SPROX experiments, which is around 0.2 - 0.8 

% (64).  The false-positive percentages for Exp. 1 and 2 are each ~0.3 % at the peptide 
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level, while the percentage for Exp. 4 is ~3 % at the peptide level.  The false-positive 

percentage is likely higher for Exp. 4 due to the much smaller peptide and protein 

coverage obtained in this experiment.  In total, 12 proteins with 13 peptide probes were 

eliminated in the four iTRAQ-SPROX experiments (see Table 37 in Appendix A).  

6.4.3 Filamin A 

Filamin A is a particularly interesting hit based on its known involvement in the 

stabilization and activation of HIF-1α.  The C-terminal region of Filamin A interacts with 

the N-terminal region of HIF-1α during normoxia (237).  The peptide probe that was 

discovered as a hit in the iTRAQ-SPROX experiments, GAGSYTIMVLFADQATPTSPIR, 

is located in the N-terminal region of the protein (Figure 41).  Since a destabilization of 

Filamin A was observed in this region of the protein, manassantin A may be binding to 

the C-terminal region of Filamin A, and thereby inducing a destabilization in the N-

terminal region as Filamin A underwent conformational changes.  If manassantin A 

directly bound to Filamin A, this interaction could disrupt the protein-protein 

interaction between Filamin A and HIF-1α, ultimately leading to HIF-1α inhibition.  

Under cellular conditions of hypoxia, the protease calpain cleaves Filamin A, producing 

a C-terminal fragment that then accumulates in the nucleus with HIF-1α, which 

stabilizes HIF-1α as it binds to HIF-1β and activates transcription of downstream target 

genes (237).   
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Disruption of the interaction between Filamin A and HIF-1α by manassantin A 

could hinder the translocation of HIF-1α from the cytosol into the nucleus.  This 

hypothesis was tested by a collaborator, Dr. Kelly Lee.  In the experiment performed by 

Dr. Lee, MDA-MB-231 cells were treated with 0.1 and 1 µM manassantin A under both 

normoxia and hypoxia for 24 hr.  Proteins were extracted from both the cytosol and 

nucleus, and the signal intensity of HIF-1α in each sample was measured by Western 

blot (data not shown).  The data indicated that manassantin A inhibited nuclear HIF-1α 

expression under both normoxia and hypoxia.  Cellular treatment with manassantin A 

did not result in increased HIF-1α protein in the cytosol, indicating that the nuclear 

translocation of HIF-1α was not altered in the presence of manassantin A. 

Another hypothesis for the observed destabilization of Filamin A is that 

manassantin A may inhibit the calpain-dependent cleavage of Filamin A. This 

mechanism would lead to a decrease in the amount of the C-terminal Filamin A 

fragments that translocate into the nucleus.  Since the accumulation of C-terminal 

Filamin A fragments is known to stabilize the HIF-1 complex as it binds to HRE (237), 

disruption of this protein-protein interaction could destabilize HIF-1, leading to a 

decrease in target gene expression.   

Since stabilizations of Filamin A that could be indicative of a direct binding 

interaction were not detected, it is also possible that the observed destabilization of 

Filamin A represents an off-target effect of manassantin A interactions in the cell lysate.  
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Filamin A destabilizations were observed in both iTRAQ-SPROX Exp. 2 (Figure 41) and 

the SILAC-PP Exp. (Figures 46-47).  SILAC-PP gives protein-level readouts, and can 

report on the stability change of the entire protein, and not just individual protein 

domains.  Based on the SILAC-PP results, it appears that Filamin A is overall 

destabilized in the presence of manassantin A.  The observed destabilization of Filamin 

A may indicate that manassantin A disrupts a protein-protein or protein-ligand 

interaction that Filamin A is normally involved in.  However, it should also be noted 

that the SILAC-PP results may not be entirely representative of the intact Filamin A 

protein.  The SDS-PAGE separation of intact protein and fragment protein is necessary 

in SILAC-PP in order to obtain results that are indicative of the stability shift of the 

protein in the presence of ligand (i.e. stabilization or destabilization).  The potential 

mixture of intact protein and protein fragments, depending upon the gel cutting 

strategy, is a known caveat of the SILAC-PP experiment (44).  Filamin A was discovered 

as a hit in the 150 – 250 kDa region of the gel, but Filamin A is a large protein of 280 kDa 

(Figure 35).  Therefore, it is possible that some Filamin A protein fragments may have 

been mixed in with the intact protein, which may have skewed the readout of the 

protein stability change.  If the protein readout was disrupted and the majority of the 

peptides assayed in the SILAC-PP experiment resulted from protein fragments, then the 

overall Filamin A stability observed in the experiment may be a stabilization.  For these 
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reasons, the direction of the stability change in the SILAC-PP gel experiment can be 

difficult to determine.  

6.4.4 Cathepsin B 

Cathepsin B is a 30 kDa lysosomal protease that has been previously linked to 

HIF-1α inhibition mechanisms (236, 247).  In iTRAQ-SPROX Exp. 2, a Δ C1/2 shift of - 0.4 

M was observed for cathepsin B, indicating the protein was destabilized in the presence 

of manassantin A (see Table 23).  Cathepsin B has been shown to directly degrade HIF-

1α in a previous study (236, 240) .Overexpression of cathepsin B in tumors has been 

linked to increased angiogenesis and invasiveness (248, 249).  Cathepsin B has been 

shown to degrade proteins in the extracellular matrix (ECM) outside of the living cell, 

and has also been discovered in the cytoplasm and nucleus (247, 250).  Cathepsin B has 

also been implicated in HIF-1α regulation and inhibition pathways (236, 250).  The HIF-

1α inhibitor hypericin causes polyubiquitination of Hsp90 and then induces HIF-1α 

degradation by cathepsin B at low cellular pH (236, 240).  At pH levels less than 5.5, 

cathepsin B primarily operates using exopeptidase activity, while at pH 7.4 cathepsin B 

possesses both exopeptidase and endopeptidase activity, with a slight preference toward 

endopeptidase activity (247).  While the inhibitor hypericin can lower the pH level of the 

cell through redox reactions by accumulating electrons, manassantin A has not been 

reported to exhibit effects on intracellular pH (236).  All of the experiments in this study 

were performed at a pH level of 7.4, under which cathepsin B tends to exhibit 



 

268 

endopeptidase activity.  HIF-1α appears to be more sensitive to exopeptidase 

degradation at pH levels less than 5.5, making it unlikely that manassantin causes 

degradation of HIF-1α by the same mechanism as hypericin (247).  However, it is 

possible that manassantin A-induced degradation of HIF-1α by cathepsin B occurs 

through a different mechanism than hypericin.   

6.4.5 Hsp90 

Due to the importance of the protein-protein interaction between Hsp90 and 

HIF-1α in HIF-1 activation, a manassantin A mechanism of inhibition through direct 

binding to Hsp90 seemed probable.  However, after analyzing the data obtained in the 

iTRAQ-SPROX and cross-linking experiments, no direct interaction between 

manassantin A and Hsp90 has been detected in this work.  A peptide that maps to the 

N-terminal ATP-binding domain of Hsp90, where the HIF-1α inhibitor geldanamycin is 

known to bind (see Chapter 4) (114), does not show a C1/2 shift in the presence of 

manassantin A (see Figure 40).  Additionally, 16 unique peptides from Hsp90 were 

assayed for binding to manassantin A in iTRAQ-SPROX Exp. 1 and 2.  These 16 peptides 

span all three major domains of Hsp90, but none of these peptide probes displayed 

altered stability in the presence of manassantin A.  Therefore, none of the iTRAQ-SPROX 

data indicated that manassantin A inhibits HIF-1α through directly binding to Hsp90.      

A known Hsp90 inhibitor, (−)-epigallocatechin-3-gallate (EGCG), interacts with 

Hsp90 near the C-terminal ATP binding site of the protein and prevents Hsp90 
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dimerization, which is necessary for the protein’s normal cellular function (251).  

Although no direct binding interactions were detected with manassantin A in iTRAQ-

SPROX, the hypothesis that manassantin A may inhibit Hsp90 with a similar mechanism 

as EGCG was tested using cross-linking experiments.  The EGCG Control experiments 

exhibited that the cross-linking reaction conditions were optimized through almost 

complete dimerization of Hsp90α in the presence of cross-linking reagent (see Figure 

48).  The expected dose-dependent inhibition of Hsp90 dimerization in the presence of 

100 µM – 4.4 mM EGCG showed that the assay could be used to visually detect the 

disruption of the Hsp90 dimer.  Three cross-linking experiments were performed with 

Hsp90α in the presence of manassantin A concentrations ranging from 25 µM – 1 mM 

(see Figures 49-50).  No alterations in the intensity of the Hsp90 dimer band were 

observed at any of the manassantin A concentrations utilized in these experiments.  

Therefore, manassantin A does not appear to inhibit Hsp90α dimerization.  Due to the 

negative results of the iTRAQ-SPROX and cross-linking experiments, Hsp90 has been 

eliminated as a potential direct binding target of manassantin A. 

6.4.6 Cytoskeletal Proteins 

Many of the manassantin A hits discovered in this study are cytoskeletal 

proteins, including Filamin A (Figures 41 and 46-47), Filamin B (Figure 41), Plastin-2, 

Myosin-9 (Figure 43), Actin, and Alpha actinin-4 (Tables 23 and 26).  Cytoskeletal 

proteins are involved in cell structure, signaling, organization, and movement (252).  In 
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cancer, cytoskeletal proteins can contribute to metastasis and promote cell growth (253).  

HIF-1α activation induces changes in the actin cytoskeletal organization through 

mediation of cellular signaling (254).  Alterations in cytoskeletal protein stability in the 

presence of manassantin A may represent the off-target downstream effect of HIF-1α 

inhibition.  Alternatively, direct interactions between cytoskeletal proteins and 

manassantin A could inhibit activation of HIF-1 by an unknown mechanism.  Although 

manassantin A is not known to directly bind to HIF-1α, the known cytoskeletal 

regulator, male germ cell Rac GTPase activating protein (MgcRacGAP), inhibits HIF-1α 

by binding to the protein in the nucleus, preventing binding of HIF-1β, and resulting in 

the loss of transcriptional activity (255, 256).  Several cytoskeletal proteins such as 

Filamin A and Alpha Actinin-4 are also known to translocate into the nucleus and 

interact with transcription factors (237, 252).  A direct binding interaction between one of 

these proteins and manassantin A could lead to alterations in gene expression during 

hypoxia and the down regulation of cytoskeletal proteins that contribute to tumor 

growth and metastasis, contributing to the therapeutic effect of manassantin A.  While 

regulation of cytoskeletal proteins is clearly important, the direct link to manassantin 

A’s mode-of-action remains to be established.   

6.5 Conclusion 

In this unbiased screen of manassantin A interactions in MDA-MB-231 cell 

lysates, over 1,600 unique human proteins were assayed.  Filamin A and Filamin B 
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showed hit behavior in both iTRAQ-SPROX and SILAC-PP experiments, corroborating 

their stability changes in the presence of manassantin A.  Although several hypotheses 

were tested to determine how Filamin A, Cathepsin B, and Hsp90 may physically 

interact with manassantin A, the direct link between these protein hits and their 

biological activities relating to HIF-1α inhibition remain unknown.  The abundance of 

cytoskeletal protein hits observed in these experiments may represent downstream 

effects of HIF-1α inhibition on cellular signaling and organization.   
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7. Conclusions and Future Directions 

The biological applications of energetics-based techniques discussed in this 

dissertation have discovered known and novel protein targets of protein co-factors, 

small molecules, and drugs.  Each of these applications allowed for assessment of the 

false-positive rate of protein target discovery using iTRAQ-SPROX.  For example, 

Inconsistent iTRAQ-SPROX data sets from different replicates of protein-protein 

interactions experiments made it difficult to discern which proteins were physically 

interacting with the protein ligand of interest in Chapter 3.  While many of the protein 

“hits” observed in the false-positive analysis in Chapter 2 were found to predominantly 

originate from peptide identifications detected with low ion purity, false-positive results 

were still observed for peptide identifications originating from good quality data.  

Elimination of iTRAQ-SPROX data sets with poor quality data reduced the false-positive 

rate of protein target discovery to ~ 0.2 % for analyses performed on orbitrap mass 

spectrometer systems.   

Additionally, this work provided the first assessment of the false-negative rate of 

iTRAQ-SPROX protein target discovery.  In Chapter 4, the direct protein target of 

gedunin, Sba1/p23, was not detected as hit in experiments utilizing gedunin 

concentrations ranging from 20 − 300 µM employed in these experiments.  Presumably, 

the inability to detect this known interaction is due to a weak binding affinity of the 

protein-drug complex.  However, in the ATP-binding study in Chapter 5, SILAC-SPROX 
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and iTRAQ-SPROX protein hits were compared to estimate a false-negative rate of ~ 1-2 

% for iTRAQ-SPROX protein target discovery on orbitrap mass spectrometer systems.  

As expected, the false-positive and false-negative rates of iTRAQ-SPROX are within the 

same range for experiments performed on similar mass spectrometry platforms. 

Due to the potential for false-positive and false-negative results in energetics-

based experiments, utilizing techniques with different quantitation strategies has been 

shown to be advantageous for discerning true-positives from false-positives in these 

applications.  Performing iTRAQ-SPROX and SILAC-PP (or SILAC-SPROX) in parallel is 

beneficial to confirm hits obtained in each experiment.  Since the technical issues that 

affect iTRAQ and SILAC quantitation are different (i.e. product ion scan quantitation 

versus precursor ion scan quantitation), it is unlikely that a false-positive result would 

appear in two experiments utilizing each quantitation method.  In Chapter 4, the known 

binding interaction of geldanamycin to Hsp90 was detected in both iTRAQ-SPROX and 

SILAC-PP experiments with similar Kd values of 1.5 and 0.5 µM, respectively.  Likewise, 

the manassantin A target Filamin A was detected as a hit in both iTRAQ-SPROX and 

SILAC-PP experiments, corroborating the observed stability change of this protein in the 

presence of manassantin A.  

Important biological questions were addressed in each of the studies outlined in 

this dissertation.  The capability of iTRAQ-SPROX to detect protein-protein interactions 

in yeast cell lysates was examined in Chapter 3 using the protein ligands Hsp90, Pyk1, 
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Pgk1, and Ssa1.  Although many inconsistencies were observed, several known and 

novel protein targets were detected.  The homodimerization of Hsp90 was detected in an 

experiment with excess Hsp90 added to the yeast cell lysate and the known interaction 

of Ssa1 and elongation factor 2 was also detected in two biological replicate experiments.  

Additionally, the novel protein interaction of Ssa1 binding to cytosolic leucyl tRNA was 

observed with two peptide probes in one experiment.  In the large-scale study of the 

ATP-binding properties of yeast proteins using iTRAQ-SPROX, 40 protein hits were 

discovered, 35 % of which are annotated as “ATP-binding” in the SGD.  These ATP-

binding experiments corroborated the ATP-binding properties of 14 proteins that were 

detected as hits in a previously published SILAC-SPROX study, but are not annotated to 

interact with ATP in the SGD (62).  Several other novel ATP-binding proteins were 

discovered in the iTRAQ-SPROX experiments that remain to be validated by additional 

experiments. 

The application of iTRAQ-SPROX, SILAC-SPROX, and SILAC-PP to drug mode-

of-action studies was also evaluated in this work.  The interactions of two Hsp90 

inhibitors with known binding targets, geldanamycin and gedunin, were investigated in 

both yeast and MCF-7 cell lysates.  While the known binding target of geldanamycin, 

Hsp90, was detected as a hit in both iTRAQ-SPROX and SILAC-SPROX, the known 

binding target of gedunin, Sba1/p23, was not observed as a hit in any of these 

experiments.  While the indirect effects of drug binding on the disruption of the protein-
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protein interaction of Hsp90 and Sba1/p23 was not observed, other biological questions 

were addressed.  An aspect of how geldanamycin inhibits Hsp90 was discovered as 

binding of the drug was shown to only affect the stability of the N-terminal binding 

domain of the protein, and not the middle domains of the protein as has been observed 

for ATP binding to the same domain of Hsp90.  Importantly, iTRAQ-SPROX was 

utilized to assess the binding affinity of the Hsp90-geldanamycin binding interaction in 

yeast and MCF-7 cell lysates after different incubation times to determine that the 

binding affinity is 10-fold tighter in MCF-7 lysates than in yeast lysates under 

experimental conditions utilizing a 30 min protein-drug equilibration time.  Ultimately, 

these energetics-based techniques were utilized in a real drug mode-of-action study to 

discover protein targets of the natural product manassantin A in MDA-MB-231 cell 

lysates.  In these experiments, Filamin A and B were discovered as hits using both 

iTRAQ-SPROX and SILAC-PP techniques.  Although experiments were conducted to 

elucidate how manassantin A may be affecting Filamin A protein stability, the biological 

significance for this interaction in the inhibition of HIF-1α remains unknown.  

Additional protein interactions with cathepsin B and several cytoskeletal proteins were 

also detected in these experiments, adding more clues to the mechanism behind 

manassantin A’s observed anti-cancer activity.  

These studies have shown that energetics-based approaches can be utilized to 

assess biological questions involving protein interactions with other proteins, co-factors, 
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and drugs.  Important information involving protein stability changes in the presence of 

ligand can be gleaned from iTRAQ-SPROX and SILAC-PP data, and technical and/or 

biological replicate experiments can be used to confirm protein hits.  Through these 

analyses, a beneficial experimental workflow for assessing novel protein interactions has 

been determined.  Large-scale protein target discovery is most effectively assessed using 

either iTRAQ-SPROX or SILAC-SPROX solution phase experiments due to the large 

number of proteins that can be assayed in these experiments with relatively few LC-

MS/MS analyses.  The SILAC-PP or SILAC-SPROX gel-based experiments are useful for 

targeting the regions of the gels that correspond to the molecular weights of the protein 

hits identified in the solution phase SPROX experiments.  In this way, protein hits can be 

confirmed or eliminated using two different quantitative strategies without the need for 

complete digestion of the gel, which is time-consuming and requires dozens of LC-

MS/MS analyses. 

A major challenge going forward is linking the hits discovered in energetics-

based experiments to the relevant biological functions and processes occurring within 

the cell.  While the challenge to obtain the same protein hit in multiple experimental 

trials and utilizing different techniques has been met, discovering the reasons behind the 

observed protein stability change in the presence of ligand has been more difficult to 

determine.  Direct binding assays and pull down assays can be employed to help 

determine how the protein interacts with the ligand, although indirect interactions are 
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much harder to test.  In this work, several hypotheses for the protein stability changes 

observed in the manassantin A experiments were tested using commercially available 

protein activity assays and Western blotting techniques, but the true reasons for the 

protein stability alterations in the presence of the drug remain to be elucidated.  Further 

investigation into the cellular protein interactions using biological assays to validate the 

results obtained in energetics-based experiments is obviously needed.  However, it is 

challenging to know which biological assay to pursue in cases where few clues are 

present as to how the ligand of interest interacts with proteins in complex environments.  

Advancement in the understanding of how protein stability alterations are linked to 

changes in protein function is vital for determining the significance of all protein 

interactions detected using energetics-based techniques. 
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Appendix A: Supplemental Tables 

Table 27: Hsp90 false-positive results (Chapter 3). The a indicates that the protein-
protein interaction is annotated in the SGD. The Exp. number in which the hit behavior 
was observed and the Δ C1/2 value of the detected interaction is noted.  The same peptide 
was identified in a replicate experiment without a Δ C1/2 value shift, and the protein was 
labeled as a false-positive. 

Protein Name Accession 
Number 

Peptide Sequence Exp. ΔC1/2 
(M) 

Actin P60010a EITALAPSSMK Hsp90 1 + 0.6 
Alcohol 
dehydrogenase 

P00330a LPLVGGHEGAGVVVGMGENVK Hsp90 2 + 0.8 

Cyclophilin P14832 VIPDFMLQGGDFTAGNGTGGK Hsp90 2 + 0.8 
Glyceraldehyde-
3-phosphate 
dehydrogenase 
2 

P00358a VVITAPSSTAPMFVMGVNEEK Hsp90 1 + 0.7 

Glyceraldehyde-
3-phosphate 
dehydrogenase 
2 

P00358a KVVITAPSSTAPMFVMGVNEEK Hsp90 2 + 0.6 

Pyruvate 
decarboxylase  

P06169a MIEIMLPVFDAPQNLVEQAK Hsp90 3 + 0.8 

Pyruvate kinase P00549 NGVHMVFASFIR Hsp90 2 + 0.8 
SSB1 P11484a MVNQAEEFK Hsp90 3 − 1.8 
SSB1 P11484a TFSPQEISAMVLTK Hsp90 3 − 0.7 
Thiol-specific 
peroxiredoxin 

P38013 WAMVVENGIVTYAAK Hsp90 1 + 0.8 
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Table 28: Pyruvate kinase false-positive results (Chapter 3). The a indicates that the 
protein-protein interaction is annotated in the SGD. The Exp. number in which the hit 
behavior was observed and the Δ C1/2 value of the detected interaction is noted.  The 
same peptide was identified in a replicate experiment without a Δ C1/2 value shift, and 
the protein was labeled as a false-positive. 

Protein Name Accession 
Number 

Peptide Sequence Exp. Δ C1/2 
(M) 

60S Ribosomal Protein 
L23-A 

P04451 LPAASLGDMVMATVK Pyk1 1 + 1.6 

Acetohydroxyacid 
reductoisomerase and 
mtDNA binding protein 

P06168 NMEIWK Pyk1 1 + 1.0 

Cytoplasmic and 
mitochondrial glycyl-
tRNA synthase 

P38088 EFLMAEIEHFVDPLDK Pyk1 1 + 0.8 

Elongation factor 2 (EF-2) P32324 ADLMLYVSK Pyk1 2 + 0.9 
Enolase II P00925 SIVPSGASTGVHEALEM

RDEDK 
Pyk1 2 + 0.9 

Gamma subunit of 
translational elongation 
factor eEF1B 

P16521 MVAEVDMK Pyk1 1 + 0.5 

Glyceraldehyde-3-
phosphate 
dehydrogenase, isozyme 2 

P00358 VVITAPSSTAPMFVMGV
NEEK 

Pyk1 1 + 0.7 

Glyceraldehyde-3-
phosphate 
dehydrogenase, isozyme 3 

P00359 IALSRPNVEVVALNDPFI
T 

NDYAAYM(ox)FK 

Pyk1 1 + 0.6 

Protein component of the 
small (40S) ribosomal 
subunit 

P38701 TWETYEMR Pyk1 1 + 0.8 

Protein component of the 
small (40S) subunit 

P25443 EFQIIDTLLPGLQDEVM
NIKPVQK 

Pyk1 1 + 1.1 

Protein disulfide 
isomerase 

P17967 EQFPLFAIHDMTEDLK Pyk1 1 + 0.7 

Pyruvate kinase P00549a VTDGVMVAR Pyk1 1 + 0.6 
Translation elongation 
factor eIF-5A 

P19211 IVDMSTSK Pyk1 1 + 0.8 

Translational elongation 
factor EF-1 alpha 

P02994 VETGVIKPGMVVTFAPA
GVTTEVK 

Pyk1 1 + 0.6 
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Table 29: Phosphoglycerate kinase protein-protein interactions false-positive results 
(Chapter 3). The a indicates that the protein-protein interaction is annotated in the SGD. 
The Exp. number in which the hit behavior was observed and the Δ C1/2 value of the 
detected interaction is noted.  The same peptide was identified in a replicate experiment 
without a Δ C1/2 value shift, and the protein was labeled as a false-positive. 

Protein Name Accession 
Number 

Peptide Sequence Exp. ΔC1/2 
(M) 

Acetohydroxyacid 
reductoisomerase and 
mtDNA binding protein 

P06168 NMEIWK Pgk1 2 + 0.6 

Actin P60010a VAPEEHPVLLTEAPMN
PK 

Pgk1 1 + 0.8 

Actin P60010a YPIEHGIVTNWDDMEK Pgk1 1 + 1.1 

Adenylate kinase P07170 FHAAHLATGDMLR Pgk1 1 + 0.8 

ADP-ribosylation factor P11076 MLNEDELR Pgk1 1 + 0.6 

 Cyclophilin P14832 VIPDFMLQGGDFTAG 
NGTGGK 

Pgk1 1 + 0.5 

Fructose 1,6-bisphosphate 
aldolase 

P14540a LLPWFDGMLEAD 
EAYFK 

Pgk1 1 + 0.7 

Gamma subunit of 
translational elongation 
factor eEF1B 

P16521 MVAEVDMK Pgk1 1 + 0.5 

Glyceraldehyde-3-
phosphate dehydrogenase 
isozyme 2 

P00358 VVITAPSSTAPMFVM 
GVNEEK 

Pgk1 1 + 1.1 

Glyceraldehyde-3-
phosphate dehydrogenase 
isozyme 2 

P00358 KVVITAPSSTAPMFVM 
GVNEEK 

Pgk1 1 + 0.9 

Glyceraldehyde-3-
phosphate dehydrogenase, 
isozyme 3 

P00359a VINDAFGIEEGLM(ox)TT
VHSLTATQK 

Pgk1 2 − 0.8 

Hexokinase isoenzyme 2 P04807 GFDIPNIENHDVVPML
QK 

Pgk1 1 + 0.8 

Orotidine-5'-phosphate 
decarboxylase 

P03962 LFNIMHEK Pgk1 1 + 0.6 

Pgk1 P00560a AHSSMVGFDLPQR Pgk1 1 + 0.7 
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Protein component of the 
small (40S) subunit 

P25443 EFQIIDTLLPGLQDEVM 
NIKPVQK 

Pgk1 1 + 1.4 

Protein involved in 3' 
mRNA processing 

P40020 VDTSPVNQSFESRRQM 
LIDLQK 

Pgk1 1 − 0.5 

Pyruvate kinase P00549 VTDGVMVAR Pgk1 1 + 0.7 

Ribosomal 60S subunit 
protein L9A 

P05738 SLVDNMITGVTK Pgk1 2 − 1.1 

Ribosomal protein 10 of the 
small (40S) subunit 

P33442 NLLTNFHGMDFTTDKL
R 

Pgk1 1 − 0.8 

Ssa1 P10591a MKETAESYLGAK Pgk1 1 + 0.7 

Thiol-specific 
peroxiredoxin 

P38013 MPQTVEWSK Pgk1 1 + 0.6 

Translation initiation factor 
eIF4A 

P10081 KGVAINFVTNEDV 
GAM(ox)R 

Pgk1 2 − 0.6 

Translational elongation 
factor EF-1 alpha 

P02994 VETGVIKPGMVVTFAP 
AGVTTEVK 

Pgk1 1 + 0.9 

 

Table 30: Ssa1 protein-protein interactions false-positive results (Chapter 3).  The a 
indicates that the protein-protein interaction is annotated in the SGD.  The Exp. number 
in which the hit behavior was observed and the Δ C1/2 value of the detected interaction is 
noted.  The same peptide was identified in a replicate experiment without a Δ C1/2 value 
shift, and the protein was labeled as a false-positive. 

Protein 
Name 

Accession 
Number 

Peptide Sequence Exp. ΔC1/2 (M) 

Enolase 2 P00925a GVMNAVNNVNNVIAAAFVK Ssa 2 + 0.7 
Ssa1 P10591a NFTPEQISSMVLGK Ssa 2 + 0.7 
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Table 31: Geldanamycin iTRAQ-SPROX false-positive results (Chapter 4).  These 
peptides were identified as a hit in one experiment, but did not show a C1/2 shift in the 
replicate experiment that utilized the same incubation. 

Protein Name Accession 
Number 

Peptide Sequence Experiment ΔC1/2 
(M) 

Low specificity 
L-threonine 
aldolase 

P37303 MDPDVLVK Yeast Short 1 0.5 

NADP-specific 
glutamate 
dehydrogenase 1 

P07262 AANLGGVAVSGLE
MAQNSQR 

Yeast Short 2 -0.8 

Phosphoribosyl 
aminoimidazole 
carboxylase 

P21264 ELAVMIVR Yeast Long 1 -0.5 

Cruciform DNA-
recognizing 
protein 1 

P38845 GNFEITMPVK Yeast Long 1 1.1 

Fatty acid 
synthase subunit 
alpha 

P19097 MPGGFTITVAR Yeast Long 1 -0.5 

Elongation factor 
3A 

P16521 AAATAAM(ox)TK Yeast Long 2 > -1.8 

Annexin A5 P08758 NFATSLYSMIK MCF7 Long 1 -0.7 
Asparagine 
synthetase 

P08243 LAVVDPLFGMQPIR MCF7 Long 1 -0.8 

ATP-citrate 
synthase 

P53396 SAYDSTMETMNYA
QIR 

MCF7 Long 1 0.5 

Clathrin heavy 
chain 1 

Q00610 ADDPSSYMEVVQA
ANTSGNWEELVK 

MCF7 Long 1 0.5 

Cysteine--tRNA 
ligase, 
cytoplasmic 

P49589 DMEALNVLPPDVL
TR 

MCF7 Long 2 > 1.8 

ELAV-like 
protein 1 

Q15717 TNLIVNYLPQNMT
QDELR 

MCF7 Long 1 -0.7 

Gamma-
glutamylcyclotra
nsferase 

O75223 SYLMTNYESAPPSP
QYK 

MCF7 Long 1 0.8 

Glycine--tRNA 
ligase 

P41250 SPITGNDLSPPVSFN
LMFK 

MCF7 Long 1 0.8 
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Glycogen 
phosphorylase 

P11216 INPSSMFDVHVK MCF7 Long 1 0.8 

Serine/threonine-
protein 
phosphatase 5 

P53041 GNHETDNMNQIYG
FEGEVK 

MCF7 Long 2 -0.5 

Tubulin beta-2A 
chain 

Q13885 EVDEQM(ox)LNVQ
NK 

MCF7 Long 2 -1.8 

U2 small nuclear 
ribonucleoprotei
n B 

P08579 ITPSHAMK MCF7 Long 2 -0.5 

Vinculin P18206 NPGNQAAYEHFET
MK 

MCF7 Long 1 -0.5 

Keratin, type 2 IPI00554648 QLYEEEIRELQSQIS
DTSVVLSMDNSR 

MCF7 Short 1 -0.5 

 

Table 32:  Hsp90 peptides assayed in yeast and MCF-7 iTRAQ-SPROX experiments with 
gedunin (Chapter 4).  The peptide sequences and the protein domain of Hsp90 to which 
the peptide maps are indicated.  Domain information for the yeast Hsp90 peptides was 
obtained from Ref. (111) and human Hsp90 from Ref. (137).  None of the assayed Hsp90 
peptides showed C1/2 value shifts. 

Protein 
Name 

Accession 
Number 

Peptide Sequence Exp. Protein 
Domain 

Hsp90 P15108 MPEHQK Yeast Exp. 1 Small Middle 
Hsp90 P15108 EMLQQNK Yeast Exp. 1, Yeast 

Exp. 2 
Large Middle 

Hsp90 P15108 DSGIGMTK Yeast Exp. 1 N-terminal 
Hsp90 P15108 DSSMSSYMSSK Yeast Exp. 1 C-terminal 
Hsp90 P07900 YYTSASGDEMVSLK Gedunin Hybrid 

High Conc. 
Small Middle 

 
Hsp90 P07900 TDTGEPMGR Gedunin Hybrid 

High Conc., 
Gedunin Hybrid 

Low Conc. 

N-terminal 

Hsp90 P07900 DNSTMGYMAAK Gedunin Hybrid 
High Conc. 

C-terminal 
Disordered 

Loop 
Hsp90 P07900 EMLQQSK Gedunin Hybrid 

High Conc. 
Large Middle 

Disordered 
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Loop 
Hsp90 P07900 HNDDEQYAWESSAG

GSFTVR 
Gedunin Hybrid 

High Conc. 
N-terminal 

Hsp90 P07900 SLTNDWEDHLAVK Gedunin Hybrid 
High Conc., 

Gedunin Hybrid 
Low 

Large Middle 

Hsp90 P07900 TKPIWTR Gedunin Hybrid 
High Conc., 

Gedunin Hybrid 
Low 

Large Middle 

Hsp90 P07900 TLTIVDTGIGMTK Gedunin Hybrid 
High Conc., 

Gedunin Hybrid 
Low Conc 

 N-terminal 

 
 
Table 33: Gedunin iTRAQ-SPROX false-positive result.  This protein was identified as a 
hit in one experiment, but did not show hit behavior in the corresponding experiment 
that utilized the same conditions. 

Protein Name Accession 
Number 

Peptide 
Sequence 

Experiment ΔC1/2 (M) 

Actin P60010 EITALAPSSMK Yeast Gedunin 
2 

- 0.7 

 
Table 34: iTRAQ-SPROX false-negative ATP-binding results (Chapter 5).  These proteins 
were assayed in iTRAQ-SPROX, are annotated as “ATP-binding” in the SGD,  were 
found as hits in SILAC-SPROX experiments in Ref. (62), but did not show hit behavior in 
the iTRAQ-SPROX experiment. These proteins are considered false-negatives in the 
iTRAQ-SPROX experiment. The SILAC-SPROX experiment(s) in which the protein hit 
was obtained is indicated along with the ΔC1/2 shift. 
Protein Name Accession 

Number 
Peptide Sequence SILAC-

SPROX 
Exp. 

SILAC-
SPROX 

ΔC1/2 

iTRAQ-
SPROX 

Exp. 
Proline--tRNA 
ligase  

P38708 AIGVQNAYFPM(ox)FV
SSRVLEK 

Sol. 2 -2.5 2 

Actin P60010 EITALAPSSMK Sol. 1B -2.9 2 
Hexokinase-2 P04807 ELM(ox)QQIENFEK Sol.2 -2.5 2 
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T-complex 
protein 1 zeta 

P39079 GIDPM(ox)SLDVFAK Sol. 2 -1.5 to 
-2.5 

2 

Glycine--tRNA 
ligase 1, 
mitochondrial 

P38088 IDGYSGPELGELM(ox)E
K 

Sol.2 -1.5 to 
-2.5 

1, 2 

Glycine--tRNA 
ligase 1, 
mitochondrial 

P38088 VESHLLNM(ox)SQDDL
ASK 

Sol. 2 -1.8 to 
-2.8 

1, 2 

6-
phosphofructo
kinase alpha 

P16861 IIRM(ox)PLVESVK Sol.2 -2.5 1, 2 

Pyruvate 
kinase 1 

P00549 VTDGVM(ox)VARGDL
GIEIPAPEVLAVQK 

Sol. 2 -2.5 2 

Heat shock 
protein 104 

P31539 YAIDM(ox)TEQARQGK Sol. 2 -2.5 1, 2 

 

Table 35: SILAC-SPROX false-negative ATP-binding results from Ref. (62) (Chapter 5). 
These proteins were hits in iTRAQ-SPROX experiment and are annotated as “ATP-
binding” in the SGD. These proteins were assayed in SILAC-SPROX, but were not hits in 
SILAC-SPROX, and were therefore labeled as false-negatives from the SILAC-SPROX 
experiment. The iTRAQ-SPROX experiment in which the hit was discovered and the 
measured ΔC1/2 values are included. 
Protein Name Accession 

Number 
Peptide Sequence iTRAQ-

SPROX 
Exp. 

iTRAQ-
SPROX 

ΔC1/2 
(M) 

SILAC-
SPROX 

Exp. 

Threonyl-
tRNA 
synthetase 

P04801 EATSWETTPM(ox)DIAK 2 1.5 Sol. 1B, 
Sol. 2 

Hexokinase 
isoenzyme 1 

P04806 LKQPYIM(ox)DTSYPAR 2 -1.3 Sol. 1B, 
Sol. 2 

Subunit A of 
the V1 
membrane 
domain of V-
ATPase 

P17255 TTLVANTSNMPVAAR 1 1.5 Sol. 1B 

Glucokinase P17709 RTLAFMK 1 -1 Sol. 1B 
Type I HSP40 
co-chaperone 

P25491 VGIVPGEVIAPGMR 1 1.5 Sol. 2 
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Table 36: SILAC-SPROX false-positive ATP-binding results (Chapter 5).  These peptides 
and proteins were detected as hits in the SILAC-SPROX experiments from Ref. (62), are 
not annotated as “ATP-binding” in the SGD, and were not detected as hits in iTRAQ-
SPROX experiments.  These proteins were therefore considered false-positives. The 
experiments in which the hits were discovered and the observed ΔC1/2 valued are 
indicated. 

Protein Name Accession 
Number 

Peptide Sequence SILAC-
SPROX 

Exp. 

SILAC-
SPROX 

ΔC1/2 (M) 

iTRAQ-
SPROX 

Exp. 
40S ribosomal 
protein S15 

Q01855 LLEM(ox)STEDFVK Sol. 1B, 
Sol. 2 

-2.0 2 

40S ribosomal 
protein S19-A 
or B 

P07280 TSSGNEM(ox)PPQD
AEGWFYK 

Sol. 2 between -
1.0 and -

2.0 

2 

40S ribosomal 
protein S3 

P05750 YAPGTIVLYAERVQ
DRGLSAVAQAESM(

ox)K 

Sol. 2 between -
1.0 and -

2.5 

1, 2 

40S ribosomal 
protein S7-B 

P48164 VLEDMVFPTEIVGK Sol. 1B -2.7 1, 2 

60S ribosomal 
protein L31-A 

P0C2H8 LHM(ox)GTDDVRLA
PELNQAIWK 

Sol. 1B, 
Sol. 2 

-2.0 2 

60S ribosomal 
protein L9-
A;60S 
ribosomal 
protein L9-B 

P05738 SLVDNM(ox)ITGVTK Sol. 1B, 
Sol. 2 

between -
1.5 and -

2.5 

1, 2 

Alcohol 
dehydrogenase 
1 

P00330 AM(ox)GYRVLGIDG
GEGK 

Sol. 2 -2.5 1 

Alcohol 
dehydrogenase 
1;Alcohol 
dehydrogenase 
2 

P00330 LPLVGGHEGAGVVV
GM(ox)GENVK 

Sol. 2 -2.0 2 

Alcohol 
dehydrogenase 
1;Alcohol 
dehydrogenase 
2 

P00330 LPLVGGHEGAGVVV
GMGENVK 

Sol. 2 -1.3 2 



 

287 

Enolase 2 P00925 GVMNAVNNVNNVI
AAAFVK 

Sol. 2 -1.3 1, 2 

Enolase 2 P00925 LGANAILGVSMAAA
RAAAAEK 

Sol. 2 <-2.0 2 

Enolase 2 P00925 TFAEAMRIGSEVYH
NLK 

Sol. 2 <-3.2 1 

Guanine 
nucleotide-
binding 
protein subunit  

P38011 DGEIM(ox)LWNLAA
K 

Sol. 2 -2.0 2 

Peptidyl-prolyl 
cis-trans 
isomerase 

P14832 GFGYAGSPFHRVIPD
FM(ox)LQGGDFTAG

NGTGGK 

Sol. 2 between -
1.8 and -

2.8 

1 

UTP--glucose-
1-phosphate 
uridylyltransfe
rase 

P32861 THSTYAFESNTNSVA
ASQMRNALNK 

Sol. 1B -3.0 1 

 
Table 37: Manassantin A iTRAQ-SPROX false-positive results (Chapter 6).  These 
peptides showed inconsistent ΔC1/2 values between the biological replicate experiments.  
The experiments in which the hits were discovered and the ΔC1/2 values observed are 
noted. 

Protein Name Accession 
Number 

Peptide Sequence Exp. ΔC1/2 (M) 

Spectrin alpha 
chain isoform 3 

IPI00843765 EKEQLMASDDFGR 1 + 0.8 

Fructose 
Bisphosphate 
aldolase a 

IPI00465439 FSHEEIAMATVTALRR 1 -0.5 

Peroxiredoxin 1 IPI00640741 ATAVMPDGQFKDISLSDYK 1 -0.5 
Asparagine 
Synthetase 

IPI00925572 LAVVDPLFGMQPIR 1/2 + 0.5, 
 -0.5 

Leucine proline 
enriched 
proteoglycan 

IPI00916562 ISQEIGNLMK 2 + 0.5 

Aspartate tRNA 
Ligase 

IPI00216951 EAGVEMGDEDDLSTPNEK 2 + 1 

Plastin-3 IPI00947227 AESMLQQADK 2 -0.5 
Phosphoglycerate IPI00169383 ALM(ox)DEVVK 4 + 1.1 
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Kinase 
Glyceraldehyde 3 
phosphate 
dehydrogenase 

IPI00219018 VVDLM(ox)AHM(OX)ASKE 4 + 0.5 

Myosin 9 IPI00019502 NTDQASM(ox)PDNTAAQK 4 -0.6 
Vinculin IPI00291175 AGEVINQPM(ox)M(ox)M(ox) 

AAR 
4 -0.6 

Vinculin IPI00291175 TISPM(ox)VM(ox)DAK 4 + 0.8 
Calmodulin IPI00075248 EADIDGDGQVNYEEFVQ 

M(ox)M(ox)TAK 
4 + 0.5 

 

Table 38: Non-hit peptides assayed from hit proteins in manassantin A iTRAQ-SPROX 
experiments (Chapter 6).  One peptide from each protein showed hit behavior in one of 
the four iTRAQ-SPROX experiments, but the same peptide was not assayed in a 
replicate experiment.  These peptides originate from the hit proteins, were assayed in at 
least one of the iTRAQ-SPROX experiments, but did not show ΔC1/2 shifts. 

Protein Name Accession 
Number 

Peptide Sequence Exp. 

Filamin A P21333 AGNNMLLVGVHGPR 1, 2 
Filamin A P21333 AYGPGIEPTGNM(OX)VK 1, 2, 4 
Filamin A P21333 AYGPGIEPTGNMVK 1, 2 
Filamin A P21333 FVPAEMGTHTVSVK 1 
Filamin A P21333 IPEISIQDM(OX)TAQVTSPSGK 2, 4 
Filamin A P21333 IPEISIQDMTAQVTSPSGK 2 
Filamin A P21333 LSPFM(OX)ADIR 2 
Filamin A P21333 LSPFMADIR 2 
Filamin A P21333 VTGDDSMR 2 
Filamin A P21333 VTYTPMAPGSYLISIK 1, 2 
Filamin A P21333 YAPSEAGLHEM(OX)DIR 2 
Filamin A P21333 YAPSEAGLHEMDIR 1, 2 
Filamin B O75369 AAGSGELGVTM(OX)K 1 
Filamin B O75369 AAGSGELGVTMK 1 
Filamin B O75369 ADIEM(OX)PFDPSK 1, 4 
Filamin B O75369 ADIEMPFDPSK 1 
Filamin B O75369 FVPQEMGVHTVSVK 1, 2 
Filamin B O75369 GIEPTGNM(OX)VK 1 
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Filamin B O75369 GIEPTGNMVK 1 
Filamin B O75369 IDIQM(OX)K 1 
Filamin B O75369 IDIQMK 1 
Filamin B O75369 IPEINSSDMSAHVTSPSGR 1 
Filamin B O75369 LTVMSLQESGLK 2 
Filamin B O75369 RLTVMSLQESGLK 1 
Filamin B O75369 SPFEVQVGPEAGM(OX)QK 1, 4 
Filamin B O75369 SPFEVQVGPEAGMQK 1 
Filamin B O75369 TFEM(OX)SDFIVDTR 1 
Filamin B O75369 TFEMSDFIVDTR 1 
Filamin B O75369 VMYTPMAPGNYLISVK 1, 2 
Filamin B O75369 VTEAEIVPM(OX)GK 1, 4 
Filamin B O75369 VTEAEIVPMGK 1 
Filamin B O75369 YAPTEVGLHEMHIK 1 
Filamin B O75369 YTPTQQGNM(OX)QVLVTYGGDPIPK 4 
Filamin B O75369 YTPTQQGNMQVLVTYGGDPIPK 1 
Plastin-2 P13796 MINLSVPDTIDER 1, 2 
Plastin-2 P13796 YAISMAR 2 
Pyruvate Kinase P14618 AEGSDVANAVLDGADCIM(OX)LSGETAK 2 
Pyruvate Kinase P14618 ITLDNAYM(OX)EK 1, 2 
Pyruvate Kinase P14618 ITLDNAYMEK 1 
Pyruvate Kinase P14618 RFDEILEASDGIMVAR 1 
Pyruvate Kinase P14618 SGMNVAR 3 
Pyruvate Kinase P14618 VNFAMNVGK 1 
Ribosomal Protein 
L14 

Q6IPH7 QAMPFK 1 
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Appendix B: Supplemental Figures 

 

 
Figure 51: Geldanamycin SILAC-PP gel from Exp. 2.  The [urea] sample that was loaded 
into each lane of the gel is indicated at the top.  The sections of the gel that were 
extracted and digested are noted, along with the corresponding molecular weight 
regions. 
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Figure 52: SILAC-PP data for Hsp90 peptides from Geld. Exp. 2.  The reported log2 
average L/H ratios are from 20 unique Hsp90 peptides identified in the 50-75 kDa region 
of the gel.  This data is indicative of a stabilization of hsp90 in the presence of 
geldananmycin. 

 

Figure 53: SILAC-PP global distribution of log2 L/H ratios for all peptides assayed in 
Geld. Exp. 2.  The distribution is centered at a log2 L/H Ratio of 0.3. 
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Figure 54: Gedunin SILAC-PP gel from Exp. 1.  The [urea] sample that was loaded into 
each lane of the gel is indicated at the top.  The sections of the gel that were extracted 
and digested are note with the corresponding molecular weights regions. 

 

Figure 55: Gedunin SILAC-PP gel from Exp. 2.  The [urea] sample that was loaded into 
each lane of the gel is indicated at the top. The regions of the gel that were extracted and 
digested are noted, along with the corresponding molecular weight regions.  
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Figure 56: Global distribution of log2 L/H ratios for all peptides assayed in SILAC-PP 
Gedunin Exp. 1.  The distribution is centered at a log2 L/H ratio of -0.25. 

 

Figure 57: Global distribution of log2 L/H ratios for all peptides assayed in SILAC-PP 
Gedunin Exp. 2.  The distribution is centered at a log2 L/H ratio of 0.25. 

 

 



 

294 

References 

1. Geer MA & Fitzgerald MC (2014) Energetics-based methods for protein folding 
and stability measurements. Annu Rev Anal Chem (Palo Alto Calif) 7:209-228. 

2. Wyman J & Gill SJ (1990) Binding and Linkage (University Science Books, Mill Valley, 

CA)  p p. 330. 

3. Pace CN (1986) Determination and analysis of urea and guanidine hydrochloride 
denaturation curves. Methods in enzymology 131:266-280. 

4. Greene RF & Pace CN (1974) UREA AND GUANIDINE-HYDROCHLORIDE 
DENATURATION OF RIBONUCLEASE, LYSOZYME, ALPHA-
CHYMOTRYPSIN, AND BETA-LACTOGLOBULIN. Journal of Biological 

Chemistry 249(17):5388-5393. 

5. Bai YW, Milne JS, Mayne L, & Englander SW (1994) Protein Stability Parameters 
Measured by Hydrogen-Exchange. Proteins: Structure, Function, and Genetics 
20(1):4-14. 

6. Jelesarov I & Bosshard HR (1999) Isothermal titration calorimetry and differential 
scanning calorimetry as complementary tools to investigate the energetics of 
biomolecular recognition. J Mol Recognit 12(1):3-18. 

7. Leavitt S & Freire E (2001) Direct measurement of protein binding energetics by 
isothermal titration calorimetry. Current Opinion in Structural Biology 11(5):560-
566. 

8. Tang L, Roulhac PL, & Fitzgerald MC (2007) H/D exchange and mass 
spectrometry-based method for biophysical analysis of multidomain proteins at 
the domain level. Analytical chemistry 79(22):8728-8739. 

9. Dearmond PD, Xu Y, Strickland EC, Daniels KG, & Fitzgerald MC (2011) 
Thermodynamic analysis of protein-ligand interactions in complex biological 
mixtures using a shotgun proteomics approach. Journal of proteome research 
10(11):4948-4958. 

10. Strickland EC, et al. (2013) Thermodynamic analysis of protein-ligand binding 
interactions in complex biological mixtures using the stability of proteins from 
rates of oxidation. Nature protocols 8(1):148-161. 



 

295 

11. West GM, et al. (2010) Quantitative proteomics approach for identifying protein-
drug interactions in complex mixtures using protein stability measurements. 
Proceedings of the National Academy of Sciences of the United States of America 
107(20):9078-9082. 

12. Schellman JA (1975) Macromolecular Binding. Biopolymers 14:999-1018. 

13. Waldron TT & Murphy KP (2003) Stabilization of proteins by ligand binding: 
application to drug screening and determination of unfolding energetics. 
Biochemistry 42(17):5058-5064. 

14. Ghaemmaghami S, Fitzgerald MC, & Oas TG (2000) A quantitative, high-
throughput screen for protein stability. Proceedings of the National Academy of 

Sciences of the United States of America 97(15):8296-8301. 

15. Frego L, Gautschi E, Martin L, & Davidson W (2006) The determination of high-
affinity protein/inhibitor binding constants by electrospray ionization 
hydrogen/deuterium exchange mass spectrometry. Rapid Commun Mass Sp 
20(16):2478-2482. 

16. Liyanage R, et al. (2009) Comparison of two ESI-MS based H/D exchange 
methods for extracting protein folding energies. International Journal of Mass 

Spectrometry 287(1-3):96-104. 

17. Powell KD & Fitzgerald MC (2001) Measurements of protein stability by H/D 
exchange and matrix-assisted laser desorption/ionization mass spectrometry 
using picomoles of material. Analytical chemistry 73(14):3300-3304. 

18. Powell KD, et al. (2003) The accuracy and precision of a new H/D exchange- and 
mass spectrometry-based technique for measuring the thermodynamic stability 
of proteins. Analytica Chimica Acta 496(1-2):225-232. 

19. Powell KD & Fitzgerald MC (2003) Accuracy and precision of a new H/D 
exchange- and mass spectrometry-based technique for measuring the 
thermodynamic properties of protein-peptide complexes. Biochemistry 
42(17):4962-4970. 

20. Dai SY, Gardner MW, & Fitzgerald MC (2005) Protocol for the thermodynamic 
analysis of some proteins using an H/D exchange- and mass spectrometry-based 
technique. Analytical chemistry 77(2):693-697. 



 

296 

21. Powell KD, Wales TE, & Fitzgerald MC (2002) Thermodynamic stability 
measurements on multimeric proteins using a new H/D exchange- and matrix-
assisted laser desorption/ionization (MALDI) mass spectrometry-based method. 
Protein Sci 11(4):841-851. 

22. Esswein ST, Florance HV, Baillie L, Lippens J, & Barran PE (2010) A comparison 
of mass spectrometry based hydrogen deuterium exchange methods for probing 
the cyclophilin A cyclosporin complex. Journal of Chromatography A 1217(43):6709-
6717. 

23. Wang MZ, et al. (2004) Thermodynamic analysis of cyclosporin A binding to 
cyclophilin A in a lung tumor tissue lysate. Analytical chemistry 76(15):4343-4348. 

24. Ma L & Fitzgerald MC (2003) A new H/D exchange- and mass spectrometry-
based method for thermodynamic analysis of protein-DNA interactions. Chem 

Biol 10(12):1205-1213. 

25. Tang L, et al. (2007) H/D exchange- and mass spectrometry-based strategy for the 
thermodynamic analysis of protein-ligand binding. Analytical chemistry 
79(15):5869-5877. 

26. Roulhac PL, et al. (2004) SUPREX (Stability of Unpurified Proteins from Rates of 
H/D Exchange) analysis of the thermodynamics of synergistic anion binding by 
ferric-binding protein (FbpA), a bacterial transferrin. Biochemistry 43(50):15767-
15774. 

27. Tong Y, Wuebbens MM, Rajagopalan KV, & Fitzgerald MC (2005) 
Thermodynamic analysis of subunit interactions in Escherichia coli 
molybdopterin synthase. Biochemistry 44(7):2595-2601. 

28. Williams JC, et al. (2007) Structural and thermodynamic characterization of a 
cytoplasmic dynein light chain-intermediate chain complex. in P Natl Acad Sci 

USA. 

29. Xu Y, Schmitt S, Tang LJ, Jakob U, & Fitzgerald MC (2010) Thermodynamic 
Analysis of a Molecular Chaperone Binding to Unfolded Protein Substrates. 
Biochemistry 49(6):1346-1353. 

30. Hopper ED, Pittman AMC, Fitzgerald MC, & Tucker CL (2008) In Vivo and in 
Vitro Examination of Stability of Primary Hyperoxaluria-associated Human 



 

297 

Alanine: Glyoxylate Aminotransferase. Journal of Biological Chemistry 
283(45):30493-30502. 

31. Frankel BA, Tong Y, Bentley ML, Fitzgerald MC, & McCafferty DG (2007) 
Mutational analysis of active site residues in the Staphylococcus aureus 
transpeptidase SrtA. Biochemistry 46(24):7269-7278. 

32. Reid CW, Brewer D, & Clarke AJ (2004) Substrate binding affinity of 
Pseudomonas aeruginosa membrane-bound lytic transglycosylase B by 
hydrogen-deuterium exchange MALDI MS. Biochemistry 43(35):11275-11282. 

33. Reid CW, Blackburn NT, & Clarke AJ (2006) Role of arginine residues in the 
active site of the membrane-bound lytic transglycosylase B from Pseudomonas 
aeruginosa. Biochemistry 45(7):2129-2138. 

34. Powell KD & Fitzgerald MC (2004) High-throughput screening assay for the 
tunable selection of protein ligands. Journal of Combinatorial Chemistry 6(2):262-
269. 

35. Hopper ED, Roulhac PL, Campa MJ, Patz EF, Jr., & Fitzgerald MC (2008) 
Throughput and efficiency of a mass spectrometry-based screening assay for 
protein-ligand binding detection. Journal of the American Society for Mass 

Spectrometry 19(9):1303-1311. 

36. Dearmond PD, et al. (2010) Discovery of novel cyclophilin A ligands using an 
H/D exchange- and mass spectrometry-based strategy. Journal of biomolecular 

screening 15(9):1051-1062. 

37. Roulhac PL, et al. (2008) Ex vivo analysis of synergistic anion binding to FbpA in 
Gram-negative bacteria. Biochemistry 47(14):4298-4305. 

38. Ghaemmaghami S & Oas TG (2001) Quantitative protein stability measurement 
in vivo. Nat Struct Biol 8(10):879-882. 

39. Reichmann D, et al. (2012) Order out of Disorder: Working Cycle of an 
Intrinsically Unfolded Chaperone. Cell 148(5):947-957. 

40. Tang LJ, et al. (2013) Conformational characterization of the charge variants of a 
human IgG1 monoclonal antibody using H/D exchange mass spectrometry. Mabs 
5(1):114-125. 



 

298 

41. Hopper ED, et al. (2009) Hydrogen/deuterium exchange- and protease digestion-
based screening assay for protein-ligand binding detection. Analytical chemistry 
81(16):6860-6867. 

42. Park C & Marqusee S (2005) Pulse proteolysis: a simple method for quantitative 
determination of protein stability and ligand binding. Nature methods 2(3):207-
212. 

43. Na YR & Park C (2009) Investigating protein unfolding kinetics by pulse 
proteolysis. Protein Science 18(2):268-276. 

44. Adhikari J & Fitzgerald MC (2014) SILAC-pulse proteolysis: A mass 
spectrometry-based method for discovery and cross-validation in proteome-wide 
studies of ligand binding. J Am Soc Mass Spectrom 25(12):2073-2083. 

45. Chiu J, Tillett D, & March PE (2006) Mutation Of PHE102 to Ser in the carboxyl 
terminal helix of Escherichia coli thioredoxin affects the stability and processivity 
of T7 DNA polymerase. Proteins-Structure Function and Bioinformatics 64(2):477-
485. 

46. Hnizda A, et al. (2010) Cross-Talk between the Catalytic Core and the Regulatory 
Domain in Cystathionine beta-Synthase: Study by Differential Covalent Labeling 
and Computational Modeling. Biochemistry 49(49):10526-10534. 

47. Hnizda A, et al. (2012) Conformational Properties of Nine Purified Cystathionine 
beta-Synthase Mutants. Biochemistry 51(23):4755-4763. 

48. Hnizda A, Jurga V, Rakova K, & Kozich V (2012) Cystathionine beta-synthase 
mutants exhibit changes in protein unfolding: conformational analysis of 
misfolded variants in crude cell extracts. J Inherit Metab Dis 35(3):469-477. 

49. Okada J, Koga Y, Takano K, & Kanaya S (2012) Slow Unfolding Pathway of 
Hyperthermophilic Tk-RNase H2 Examined by Pulse Proteolysis Using the 
Stable Protease Tk-Subtilisin. Biochemistry 51(45):9178-9191. 

50. Roychaudhuri R, Yang MF, Condron MM, & Teplow DB (2012) Structural 
Dynamics of the Amyloid beta-Protein Monomer Folding Nucleus. Biochemistry 
51(19):3957-3959. 



 

299 

51. Hanes MS, Ratcliff K, Marqusee S, & Handel TM (2010) Protein-protein binding 
affinities by pulse proteolysis: Application to TEM-1/BLIP protein complexes. 
Protein Science 19(10):1996-2000. 

52. Velkov T (2009) Thermodynamics of lipophilic drug binding to intestinal fatty 
acid binding protein and permeation across membranes. Molecular pharmaceutics 
6(2):557-570. 

53. Schlebach JP, Kim MS, Joh NH, Bowie JU, & Park C (2011) Probing Membrane 
Protein Unfolding with Pulse Proteolysis. Journal of molecular biology 406(4):545-
551. 

54. Chen GQ & Gouaux E (1999) Probing the folding and unfolding of wild-type and 
mutant forms of bacteriorhodopsin in micellar solutions: Evaluation of reversible 
unfolding conditions. Biochemistry 38(46):15380-15387. 

55. London E & Khorana HG (1982) Denaturation and Renaturation of 
Bacteriorhodopsin in Detergents and Lipid-Detergent Mixtures. Journal of 

Biological Chemistry 257(12):7003-7011. 

56. Kim MS, Song J, & Park C (2009) Determining protein stability in cell lysates by 
pulse proteolysis and Western blotting. Protein science : a publication of the Protein 

Society 18(5):1051-1059. 

57. Liu PF, Kihara D, & Park C (2011) Energetics-based discovery of protein-ligand 
interactions on a proteomic scale. Journal of molecular biology 408(1):147-162. 

58. Keseler IM, et al. (2005) EcoCyc: a comprehensive database resource for 
Escherichia coli. Nucleic acids research 33:D334-D337. 

59. Chang Y, Schlebach JP, VerHeul RA, & Park C (2012) Simplified proteomics 
approach to discover protein-ligand interactions. Protein Science 21(9):1280-1287. 

60. West GM, Tang L, & Fitzgerald MC (2008) Thermodynamic analysis of protein 
stability and ligand binding using a chemical modification- and mass 
spectrometry-based strategy. Analytical chemistry 80(11):4175-4185. 

61. West GM, et al. (2010) Mass spectrometry-based thermal shift assay for protein-
ligand binding analysis. Analytical chemistry 82(13):5573-5581. 



 

300 

62. Chen L, et al. (2004) High resolution crystal structure of human Rab9 GTPase: a 
novel antiviral drug target. The Journal of biological chemistry 279(38):40204-40208. 

63. DeArmond PD, West GM, Huang HT, & Fitzgerald MC (2011) Stable isotope 
labeling strategy for protein-ligand binding analysis in multi-component protein 
mixtures. Journal of the American Society for Mass Spectrometry 22(3):418-430. 

64. Strickland EC, Geer MA, Hong J, & Fitzgerald MC (2013) False-Positive Rate 
Determination of Protein Target Discovery using a Covalent Modification- and 
Mass Spectrometry-Based Proteomics Platform. J Am Soc Mass Spectrom. 

65. Shen M, et al. (2003) Isolation and isotope labeling of cysteine- and methionine-
containing tryptic peptides - Application to the study of cell surface proteolysis. 
Molecular & Cellular Proteomics 2(5):315-324. 

66. Tran DT, Banerjee S, Alayash AI, Crumbliss AL, & Fitzgerald MC (2012) Slow 
Histidine H/D Exchange Protocol for Thermodynamic Analysis of Protein 
Folding and Stability Using Mass Spectrometry. Analytical chemistry 84(3):1653-
1660. 

67. Miyagi M & Nakazawa T (2008) Determination of pKa values of individual 
histidine residues in proteins using mass spectrometry. Analytical chemistry 
80(17):6481-6487. 

68. Baud F & Karlin S (1999) Measures of residue density in protein structures. P 

Natl Acad Sci USA 96(22):12494-12499. 

69. Xu Y, Falk IN, Hallen MA, & Fitzgerald MC (2011) Mass spectrometry- and 
lysine amidination-based protocol for thermodynamic analysis of protein folding 
and ligand binding interactions. Analytical chemistry 83(9):3555-3562. 

70. Isom DG, Marguet PR, Oas TG, & Hellinga HW (2011) A miniaturized technique 
for assessing protein thermodynamics and function using fast determination of 
quantitative cysteine reactivity. Proteins-Structure Function and Bioinformatics 
79(4):1034-1047. 

71. Isom DG, Vardy E, Oas TG, & Hellinga HW (2010) Picomole-scale 
characterization of protein stability and function by quantitative cysteine 
reactivity. P Natl Acad Sci USA 107(11):4908-4913. 



 

301 

72. Xu Y, Strickland EC, & Fitzgerald MC (2014) Thermodynamic analysis of protein 
folding and stability using a tryptophan modification protocol. Analytical 

chemistry 86(14):7041-7048. 

73. Jafari R, et al. (2014) The cellular thermal shift assay for evaluating drug target 
interactions in cells. Nature protocols 9(9):2100-2122. 

74. Savitski MM, et al. (2014) Tracking cancer drugs in living cells by thermal 
profiling of the proteome. Science 346(6205):1255784. 

75. Yoshimura S, Gerondopoulos A, Linford A, Rigden DJ, & Barr FA (2010) Family-
wide characterization of the DENN domain Rab GDP-GTP exchange factors. 
Journal of Cell Biology 191(2):367-381. 

76. Strickland EC, et al. (2013) Thermodynamic analysis of protein-ligand binding 
interactions in complex biological mixtures using the stability of proteins from 
rates of oxidation. Nat Protoc 8(1):148-161. 

77. Hossain CF, et al. (2005) Saururus cernuus lignans - Potent small molecule 
inhibitors of hypoxia-inducible factor-1. Biochemical and Biophysical Research 

Communications 333(3):1026-1033. 

78. Kasper AC, et al. (2009) Analysis of HIF-1 inhibition by manassantin A and 
analogues with modified tetrahydrofuran configurations. Bioorg Med Chem Lett 
19(14):3783-3786. 

79. Kim H, et al. (2009) Nucleophilic Addition of Organozinc Reagents to 2-Sulfonyl 
Cyclic Ethers: Stereoselective Synthesis of Manassantins A and B. Org Lett 
11(1):89-92. 

80. Christoforou AL & Lilley KS (2012) Isobaric tagging approaches in quantitative 
proteomics: the ups and downs. Analytical and Bioanalytical Chemistry 404:1029-
1037. 

81. Morand K, Talbo G, & Mann M (1993) Oxidation of Peptides during 
Electrospray-Ionization. Rapid Communications in Mass Spectrometry 7(8):738-743. 

82. Horton LE, James P, Craig EA, & Hensold JO (2001) The yeast hsp70 homologue 
Ssa is required for translation and interacts with Sis1 and Pab1 on translating 
ribosomes. The Journal of biological chemistry 276(17):14426-14433. 



 

302 

83. Millson SH, et al. (2004) Investigating the protein-protein interactions of the yeast 
Hsp90 chaperone system by two-hybrid analysis: potential uses and limitations 
of this approach. Cell stress & chaperones 9(4):359-368. 

84. Wandinger SK, Richter K, & Buchner J (2008) The Hsp90 chaperone machinery. 
The Journal of biological chemistry 283(27):18473-18477. 

85. Ito T, et al. (2001) A comprehensive two-hybrid analysis to explore the yeast 
protein interactome. Proceedings of the National Academy of Sciences of the United 

States of America 98(8):4569-4574. 

86. Uetz P, et al. (2000) A comprehensive analysis of protein-protein interactions in 
Saccharomyces cerevisiae. Nature 403(6770):623-627. 

87. von Mering C, et al. (2002) Comparative assessment of large-scale data sets of 
protein-protein interactions. Nature 417(6887):399-403. 

88. Fields S & Song O (1989) A novel genetic system to detect protein-protein 
interactions. Nature 340(6230):245-246. 

89. Gavin AC, et al. (2002) Functional organization of the yeast proteome by 
systematic analysis of protein complexes. Nature 415(6868):141-147. 

90. Krogan NJ, et al. (2006) Global landscape of protein complexes in the yeast 
Saccharomyces cerevisiae. Nature 440(7084):637-643. 

91. Ho Y, et al. (2002) Systematic identification of protein complexes in 
Saccharomyces cerevisiae by mass spectrometry. Nature 415(6868):180-183. 

92. Zhu H, et al. (2001) Global analysis of protein activities using proteome chips. 
Science 293(5537):2101-2105. 

93. Tong AH, et al. (2001) Systematic genetic analysis with ordered arrays of yeast 
deletion mutants. Science 294(5550):2364-2368. 

94. Tong AH, et al. (2004) Global mapping of the yeast genetic interaction network. 
Science 303(5659):808-813. 

95. Bender A & Pringle JR (1991) Use of a screen for synthetic lethal and multicopy 
suppressee mutants to identify two new genes involved in morphogenesis in 
Saccharomyces cerevisiae. Molecular and cellular biology 11(3):1295-1305. 



 

303 

96. Collins SR, et al. (2007) Toward a comprehensive atlas of the physical interactome 
of Saccharomyces cerevisiae. Molecular & cellular proteomics : MCP 6(3):439-450. 

97. Gong Y, et al. (2009) An atlas of chaperone-protein interactions in Saccharomyces 
cerevisiae: implications to protein folding pathways in the cell. Molecular systems 

biology 5:275. 

98. Barwell CJ, Woodward B, & Brunt RV (1971) Regulation of pyruvate kinase by 
fructose 1,6-diphosphate in Saccharomyces cerevisiae. European journal of 

biochemistry / FEBS 18(1):59-64. 

99. Hitzeman RA, et al. (1982) The Primary Structure of the Saccharomyces-
Cerevisiae Gene for 3-Phosphoglycerate Kinase. Nucleic acids research 10(23):7791-
7808. 

100. Gelperin DM, et al. (2005) Biochemical and genetic analysis of the yeast proteome 
with a movable ORF collection. Genes & development 19(23):2816-2826. 

101. Wisniewski JR, Zougman A, Nagaraj N, & Mann M (2009) Universal sample 
preparation method for proteome analysis. Nature methods 6(5):359-362. 

102. Prodromou C, et al. (2000) The ATPase cycle of Hsp90 drives a molecular 'clamp' 
via transient dimerization of the N-terminal domains. The EMBO journal 
19(16):4383-4392. 

103. McClellan AJ, et al. (2007) Diverse cellular functions of the Hsp90 molecular 
chaperone uncovered using systems approaches. Cell 131(1):121-135. 

104. Deutscher D, Meilijson I, Kupiec M, & Ruppin E (2006) Multiple knockout 
analysis of genetic robustness in the yeast metabolic network. Nature genetics 
38(9):993-998. 

105. Zhao R, et al. (2005) Navigating the chaperone network: an integrative map of 
physical and genetic interactions mediated by the hsp90 chaperone. Cell 
120(5):715-727. 

106. Millson SH, et al. (2008) Chaperone ligand-discrimination by the TPR-domain 
protein Tah1. The Biochemical journal 413(2):261-268. 



 

304 

107. Eckert K, et al. (2010) The Pih1-Tah1 cochaperone complex inhibits Hsp90 
molecular chaperone ATPase activity. The Journal of biological chemistry 
285(41):31304-31312. 

108. Johnson JL, Halas A, & Flom G (2007) Nucleotide-dependent interaction of 
Saccharomyces cerevisiae Hsp90 with the cochaperone proteins Sti1, Cpr6, and 
Sba1. Molecular and cellular biology 27(2):768-776. 

109. Retzlaff M, et al. (2009) Hsp90 is regulated by a switch point in the C-terminal 
domain. EMBO reports 10(10):1147-1153. 

110. Minami Y, Kimura Y, Kawasaki H, Suzuki K, & Yahara I (1994) The carboxy-
terminal region of mammalian HSP90 is required for its dimerization and 
function in vivo. Molecular and cellular biology 14(2):1459-1464. 

111. Ali MM, et al. (2006) Crystal structure of an Hsp90-nucleotide-p23/Sba1 closed 
chaperone complex. Nature 440(7087):1013-1017. 

112. Karagoz GE, et al. (2011) N-terminal domain of human Hsp90 triggers binding to 
the cochaperone p23. Proceedings of the National Academy of Sciences of the United 

States of America 108(2):580-585. 

113. Wu X, et al. (2011) Insights regarding guanine nucleotide exchange from the 
structure of a DENN-domain protein complexed with its Rab GTPase substrate. 
Proceedings of the National Academy of Sciences of the United States of America 
108(46):18672-18677. 

114. Stebbins CE, et al. (1997) Crystal structure of an Hsp90-geldanamycin complex: 
targeting of a protein chaperone by an antitumor agent. Cell 89(2):239-250. 

115. Felts SJ, Karnitz LM, & Toft DO (2007) Functioning of the Hsp90 machine in 
chaperoning checkpoint kinase 1 (Chk1) and the progesterone receptor (PR). Cell 

stress & chaperones 12(4):353-363. 

116. Woo SH, et al. (2009) A Truncated Form of p23 Down-regulates Telomerase 
Activity via Disruption of Hsp90 Function. Journal of Biological Chemistry 
284(45):30871-30880. 

117. Kamal A, et al. (2003) A high-affinity conformation of Hsp90 confers tumor 
selectivity on Hsp90 inhibitors. Clinical Cancer Research 9(16):6126s-6126s. 



 

305 

118. Fukuyo Y, Hunt CR, & Horikoshi N (2010) Geldanamycin and its anti-cancer 
activities. Cancer letters 290(1):24-35. 

119. Onuoha SC, et al. (2007) Mechanistic studies on Hsp90 inhibition by ansamycin 
derivatives. Journal of molecular biology 372(2):287-297. 

120. Cardenas ME, et al. (1999) Antifungal activities of antineoplastic agents: 
Saccharomyces cerevisiae as a model system to study drug action. Clinical 

microbiology reviews 12(4):583-611. 

121. Cazal CM, et al. (2010) Evaluation of Effect of Triterpenes and Limonoids on Cell 
Growth, Cell Cycle and Apoptosis in Human Tumor Cell Lines. Anti-Cancer 

Agent Me 10(10):769-776. 

122. Whitesell L, Mimnaugh EG, De Costa B, Myers CE, & Neckers LM (1994) 
Inhibition of heat shock protein HSP90-pp60v-src heteroprotein complex 
formation by benzoquinone ansamycins: essential role for stress proteins in 
oncogenic transformation. Proceedings of the National Academy of Sciences of the 

United States of America 91(18):8324-8328. 

123. Patel K, et al. (2004) Engineered biosynthesis of geldanamycin analogs for Hsp90 
inhibition. Chem Biol 11(12):1625-1633. 

124. Brandt GEL, Schmidt MD, Prisinzano TE, & Blagg BSJ (2008) Gedunin, a Novel 
Hsp90 inhibitor: Semisynthesis of Derivatives and Preliminary Structure-Activity 
Relationships. Journal of medicinal chemistry 51(20):6495-6502. 

125. Patwardhan CA, et al. (2013) Gedunin Inactivates the Co-chaperone p23 Protein 
Causing Cancer Cell Death by Apoptosis. Journal of Biological Chemistry 
288(10):7313-7325. 

126. Franke J, Eichner S, Zeilinger C, & Kirschning A (2013) Targeting heat-shock-
protein 90 (Hsp90) by natural products: geldanamycin, a show case in cancer 
therapy. Natural product reports 30(10):1299-1323. 

127. Kamath SG, et al. (2009) Gedunin, a Novel Natural Substance, Inhibits Ovarian 
Cancer Cell Proliferation. Int J Gynecol Cancer 19(9):1564-1569. 

128. Roe SM, et al. (1999) Structural basis for inhibition of the Hsp90 molecular 
chaperone by the antitumor antibiotics radicicol and geldanamycin. Journal of 

medicinal chemistry 42(2):260-266. 



 

306 

129. Schulte TW & Neckers LM (1998) The benzoquinone ansamycin 17-allylamino-
17-demethoxygeldanamycin binds to HSP90 and shares important biologic 
activities with geldanamycin. Cancer Chemoth Pharm 42(4):273-279. 

130. Chiosis G, et al. (2001) A small molecule designed to bind to the adenine 
nucleotide pocket of Hsp90 causes Her2 degradation and the growth arrest and 
differentiation of breast cancer cells. Chemistry & Biology 8(3):289-299. 

131. Chiosis G, et al. (2003) 17AAG: Low target binding affinity and potent cell 
activity - Finding an explanation. Molecular cancer therapeutics 2(2):123-129. 

132. Gooljarsingh LT, et al. (2006) A biochemical rationale for the anticancer effects of 
Hsp90 inhibitors: Slow, tight binding inhibition by geldanamycin and its 
analogues. Proceedings of the National Academy of Sciences of the United States of 

America 103(20):7625-7630. 

133. Maroney AC, et al. (2006) Dihydroquinone ansamycins: Toward resolving the 
conflict between low in vitro affinity and high cellular potency of geldanamycin 
derivatives. Biochemistry 45(17):5678-5685. 

134. Shevchenko A, Tomas H, Havlis J, Olsen JV, & Mann M (2006) In-gel digestion 
for mass spectrometric characterization of proteins and proteomes. Nature 

protocols 1(6):2856-2860. 

135. Myers JK, Pace CN, & Scholtz JM (1995) Denaturant m values and heat capacity 
changes: relation to changes in accessible surface areas of protein unfolding. 
Protein science : a publication of the Protein Society 4(10):2138-2148. 

136. Kitson RR, et al. (2013) Synthesis of 19-substituted geldanamycins with altered 
conformations and their binding to heat shock protein Hsp90. Nature chemistry 
5(4):307-314. 

137. Lee CC, Lin TW, Ko TP, & Wang AH (2011) The hexameric structures of human 
heat shock protein 90. PloS one 6(5):e19961. 

138. Ghaemmaghami S, et al. (2003) Global analysis of protein expression in yeast. 
Nature 425(6959):737-741. 

139. McLaughlin SH, et al. (2006) The co-chaperone p23 arrests the Hsp90 ATPase 
cycle to trap client proteins. Journal of molecular biology 356(3):746-758. 



 

307 

140. Echtenkamp FJ, et al. (2011) Global Functional Map of the p23 Molecular 
Chaperone Reveals an Extensive Cellular Network. Molecular cell 43(2):229-241. 

141. Bzowska A, Kulikowska E, & Shugar D (2000) Purine nucleoside phosphorylases: 
properties, functions, and clinical aspects. Pharmacology & therapeutics 88(3):349-
425. 

142. Szklarczyk D, et al. (2015) STRING v10: protein-protein interaction networks, 
integrated over the tree of life. Nucleic acids research 43(D1):D447-D452. 

143. Hernandez MP, Sullivan WP, & Toft DO (2002) The assembly and intermolecular 
properties of the hsp70-Hop-hsp90 molecular chaperone complex. The Journal of 

biological chemistry 277(41):38294-38304. 

144. Yamamoto S, et al. (2014) ATPase activity and ATP-dependent conformational 
change in the co-chaperone HSP70/HSP90-organizing protein (HOP). The Journal 

of biological chemistry 289(14):9880-9886. 

145. Zhu XJ, et al. (2010) The L279P mutation of nuclear distribution gene C (NudC) 
influences its chaperone activity and lissencephaly protein 1 (LIS1) stability. The 

Journal of biological chemistry 285(39):29903-29910. 

146. Gano JJ & Simon JA (2010) A proteomic investigation of ligand-dependent HSP90 
complexes reveals CHORDC1 as a novel ADP-dependent HSP90-interacting 
protein. Molecular & cellular proteomics : MCP 9(2):255-270. 

147. Polanowska-Grabowska R, et al. (1997) Platelet adhesion to collagen under flow 
causes dissociation of a phosphoprotein complex of heat-shock proteins and 
protein phosphatase 1. Blood 90(4):1516-1526. 

148. Alder NN & Theg SM (2003) Energy use by biological protein transport 
pathways. Trends in biochemical sciences 28(8):442-451. 

149. Fawaz MV, Topper ME, & Firestine SM (2011) The ATP-grasp enzymes. 
Bioorganic chemistry 39(5-6):185-191. 

150. Palfrey HC & Pewitt EB (1993) The ATP and Mg2+ dependence of Na(+)-K(+)-
2Cl- cotransport reflects a requirement for protein phosphorylation: studies 
using calyculin A. Pflugers Archiv : European journal of physiology 425(3-4):321-328. 



 

308 

151. Buttgereit F & Brand MD (1995) A hierarchy of ATP-consuming processes in 
mammalian cells. The Biochemical journal 312 ( Pt 1):163-167. 

152. Clare DK & Saibil HR (2013) ATP-driven molecular chaperone machines. 
Biopolymers 99(11):846-859. 

153. Kubala M (2006) ATP-binding to P-type ATPases as revealed by biochemical, 
spectroscopic, and crystallographic experiments. Proteins 64(1):1-12. 

154. Balbo PB & Bohm A (2007) Mechanism of poly(A) polymerase: structure of the 
enzyme-MgATP-RNA ternary complex and kinetic analysis. Structure 15(9):1117-
1131. 

155. Cavarelli J, et al. (1994) The active site of yeast aspartyl-tRNA synthetase: 
structural and functional aspects of the aminoacylation reaction. The EMBO 

journal 13(2):327-337. 

156. Dautant A, Velours J, & Giraud MF (2010) Crystal structure of the Mg.ADP-
inhibited state of the yeast F1c10-ATP synthase. The Journal of biological chemistry 
285(38):29502-29510. 

157. Dupin AE & Fribourg S (2014) Structural basis for ATP loss by C1p1p in a G135R 
mutant protein. Biochimie 101C:203-207. 

158. Fenn S, et al. (2011) Structural biochemistry of nuclear actin-related proteins 4 
and 8 reveals their interaction with actin. The EMBO journal 30(11):2153-2166. 

159. Liu Q & Hendrickson WA (2007) Insights into Hsp70 chaperone activity from a 
crystal structure of the yeast Hsp110 Sse1. Cell 131(1):106-120. 

160. Liu X, Bushnell DA, Silva DA, Huang X, & Kornberg RD (2011) Initiation 
complex structure and promoter proofreading. Science 333(6042):633-637. 

161. Noble CG, Beuth B, & Taylor IA (2007) Structure of a nucleotide-bound Clp1-
Pcf11 polyadenylation factor. Nucleic acids research 35(1):87-99. 

162. Nolen B, et al. (2003) Nucleotide-induced conformational changes in the 
Saccharomyces cerevisiae SR protein kinase, Sky1p, revealed by X-ray 
crystallography. Biochemistry 42(32):9575-9585. 



 

309 

163. Otomo T, et al. (2005) Structural basis of actin filament nucleation and processive 
capping by a formin homology 2 domain. Nature 433(7025):488-494. 

164. Padyana AK, Qiu H, Roll-Mecak A, Hinnebusch AG, & Burley SK (2005) 
Structural basis for autoinhibition and mutational activation of eukaryotic 
initiation factor 2alpha protein kinase GCN2. The Journal of biological chemistry 
280(32):29289-29299. 

165. Polier S, Dragovic Z, Hartl FU, & Bracher A (2008) Structural basis for the 
cooperation of Hsp70 and Hsp110 chaperones in protein folding. Cell 133(6):1068-
1079. 

166. Robinson GC, et al. (2013) The structure of F(1)-ATPase from Saccharomyces 
cerevisiae inhibited by its regulatory protein IF(1). Open biology 3(2):120164. 

167. Schmidt H, Gleave ES, & Carter AP (2012) Insights into dynein motor domain 
function from a 3.3-A crystal structure. Nature structural & molecular biology 
19(5):492-497, S491. 

168. Ugochukwu E, Lovering AL, Mather OC, Young TW, & White SA (2007) The 
crystal structure of the cytosolic exopolyphosphatase from Saccharomyces 
cerevisiae reveals the basis for substrate specificity. Journal of molecular biology 
371(4):1007-1021. 

169. Vorobiev S, et al. (2003) The structure of nonvertebrate actin: implications for the 
ATP hydrolytic mechanism. Proceedings of the National Academy of Sciences of the 

United States of America 100(10):5760-5765. 

170. Watson HC, et al. (1982) Sequence and structure of yeast phosphoglycerate 
kinase. The EMBO journal 1(12):1635-1640. 

171. Westover KD, Bushnell DA, & Kornberg RD (2004) Structural basis of 
transcription: nucleotide selection by rotation in the RNA polymerase II active 
center. Cell 119(4):481-489. 

172. McAllister FE, et al. (2013) Mass spectrometry based method to increase 
throughput for kinome analyses using ATP probes. Analytical chemistry 
85(9):4666-4674. 



 

310 

173. Wolfe LM, et al. (2013) A chemical proteomics approach to profiling the ATP-
binding proteome of Mycobacterium tuberculosis. Molecular & cellular proteomics : 

MCP 12(6):1644-1660. 

174. Patricelli MP, et al. (2007) Functional interrogation of the kinome using 
nucleotide acyl phosphates. Biochemistry 46(2):350-358. 

175. Patricelli MP, et al. (2011) In situ kinase profiling reveals functionally relevant 
properties of native kinases. Chemistry & biology 18(6):699-710. 

176. Xiao Y, Guo L, Jiang X, & Wang Y (2013) Proteome-wide discovery and 
characterizations of nucleotide-binding proteins with affinity-labeled chemical 
probes. Analytical chemistry 85(6):3198-3206. 

177. Xiao Y, Guo L, & Wang Y (2013) Isotope-coded ATP probe for quantitative 
affinity profiling of ATP-binding proteins. Analytical chemistry 85(15):7478-7486. 

178. Adachi J, et al. (2014) Proteome-Wide Discovery of Unknown ATP-Binding 
Proteins and Kinase Inhibitor Target Proteins Using an ATP Probe. Journal of 

proteome research 13(12):5461-5470. 

179. Bradford MM (1976) A rapid and sensitive method for the quantitation of 
microgram quantities of protein utilizing the principle of protein-dye binding. 
Analytical biochemistry 72:248-254. 

180. Tomohiro T, Inoguchi H, Masuda S, & Hatanaka Y (2013) Affinity-based 
fluorogenic labeling of ATP-binding proteins with sequential photoactivatable 
cross-linkers. Bioorganic & medicinal chemistry letters 23(20):5605-5608. 

181. Mi HY, Muruganujan A, Casagrande JT, & Thomas PD (2013) Large-scale gene 
function analysis with the PANTHER classification system. Nature Protocols 
8(8):1551-1566. 

182. Saraste M, Sibbald PR, & Wittinghofer A (1990) The P-loop--a common motif in 
ATP- and GTP-binding proteins. Trends in biochemical sciences 15(11):430-434. 

183. Ohyama T, Takemura S, & Nishikawa K (1993) ATP and Mg2+ Ions Regulate Both 
Conformation and Aminoacylation Capacity of Transfer RNA. Journal of 

Advanced Science 5(2):39-42. 



 

311 

184. Ng SK & Hamilton IR (1975) Purification and regulatory properties of pyruvate 
kinase from Veillonella parvula. Journal of bacteriology 122(3):1274-1282. 

185. Seidler NW (2013) Dynamic oligomeric properties. Advances in experimental 

medicine and biology 985:207-247. 

186. Liu PF & Park C (2012) Selective stabilization of a partially unfolded protein by a 
metabolite. Journal of molecular biology 422(3):403-413. 

187. Gierasch LM (2002) Caught in the act: how ATP binding triggers cooperative 
conformational changes in a molecular machine. Molecular cell 9(1):3-5. 

188. Crowhurst GS, Dalby AR, Isupov MN, Campbell JW, & Littlechild JA (1999) 
Structure of a phosphoglycerate mutase:3-phosphoglyceric acid complex at 1.7 A. 
Acta crystallographica. Section D, Biological crystallography 55(Pt 11):1822-1826. 

189. White MF, Fothergill-Gilmore LA, Kelly SM, & Price NC (1993) Dissociation of 
the tetrameric phosphoglycerate mutase from yeast by a mutation in the subunit 
contact region. The Biochemical journal 295 ( Pt 3):743-748. 

190. Fothergill-Gilmore LA & Watson HC (1989) The phosphoglycerate mutases. 
Advances in enzymology and related areas of molecular biology 62:227-313. 

191. Jedrzejas MJ (2000) Structure, function, and evolution of phosphoglycerate 
mutases: comparison with fructose-2,6-bisphosphatase, acid phosphatase, and 
alkaline phosphatase. Progress in biophysics and molecular biology 73(2-4):263-287. 

192. Rigden DJ, Alexeev D, Phillips SEV, & Fothergill-Gilmore LA (1998) The 2.3 
angstrom X-ray crystal structure of S-cerevisiae phosphoglycerate mutase. 
Journal of molecular biology 276(2):449-459. 

193. Winn SI, Watson HC, Harkins RN, & Fothergill LA (1981) Structure and activity 
of phosphoglycerate mutase. Philosophical transactions of the Royal Society of 

London. Series B, Biological sciences 293(1063):121-130. 

194. Lu G, Dobritzsch D, Baumann S, Schneider G, & Konig S (2000) The structural 
basis of substrate activation in yeast pyruvate decarboxylase. A crystallographic 
and kinetic study. European journal of biochemistry / FEBS 267(3):861-868. 



 

312 

195. Muller YA, et al. (1993) A thiamin diphosphate binding fold revealed by 
comparison of the crystal structures of transketolase, pyruvate oxidase and 
pyruvate decarboxylase. Structure 1(2):95-103. 

196. Garcia-Gomez JJ, et al. (2014) Final pre-40S maturation depends on the functional 
integrity of the 60S subunit ribosomal protein L3. PLoS genetics 10(3):e1004205. 

197. Meskauskas A & Dinman JD (2007) Ribosomal protein L3: gatekeeper to the A 
site. Molecular cell 25(6):877-888. 

198. Song SY, et al. (2005) Neolignans from Saururus chinensis inhibit PC-3 prostate 
cancer cell growth via apoptosis and senescence-like mechanisms. International 

journal of molecular medicine 16(4):517-523. 

199. Semenza GL (1999) Regulation of mammalian O2 homeostasis by hypoxia-
inducible factor 1. Annual review of cell and developmental biology 15:551-578. 

200. Rao KV & Alvarez FM (1983) Manassantins a/B and Saucerneol - Novel 
Biologically-Active Lignoids from Saururus-Cernuus. Tetrahedron Letters 
24(45):4947-4950. 

201. Hossain CF, et al. (2005) Saururus cernuus lignans--potent small molecule 
inhibitors of hypoxia-inducible factor-1. Biochemical and biophysical research 

communications 333(3):1026-1033. 

202. Hwang BY, Lee JH, Nam JB, Hong YS, & Lee JJ (2003) Lignans from Saururus 
chinensis inhibiting the transcription factor NF-kappaB. Phytochemistry 64(3):765-
771. 

203. Lee JH, et al. (2003) Suppression of RelA/p65 transactivation activity by a lignoid 
manassantin isolated from Saururus chinensis. Biochemical pharmacology 
66(10):1925-1933. 

204. Quan Z, et al. (2010) Ethanol extracts of Saururus chinensis suppress ovalbumin-
sensitization airway inflammation. J Ethnopharmacol 132(1):143-149. 

205. Kim SJ, et al. (2011) Manassantin A Isolated from Saururus chinensis Inhibits 5-
Lipoxygenase-Dependent Leukotriene C-4 Generation by Blocking Mitogen-
Activated Protein Kinase Activation in Mast Cells. Biological & pharmaceutical 

bulletin 34(11):1769-1772. 



 

313 

206. Chang JS, et al. (2011) Manassantin A and B From Saururus chinensis Inhibit 
Interleukin-6-Induced Signal Transducer and Activator of Transcription 3 
Activation in Hep3B Cells. J Pharmacol Sci 115(1):84-88. 

207. Son KN, et al. (2005) Inhibition of NF-IL6 activity by manassantin B, a dilignan 
isolated from Saururus chinensis, in phorbol myristate acetate-stimulated U937 
promonocytic cells. Molecules and cells 20(1):105-111. 

208. Kim JY, et al. (2009) Inhibition of phenotypic and functional maturation of 
dendritic cells by manassantin a. J Pharmacol Sci 109(4):583-592. 

209. Seo CS, et al. (2009) Manassantin A and B from Saururus chinensis inhibiting 
cellular melanin production. Phytother Res 23(11):1531-1536. 

210. Lee HD, et al. (2011) Manassantin A inhibits cAMP-induced melanin production 
by down-regulating the gene expressions of MITF and tyrosinase in melanocytes. 
Exp Dermatol 20(9):761-763. 

211. Rho MC, et al. (2003) Inhibitory effects of manassantin A and B isolated from the 
roots of Saururus chinensis on PMA-induced ICAM-1 expression. Planta medica 
69(12):1147-1149. 

212. Kwon OE, et al. (2005) Manassantin A and B isolated from Saururus chinensis 
inhibit TNF-alpha-induced cell adhesion molecule expression of human 
umbilical vein endothelial cells. Archives of pharmacal research 28(1):55-60. 

213. Lee WS, et al. (2004) Human ACAT-1 and -2 inhibitory activities of saucerneol B, 
manassantin A and B isolated from Saururus chinensis. Bioorganic & medicinal 

chemistry letters 14(12):3109-3112. 

214. Lee YK, et al. (2009) Inhibition of DNA topoisomerases I and II and cytotoxicity 
by lignans from Saururus chinensis. Archives of pharmacal research 32(10):1409-
1415. 

215. Hahm JC, Lee IK, Kang WK, Kim SU, & Ahn YJ (2005) Cytotoxicity of neolignans 
identified in Saururus chinensis towards human cancer cell lines. Planta medica 
71(5):464-469. 

216. Kumar GK & Klein JB (2004) Analysis of expression and posttranslational 
modification of proteins during hypoxia. Journal of Applied Physiology 96(3):1178-
1186. 



 

314 

217. Fukuda R, et al. (2007) HIF-1 regulates cytochrome oxidase subunits to optimize 
efficiency of respiration in hypoxic cells. Cell 129(1):111-122. 

218. Bertout JA, Patel SA, & Simon MC (2008) The impact of O2 availability on human 
cancer. Nature reviews. Cancer 8(12):967-975. 

219. Krishnamachary B & Semenza GL (2007) Analysis of hypoxia-inducible factor 
1alpha expression and its effects on invasion and metastasis. Methods in 

enzymology 435:347-354. 

220. Semenza GL (2007) Evaluation of HIF-1 inhibitors as anticancer agents. Drug 

discovery today 12(19-20):853-859. 

221. Kamura T, et al. (2000) Activation of HIF1 alpha ubiquitination by a reconstituted 
von Hippel-Lindau (VHL) tumor suppressor complex. Proceedings of the National 

Academy of Sciences of the United States of America 97(19):10430-10435. 

222. Ivan M, et al. (2001) HIF alpha targeted for VHL-mediated destruction by proline 
hydroxylation: Implications for O-2 sensing. Science 292(5516):464-468. 

223. Jaakkola P, et al. (2001) Targeting of HIF-alpha to the von Hippel-Lindau 
ubiquitylation complex by O-2-regulated prolyl hydroxylation. Science 
292(5516):468-472. 

224. Ke QD & Costa M (2006) Hypoxia-inducible factor-1 (HIF-1). Molecular 

pharmacology 70(5):1469-1480. 

225. Chandel NS, et al. (2000) Reactive oxygen species generated at mitochondrial 
complex III stabilize hypoxia-inducible factor-1alpha during hypoxia: a 
mechanism of O2 sensing. The Journal of biological chemistry 275(33):25130-25138. 

226. Gao P, et al. (2007) HIF-dependent antitumorigenic effect of antioxidants in vivo. 
Cancer cell 12(3):230-238. 

227. Semenza GL (2013) HIF-1 mediates metabolic responses to intratumoral hypoxia 
and oncogenic mutations. The Journal of clinical investigation 123(9):3664-3671. 

228. Minet E, et al. (2000) ERK activation upon hypoxia: involvement in HIF-1 
activation. FEBS letters 468(1):53-58. 



 

315 

229. Michiels C, et al. (2001) HIF-1 and AP-1 cooperate to increase gene expression in 
hypoxia: role of MAP kinases. IUBMB life 52(1-2):49-53. 

230. Zhong H, et al. (2000) Modulation of hypoxia-inducible factor 1alpha expression 
by the epidermal growth factor/phosphatidylinositol 3-kinase/PTEN/AKT/FRAP 
pathway in human prostate cancer cells: implications for tumor angiogenesis and 
therapeutics. Cancer research 60(6):1541-1545. 

231. Laughner E, Taghavi P, Chiles K, Mahon PC, & Semenza GL (2001) HER2 (neu) 
signaling increases the rate of hypoxia-inducible factor 1alpha (HIF-1alpha) 
synthesis: novel mechanism for HIF-1-mediated vascular endothelial growth 
factor expression. Molecular and cellular biology 21(12):3995-4004. 

232. Harada H, et al. (2009) The Akt/mTOR pathway assures the synthesis of HIF-
1alpha protein in a glucose- and reoxygenation-dependent manner in irradiated 
tumors. The Journal of biological chemistry 284(8):5332-5342. 

233. Arsham AM, Plas DR, Thompson CB, & Simon MC (2004) Akt and hypoxia-
inducible factor-1 independently enhance tumor growth and angiogenesis. 
Cancer research 64(10):3500-3507. 

234. Liu YV, et al. (2007) RACK1 competes with HSP90 for binding to HIF-1alpha and 
is required for O(2)-independent and HSP90 inhibitor-induced degradation of 
HIF-1alpha. Molecular cell 25(2):207-217. 

235. Minet E, et al. (1999) Hypoxia-induced activation of HIF-1: role of HIF-1alpha-
Hsp90 interaction. FEBS letters 460(2):251-256. 

236. Barliya T, Mandel M, Livnat T, Weinberger D, & Lavie G (2011) Degradation of 
HIF-1alpha under hypoxia combined with induction of Hsp90 
polyubiquitination in cancer cells by hypericin: a unique cancer therapy. PloS one 
6(9):e22849. 

237. Zheng X, et al. (2014) Hypoxia-induced and calpain-dependent cleavage of 
filamin A regulates the hypoxic response. Proceedings of the National Academy of 

Sciences of the United States of America 111(7):2560-2565. 

238. Huang LE, Arany Z, Livingston DM, & Bunn HF (1996) Activation of hypoxia-
inducible transcription factor depends primarily upon redox-sensitive 
stabilization of its alpha subunit. The Journal of biological chemistry 271(50):32253-
32259. 



 

316 

239. Kasper AC, et al. (2009) Analysis of HIF-1 inhibition by manassantin A and 
analogues with modified tetrahydrofuran configurations. Bioorganic & medicinal 

chemistry letters 19(14):3783-3786. 

240. Blank M, Mandel M, Keisari Y, Meruelo D, & Lavie G (2003) Enhanced 
ubiquitinylation of heat shock protein 90 as a potential mechanism for mitotic 
cell death in cancer cells induced with hypericin. Cancer research 63(23):8241-8247. 

241. Mabjeesh NJ, et al. (2002) Geldanamycin induces degradation of hypoxia-
inducible factor 1alpha protein via the proteosome pathway in prostate cancer 
cells. Cancer research 62(9):2478-2482. 

242. Hagen T, Taylor CT, Lam F, & Moncada S (2003) Redistribution of intracellular 
oxygen in hypoxia by nitric oxide: effect on HIF1alpha. Science 302(5652):1975-
1978. 

243. Lai K, et al. (2012) Integrated Compound Profiling Screens Identify the 
Mitochondrial Electron Transport Chain as the Molecular Target of the Natural 
Products Manassantin, Sesquicillin, and Arctigenin. ACS chemical biology. 

244. Semenza GL (2003) Targeting HIF-1 for cancer therapy. Nature reviews. Cancer 
3(10):721-732. 

245. Majumder PK, et al. (2004) mTOR inhibition reverses Akt-dependent prostate 
intraepithelial neoplasia through regulation of apoptotic and HIF-1-dependent 
pathways. Nature medicine 10(6):594-601. 

246. Thomas GV, et al. (2006) Hypoxia-inducible factor determines sensitivity to 
inhibitors of mTOR in kidney cancer. Nature medicine 12(1):122-127. 

247. Zeng GZ, Pan XL, Tan NH, Xiong J, & Zhang YM (2006) Natural biflavones as 
novel inhibitors of cathepsin B and K. Eur J Med Chem 41(11):1247-1252. 

248. Wickramasinghe NS, Banerjee K, Nagaraj NS, Vigneswaran N, & Zacharias W 
(2005) Hypoxia alters cathepsin B / inhibitor profiles in oral carcinoma cell lines. 
Anticancer research 25(4):2841-2849. 

249. Wickramasinghe NS, Nagaraj NS, Vigneswaran N, & Zacharias W (2005) 
Cathepsin B promotes both motility and invasiveness of oral carcinoma cells. 
Archives of biochemistry and biophysics 436(1):187-195. 



 

317 

250. Im E, Venkatakrishnan A, & Kazlauskas A (2005) Cathepsin B regulates the 
intrinsic angiogenic threshold of endothelial cells. Molecular biology of the cell 
16(8):3488-3500. 

251. Yin Z, Henry EC, & Gasiewicz TA (2009) (-)-Epigallocatechin-3-gallate is a novel 
Hsp90 inhibitor. Biochemistry 48(2):336-345. 

252. Hsu KS & Kao HY (2013) Alpha-actinin 4 and tumorigenesis of breast cancer. 
Vitamins and hormones 93:323-351. 

253. Stevenson RP, Veltman D, & Machesky LM (2012) Actin-bundling proteins in 
cancer progression at a glance. Journal of cell science 125(Pt 5):1073-1079. 

254. Weidemann A, et al. (2013) HIF-1alpha activation results in actin cytoskeleton 
reorganization and modulation of Rac-1 signaling in endothelial cells. Cell 

communication and signaling : CCS 11:80. 

255. Lyberopoulou A, et al. (2013) MgcRacGAP, a cytoskeleton regulator, inhibits HIF-
1 transcriptional activity by blocking its dimerization. Biochimica et biophysica acta 
1833(6):1378-1387. 

256. Lyberopoulou A, et al. (2007) MgcRacGAP interacts with HIF-1alpha and 
regulates its transcriptional activity. Cellular physiology and biochemistry : 

international journal of experimental cellular physiology, biochemistry, and 

pharmacology 20(6):995-1006. 

 



 

318 

 Biography 

Michelle Ariel Geer Wallace was born on July 1, 1987 in Indianapolis, Indiana. 

She attended Indiana Wesleyan University from 2006-2010 and was a member of the 

John Wesley Honors College. She graduated magna cum laude from Indiana Wesleyan 

University in May 2010 with a B.S. in Biochemistry. She attended graduate school in the 

Chemistry Department at Duke University and worked in Professor Michael C. 

Fitzgerald’s lab from 2010-2015. M. Ariel Geer graduated from Duke University with a 

Ph.D. in Chemistry in May 2015. While attending Duke University, M. Ariel Geer was 

awarded the Pelham Wilder Fellowship for Undergraduate Teaching in 2013 for her 

work as a teaching assistant in the Analytical Chemistry Lab. She was a member of the 

Alpha Pi Chapter of Phi Lambda Upsilon from 2010-2014 and a member of the American 

Society for Mass Spectrometry from 2014-2015. 

 

 

 

 

 

 

 

 



 

319 

Publications: 

1. Geer MA, & Fitzgerald MC (2015) Identification of Novel Proteins in the 

Saccharomyces cerevisiae ATP-Interactome. Manuscript submitted to Biochemistry. 

2. Geer MA & Fitzgerald MC (2014) Energetics-based methods for protein folding 

and stability measurements. Annu Rev Anal Chem (Palo Alto Calif) 7:209-228. 

3. Strickland EC, Geer MA, Hong J, & Fitzgerald MC (2013) False-Positive Rate 

Determination of Protein Target Discovery using a Covalent Modification- and 

Mass Spectrometry-Based Proteomics Platform. J Am Soc Mass Spectrom. 

4. Strickland EC, Geer MA, et al. (2013) Thermodynamic analysis of protein-ligand 

binding interactions in complex biological mixtures using the stability of proteins 

from rates of oxidation. Nat Protoc 8(1):148-161. 

5. Melesse M, Choi E, Hall H, Walsh MJ, Geer, MA, & Hall MC (2014) Timely 

activation of budding yeast APCCdh1 involves degradation of its inhibitor, 

Acm1, by an unconventional proteolytic mechanism. PloS one 9(7):e103517. 


