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Abstract 
Biosensors incorporating proteins as molecular recognition elements for analytes 

are used in clinical diagnostics, as biological research tools, and to detect chemical 

threats and pollutants.  This work describes the application of protein engineering 

techniques to address three aspects in the design of protein-based biosensors; the 

transduction of binding into an observable, the manipulation of affinities, and the 

diversification of specificities.  The periplasmic glucose-binding protein from the 

hyperthermophile Thermotoga maritima (tmGBP) was fused with green fluorescent 

protein variants to construct a fluorescent ratiometric sensor that is sufficiently robust to 

detect glucose up to 67°C.  Ligand-binding affinities of tmGBP were changed by altering 

a C-terminal helical domain that tunes ligand binding affinity through conformational 

coupling effects.  This method was extended to the Escherichia coli arabinose-binding 

protein.  Computational design techniques were used to diversify the specificity of the E. 

coli maltose-binding protein (ecMBP) to bind ibuprofen, a non-steroidal anti-

inflammatory drug.  These designs ranged in affinity from 0.24 to 0.8 mM and function 

as reagentless fluorescent sensors.  The ligand affinities of ecMBP are tuned by complex 

interactions that control conformational coupling.  These experiments demonstrate that 

long-range conformational effects as well as molecular recognition interactions need to 

be considered in the design of high-affinity receptors.
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1. Introduction  
Proteins encode a remarkable diversity of biological functions.  One aspect of 

protein engineering is concerned with understanding the origins of this diversity, 

another with harnessing adaptive processes to engineer novel functions rationally.  Most 

protein engineering techniques fit under three headings: mutation by inspection, 

directed evolution, and structure-based computational methods.  In mutation by 

inspection, analysis of a known structure by visual inspection combined with 

knowledge of protein chemical principles [1] has enabled researchers to make mutations 

which have altered specificity, stability, and catalysis [2-5] and in doing so lent further 

insight into structure-function relationships.  Directed evolution is an experimentally 

simulated evolutionary random walk, using error-prone PCR [6] or other randomizing 

techniques to generate a collection of mutants which is then screened for changes in a 

desired property [7].  Mutagenesis may be further focused on a region [8] such as a 

binding site, active site, or oligomerization interface.  Computational protein design [9, 

10] introduces novel function through the direct consideration of protein structure, 

combining search algorithms to sample rotamer conformations and mathematical 

descriptions of critical interactions such as solvation, electrostatics, hydrogen bonding, 

and van der Waals interactions.  Elegant experiments based on modification and 
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characterization have lent insight into important properties of proteins such as catalysis 

[11], allostery [12], stability [13], and evolution [14]. 

My work focuses on the applying protein engineering techniques to design novel 

and modify existing fluorescent protein biosensors.  In addition to the covalent coupling 

of exogenous fluorophores to proteins, also explored are fusions of green fluorescent 

proteins and its variants to ligand-binding domains, pioneered by Roger Tsein, to 

engineer sensors which are completely genetically encoded.  The development of 

protein-based biosensors is a field where protein engineering has been harnessed to 

produce tools which have enabled researchers to probe for small molecules in vivo [15] 

and in vitro [16], advanced clinical diagnostic capabilities to improve healthcare [17], and 

have additionally helped to safeguard food [18] and national security [19].  Protein 

engineering is applied to virtually every aspect in the construction of protein biosensors, 

from the transduction of binding to observable properties, to the tuning of affinities, 

diversification of binding specificity (Figure 1), and integration of sensors into 

instrumentation.  The issues specifically addressed in this thesis are the transduction of 

binding to fluorescent signaling and the modulation of ligand affinity through design by 

inspection and the diversification of binding specificity through computational protein 

design, all within members of the bacterial periplasmic binding protein family. 
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Figure 1:  Concerns in engineering biosensors. 

 

1.1 Biosensors 

Biosensors capitalize on the specificity of biological recognition to provide tools 

for monitoring the presence small molecule components in complex mixtures [20].  Any 

sensor incorporating biological or bio-mimetic material as the detector element is 

considered a biosensor.  The range of biological materials utilized in sensing schemes 

includes whole cells [21], RNA [22], DNA[23], receptors [24], antibodies [25], enzymes 

[26, 27], and biomimetic materials such as imprinted polymers [28].   
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1.1.1 Protein Biosensors 

Proteins are among the most used molecular recognition elements in biosensing 

technologies [29].  This is due both to the diversity of ligands bound by proteins and the 

established body of knowledge pertaining to introducing transduction mechanisms to 

report binding through changes in observable properties.  The first commercially 

developed, most common, and medically important protein biosensors are glucose 

sensors based on glucose oxidase.   The first glucose sensor was for rough determination 

of glucose in urine, which has have been developed into the current blood glucose meter 

which has revolutionized the management of diabetes [30].  As great a success as the 

blood glucose sensor is, it is a sensing system which depletes reagents and requires a 

new sensor for each measurement.  Most enzyme-based sensors are dependent on the 

external replacement of reagents or deplete their analyte [31].  A reagentless, non-

depleting sensor would make continuous monitoring with a single sensor possible [32], 

and the use of more generic observable properties will permit sensors for different 

analytes to be exchanged while using the same instrumentation.  Selection of binding 

domains or inactivated enzymes [33] as ligand-recognition elements is a suitable starting 

point for the creation of reagentless, non-depleting sensors, and fluorescence as a 

signaling mechanism is suitably generic that common instrumentation may be used to 



 

 

5

query multiple sensors. 

1.1.2 Fluorescent Signaling 

Protein-based biosensors may be based on enzymes, enzymes with inactivated 

active sites, binding domains, and antibodies.  The means by which binding is 

transduced in these systems is diverse, and includes fluorescence [34], electrochemistry 

[35], surface plasmon resonance [36], or acoustic resonance [37], for example.  

Fluorescent signal transduction has been extensively used in biosensing [16, 38-40] and 

is the mechanism used in the work in this thesis.  A wide variety of fluorescent sensors 

have been developed as fluorescence enables noninvasive monitoring in vivo [41], is 

highly sensitive [42], and in the case of infrared fluorescence, may be used to make 

observations through 1-2 millimeters of tissue [43]. 

1.2 Bacterial PBPs 

The work in this thesis focuses specifically on the engineering of novel sensing 

function into bacterial periplasmic binding proteins (PBPs).  PBPs function as receptors 

for nutrient uptake and control of chemotactic responses in bacteria [44] and share a 

characteristic structure, two globular domains linked by a two- or three-stranded hinge 

region, with a ligand binding site at the domain interface [45].  Ligand binding is 

typically accompanied by a domain reorientation about the hinge, bringing the two 

domains together to envelop the ligand [46].  The ligands bound by PBPs are diverse, 



 

 

6

including carbohydrates [47], amino acids [48], ions [49], polyamines [50], and vitamins 

[51]. 

This fold appears in a number of proteins with high sequence diversity and 

therefore constitutes a protein superfamily.  Family members include enzymes [52], 

transcriptional repressors [53], and neurotransmitter receptors [54].  The fold is 

particularly well-adapted to evolve binding sites:  The residues forming the binding site 

in the closed form of the protein are positioned on the surface of the domains in the 

open form, which permits greater evolutionary plasticity [55] but upon binding-induced 

domain reorientation, the environment of the ligand is essentially that of the interior a 

protein [56]. 

1.2.1 Fluorescent sensing in PBPs 

The ligand-induced, hinge-bending motion of PBPs can be exploited to engineer 

reagentless biosensors [57].  In principle, any ligand-binding protein can be engineered 

to function as a sensor for its ligand provided sufficiently large ligand-induced changes 

to transduce binding into an observable.  The ligand-induced motion exhibited by 

periplasmic binding proteins is a property which has been repeatedly coupled to 

fluorescent [57-60] signal transduction mechanisms in multiple family members.  

Additionally, this ligand-induced motion has been exploited for electrochemical [61] 
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signaling, observation by SPR [62], and as an allosteric switch for enzyme activity 

through domain insertions [63]. 

A number of reagentless fluorescent biosensors have been engineered using 

PBPs [56] (Table 1).  The engineering of PBP-based sensors through the covalent 

attachment of fluorophores to the protein surface has produced sensors for a number of 

wild-type and designed ligands and the methodologies for the selection of appropriate 

attachment points for fluorophores to PBPs have been explored [34, 57] and have been 

shown to be generally extensible to new PBPs as they are discovered [64, 65].  The 

addition of robust PBPs from hyperthermophilic organisms extends the potential of 

these sensors outside of the laboratory, enabling biosensors to be engineered with 

desirable properties such as thermostability, reusability, stability upon immobilization, 

and tolerance of storage at or above room temperature [66].  Additionally, if a protein is 

to be fielded as a sensor, miniaturized, LED-based fluorescence instrumentation is 

available [67, 68]. 
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Table 1.  Fluorescent Sensors based on Periplasmic Binding Proteins 

Analyte Organism1 CAF2 GENA3 Thermophile4 References 
Maltose E. coli X X  [57, 60] 

Glucose E. coli,  
T. maritima X X X [58, 59, 69, 70] 

Ribose E. coli, 
T. maritima X X X [61, 71] 

Arabinose E. coli X   [34] 
Glutamine E. coli X   [34, 72, 73] 
Glutamate E. coli X X  [34, 74, 75] 
Histidine E. coli X   [34] 

Fe(III) E. coli X   [34] 
Ni(II) E. coli X   [76] 

Phosphate E. coli, 
Synechococcus X X  [16, 34, 77, 78] 

Sulfate E. coli X   [34, 79] 
Dipeptides E. coli X   [34] 

Sucrose E. coli  X  [80] 
Phosphonates E. coli X   [81] 

Autoinducer-II V. harveyi X X  [64, 82] 
 

 

The Aequorea victoria green fluorescent protein (GFP) [83] is an unparalleled tool 

for probing the inner workings of cells [39].  GFP is used for many purposes: as a 

reporter gene [84], for tracking the location of proteins through single fusions [85], to 

observe complex formation by tagging multiple proteins with fluorescent resonant 

energy transfer (FRET)-compatible wavelength-shifted fluorescent protein variants 

                                                      

1 Organisms from which PBPs are obtained 
2 Covalently Attached Fluorophore 
3 Genetically Encoded Nanosensor 
4 Sensor available based on a PBP from a hyperthermophilic organism 
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(FPVs) [86], and most recently, to spatiotemporally resolve small molecule 

concentrations through the multiple fusion of FRET-compatible FPVs to ligand binding 

domains (LBDs) [15].  These FPV-LBD fusions represent a new class of reagentless 

biosensor; a genetically-encoded nanosensor (GENA) which is assembled within a cell, 

and exhibits a change in fluorescence emission upon ligand binding.  The first example 

of such a GENA was the calmodulin-based intramolecular Ca2+ sensor [15], and the 

extension of this concept to the PBP family [87] has produced a number of PBP-based 

GENAs (Table 1).  GENAs represent powerful tools for elucidating in real time the 

concentration and movement of signaling intermediates and metabolites in living cells 

[88], and the diverse ligand specificity and ligand-induced conformational change of 

PBPs are of value in engineering GENAs. 

1.3 Engineering Signal Transduction 

Bioprospecting [89] and structural genomics [90] efforts have been increasing the 

rate at which proteins with novel properties and structures are discovered.  The 

availability of genomic information from hyperthermophilic organisms made possible 

the cloning and characterization of hyperthermophilic periplasmic binding proteins.  

Engineering of signaling mechanisms into these thermophilic proteins yields excellent, 

robust sensors [66].  For example, the glucose-binding protein from Thermotoga maritima 

(tmGBP) exhibits an ~800% signal increase with an IANBD fluorophore coupled to a 
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mutant cysteine at position 131 [65], a signal change which is readily apparent to the 

naked eye (Figure 2).  Continuing to explore new PBPs as they are discovered may 

reveal more proteins capable of signaling at this level, and with gene-writing 

technologies [91] coupled to in vitro transcription and translation [92], extensive cysteine 

scanning of existing proteins has become facile and will likely reveal signaling locations 

which provide this level of change in previously-characterized and new PBPs alike. 

 

Figure 2:  Left, glucose response of tmGBP S131C coupled to ABD-F and IANBD 
observed under ultraviolet (365nm) illumination.  Right, tmGBP with position 131 

indicated.  Molecular renderings generated with PyMol [93]. 

1.3.1 PBP-based Genetically Encoded Nanosensors 

Beyond exogenously-labeled PBPs, the fusion of GFP and wavelength-shifted 

GFP variants to proteins has proven produced a new method of visualizing cellular 

function.  The fusion of wavelength-shifted GFPs to periplasmic binding proteins has 

produced a family of sensors which provide the ability to spatiotemporally resolve 
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small-molecule concentrations in vivo (Table 1).  Protein engineering efforts have yielded 

a rainbow of wavelength-shifted fluorescent proteins [94], many of which are brighter 

[95] and fold and mature faster [96].  The first PBP-based GENAs were fusions of FRET-

compatible GFPs to the N- and C- terminals of a PBP [87].  The limitation imposed by 

the position of the N- and C-terminals is circumvented by the combination of an 

insertional fusion [97] of a fluorescent protein variant (FPV) with a terminally-fused FPV 

[74] (Figure 3). 

 

Figure 3:  PBP-based GENA connectivity.  Left, FPV fusions as terminal fusions to a 
PBP.  Right, one FPV as an internal fusion and one as a C-terminal fusion. 

To date, all PBP-based GENAs have been engineered primarily by design-by-

inspection, with sites for domain insertions (if used) being selected by examination of 

structures, combined with iterative variation of linker lengths to optimize signaling [98].  

PBPs are clearly excellent scaffolds from which to engineer GENAs, as many functional 

sensors have been created by double terminal fusions and the screening of relatively 

small numbers of single insertional fusions combined with single terminal fusions. 
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1.3.2 Hyperthermophile PBP-based GENAS 

Chapter 2 details the creation of a robust GENA for glucose based on tmGBP.  

tmGBP has previously been shown to be an exceptionally robust protein and an 

excellent sensor [65], and the GENA based on tmGBP retains thermostability, sensing 

glucose at elevated temperatures.  This stability indicates potential as a scaffold for the 

introduction of novel binding specificities by computational protein design, and that 

GENAs based on hyperthermophiles may be suitable as fieldable in vitro sensors.  

Additionally, the GFP insertional fusions all yielded mature fluorophore, potentially 

signifying that hyperthermophilic proteins are well-suited for domain insertion 

engineering strategies.   

1.3.3 Potential improvements to PBP-based GENAS 

Considering the successes in designing PBP GENAs by inspection, taking 

existing engineering strategies into new PBPs as they are discovered will likely be 

fruitful.  However, improvements may be made in the performance of GENAs by 

additional engineering.  Simple screening of different FPVs in existing GENAs has been 

shown to improve sensor performance [99].  The concept of circular permutation has 

enabled the attachment of fluorescent proteins to non-PBP proteins to enable fluorescent 

signaling [100], but has not yet been applied to PBP GENAs.  This approach may be 

explored to further diversify the position and orientation of FPV:PBP fusions, both 
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insertional and terminal.  Additionally, the autofluorescent nature of FPVs makes 

directed evolution a logical means by which to explore FPV:PBP fusion/connectivity 

strategies to potentially improve signaling.   

1.4 Diversification of binding specificity 

Natural diversity provides PBPs which bind a great variety of ligands.  Through 

bioprospecting [89] and structural genomics [90], the diversity of naturally-available 

ligand specificity in the PBP family is expanding, as illustrated by the recently solved 

structures of a periplasmic vitamin B12-binding protein [51] and choline/acetylcholine-

binding protein [101].  Nevertheless, natural diversity is not infinite, nor readily 

harvested; the ability to engineer a custom biosensor capable of detecting a novel 

analyte therefore is of paramount interest and may be addressed through protein 

engineering. 

1.4.1 Redesign of binding by mutation by inspection 

Mutation by inspection has proven useful in determining residues important to 

binding [102] and has even been used in the de novo design of structural elements [103, 

104].  Successes in diversifying specificity by mutation by inspection have been in the 

alteration of specific interactions within a binding pocket to change patterns of 

specificity for wild-type (or chemically similar to wild-type) ligands.  Mutations in 

Escherichia coli arabinose-binding protein (ecABP) [5, 105] and E. coli phosphonate-
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binding protein [106] have been able to adjust selectivity for one sugar over another or 

accommodate larger phosphonates, respectively.  Additionally, proteins with largely 

hydrophobic binding pockets have also been modified by inspection and mutation to 

accommodate or reject wild-type like ligands of different sizes [107, 108]. 

1.4.2 Redesign of binding by directed evolution 

Directed evolution can sample greater sequence space than design by inspection, 

and constraining mutagenesis to a binding pocket or utilizing DNA shuffling [109, 110] 

further increases the power of the technique.  These techniques have been particularly 

successful in the production of enzymes which have been evolved to be more 

compatible with industrial processes [111].  To fully sample the sequence space of a 

binding pocket consisting of 6 residues would require a collection of mutations with 206 

members.  This exceeds the number of transformants obtained in a highly efficient 

transformation into E coli by over 1000-fold [112].  A library this size may still be 

generated by PCR and such is addressable with in-vitro methods [113], but increasing 

the number of randomized residues to 12 would require over a kilogram of DNA 

assuming a perfectly diversified library of 1200 base-pair genes. 

Devising suitable selections, screens, or enrichments for small-molecule binding 

also complicates altering binding specificity with directed evolution.  In vivo, the 

insertional fusion of β-lactamase to E. coli maltose-binding protein (ecMBP), which 
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creates a maltose-dependant “switch” for β-lactamase activity, was used to direct the 

evolution of maltose-binding protein into a sucrose-binding protein [114].  Another 

example of an in vivo selection for small-molecule binding is a yeast two-hybrid 

approach based on nuclear hormone receptor ligand binding [115] which has been 

employed to diversify the binding specificity of the retinoic acid receptor [116].  In vitro 

enrichments and screens have been performed with surface-display techniques based on 

off-rate selection or binding of fluorescent ligands to evolve antibodies with altered 

affinities [117, 118].  Fully in vitro schemes which link genotype and phenotype outside 

of the cell such as mRNA [119] and ribosome display [120] have also been applied in the 

diversification of binding specificity [121, 122]. 

1.4.3 Redesign of binding by computational protein design 

Computational techniques for protein engineering have been progressing rapidly 

with the increasing quantity and quality of available protein structural information and 

the decreasing cost of computational resources [123].  Computational protein design 

(CPD) is a powerful approach which allows the rapid exploration of larger sequence 

space than possible with either mutation by inspection or directed evolution, while 

permitting energetic evaluation of the results [10, 124].   This approach has proven to be 

a powerful way to alter binding specificity [125, 126], introduce catalytic functionality 

[127-129], and even create a novel protein fold [130]. 
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Here we focus on the use of computational methods that alter binding specificity 

in proteins of known structure (“design scaffolds”).  Mutations are predicted in the layer 

of amino acids in the wild-type scaffold protein which provide a complementary surface 

to the ligand.  These mutations create a novel complementary surface with specificity for 

a novel ligand [126].  However, the number of possible combinations of mutations 

becomes intractable to evaluate (~206-2012) through combinatorial enumeration with 

even a severely reduced and computationally inexpensive potential function.  This is, of 

course, before taking into account sampling the potential conformations of the amino 

acids (rotamers) or potential ligand positions and conformations. 

1.4.4 Addressing combinatorial complexity 

Reduction of the amino acids which are considered in the calculation (reducing 

the amino acid alphabet) may be possible in some scenarios, and the use of rotamer 

libraries which contain fewer (but more energetically favored) amino acid conformations 

can also reduce the complexity of a calculation [9].  Restricting the placement of the new 

ligand to volume formerly occupied by the wild-type ligand and selection of 

appropriate ligand conformers continues to restrain complexity.  However, even with 

judicious filtering and sampling, the size of a design calculation can be staggering [131].  

Traversing this space can be done in either a stochastic or deterministic manner.   
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1.4.4.1 Stochastic approaches 

Examples of stochastic techniques include Monte Carlo approaches and genetic 

algorithms.  Monte Carlo approaches entail random perturbations to a random starting 

system, the results of each random perturbation being evaluated and either kept or 

discarded [132].  A wide variety of conditions may be applied to each move to avoid 

entrapment in local energetic minima and to attempt to ensure that the entire calculation 

space is adequately sampled.  Genetic algorithms are also essentially based on random 

moves, but permit recombination between sets, an in silico analogue to DNA shuffling 

approaches in directed evolution [133, 134].  Potential solutions are repeatedly 

recombined, mutated, and evaluated with the goal of sampling the lower-energy regions 

of the calculation space more densely than with a strictly Monte Carlo approach.  

Neither of these approaches are guaranteed to find the lowest-energy solution [135].  

1.4.4.2 Dead-end elimination 

The deterministic approach most commonly employed in protein design is the 

dead-end elimination algorithm, which was introduced by Desmet et. al. [136] and 

generalized by Looger and Hellinga [137] as used in the DEZYMER software package, 

which was used in the computational redesign work in this thesis.  Dead end 

elimination as employed for protein design operates by making pairwise comparisons 

between possible rotamers and, based on these comparisons, eliminating groups of 
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rotamers which are provably not part of the global minimum energy conformation 

(GMEC).  This technique is extremely powerful in its ability to reduce the amount of 

computational time required to address problems of enormous combinatorial 

complexity, but all of the energetic parameters which are to be considered must be 

pairwise decomposable.  Steric interactions [138], orientation-dependent hydrogen 

bonds [139], and solvation energies implied by hydrophobic exposure penalties [140] are 

readily captured in this manner, but electrostatic forces are more challenging to 

accurately represent [141, 142]. 

1.4.5 Ibuprofen-binding proteins based on E. coli MBP 

Chapter four describes the computational design of an ibuprofen-binding protein 

based on ecMBP.  Previous design in the PBPs has primarily used E. coli ribose-binding 

protein (ecRBP), E. coli glucose-binding protein (ecGBP), and ecABP as scaffold proteins 

[125, 126].  ecMBP was explored as a scaffold for the design of binding proteins for 

larger ligands.  Additionally, ibuprofen has several flexible torsions, and sampling of the 

potential ligand conformational diversity was included in the calculations.  The affinities 

of the designed ibuprofen binding protein were ~100-fold lower than the highest 

affinities previously obtained for other ligands using a similar computational process in 

other scaffolds.  These lower affinities may be explained by specific features of the 

scaffold which were not accounted for in the design process. 
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1.5 Tuning of affinity 

The biosensors for glucose based on PBPs generally have an affinity for glucose 

in the low-micromolar range.  The normal range of glucose concentrations in adult 

human serum is 4-6mM [143], concentrations which would saturate a biosensor with a 

wild-type affinity even in severely hypoglycemic patients.  To produce a sensor suitable 

for blood glucose monitoring, the affinity of the sensor must be adjusted to respond 

within this clinically-relevant range of glucose concentrations.  For the detection of 

chemical threats or pathogens, generally the highest achievable affinity will likely be 

desirable, but for in vitro assay of small molecules which are present at higher 

concentrations or in vivo monitoring of small molecules which are homeostatically 

regulated at high concentrations, this may not be the case.   

1.5.1 Tuning of affinity by modifications to the binding pocket. 

Tuning affinities by modifying the binding site is the most direct approach.  

Inspection of a structure can identify residues which participate in interactions, and 

these residues can be mutated to alter the ligand affinity of a binding protein.  This 

approach is extensible through alanine-scanning mutagenesis [102] to proteins for which 

only molecular models from design calculations [125] or no structural information at all 

is available.  Mutating a residue which participates in a clearly beneficial interaction, 

such as a hydrogen bond, will likely reduce affinity; introducing an affinity-increasing 
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feature into a wild-type binding pocket is possible [105] but is not as universally 

applicable as the introduction of affinity-reducing mutations.  It is important to note that 

any modifications to the ligand-complementary surface of a binding protein have the 

potential to alter patterns of specificity; for example, a proline to glycine mutation in 

ecABP is found to alter the arabinose/glucose specificity of the protein [5]. 

1.5.2 Tuning of affinity by directed evolution 

Directed evolution has proven effective in tuning the substrate-binding affinities 

of enzymes, both through modifications to ligand-binding sites and through mutations 

distant from the binding site that likely exert effects through modification of protein 

dynamics [144, 145].  Much as directed evolution has been used to modify the properties 

of an enzyme to render it more compatible with an industrial process, directed evolution 

could be used to modify PBP biosensors for a specific purpose provided a suitable 

selection or screen can be devised.    

1.5.3 Tuning of affinity through conformational equilibrium 

The hinge-bending motion of PBPs which has been exploited in the engineering 

of fluorescent signaling systems also provides a mechanism by which ligand affinity 

may be tuned.  Protein engineering experiments have identified a region opposite the 

hinge in ecMBP which makes contacts to both domains.  Mutations [146] and deletions 

[147] in this trans-hinge domain (THD) alter the apparent binding affinity of ecMBP for 
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its ligands.  Characterization of mutants which destabilize the open form of ecMBP [146] 

found that these mutants drive the conformation of the protein closer to the closed state 

and estimated the energetic cost of domain closure in ecMBP to be ~ 6.5kcal·mol-1 [148], 

which has been further confirmed by NMR studies which find that ecMBP in solution 

exists primarily in the open conformation [149].  This region therefore acts as an 

intramolecular allosteric effector domain (IAED), effecting the free energy of domain 

closure in the absence of ligand (ΔapoGO→C) which combined with the intrinsic free 

energy of ligand binding (ΔclosedGb) is observed as the apparent free energy of binding 

(ΔappGb). 

In chapter three, THDs in Escherichia coli arabinose-binding protein and tmGBP 

are identified and truncated to confirm that they act as IAEDs.  Additionally, a brief 

survey of PBPs identifies THDs in other PBPs and demonstrates that structures which 

affect conformational equilibrium may play a role in the evolutionary modulation of 

affinity in PBPs.  Identification of specific structures implicated in tuning affinity outside 

of the binding pocket will permit the engineering of altered-affinity binders by 

inspection, and may provide insights into ways high-affinity states may be specifically 

stabilized by CPD, analogous to computational stabilization of specific conformations of 

integrin [150].   
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1.6 Conclusions 

 When a ligand binds to a protein, properties of the protein change.  The 

engineering of a biosensor at its most basic entails coupling such binding events to a 

readily observable parameter.  The coupling of fluorescence emission intensity changes 

to binding in periplasmic binding proteins has proven to be reliable and extensible due 

in large part to a relatively large ligand-induced hinge bending motion.  I have extended 

the utility of GENAs by creating a novel robust glucose GENA in tmGBP by pursuing a 

combined insertional/terminal fusion strategy.  The robust and autofluorescent signaling 

properties of this protein may be of use in future efforts to diversify ligand affinity 

through either computational design or directed evolution. 

This same hinge-bending motion may also be exploited in some cases to 

modulate the apparent affinity of a PBP for its ligand without changing the binding 

pocket.  We have identified structural elements in PBPs which may be truncated or 

potentially engineered to modulate affinities.  These findings may be of use in efforts to 

tune the affinities of biosensors and may also provide insight into means by which 

evolution adapts proteins to provide the appropriate interface between the environment 

and biology. 

As PBPs with novel properties are discovered (particularly stability and affinity 

for new ligands) application of protein engineering to exploit them as sensors will 
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continue to generate useful research tools, and in seeking to improve these tools, we will 

continue to learn about relationships between allostery and binding, and uncover 

mechanisms by which binding is tuned through evolution. 

Of course, we are not limited to waiting for new proteins to be discovered to 

attempt to design sensors for ligands we may wish to detect.  Computational protein 

design provides a means by which the complex problem of generating a complementary 

surface to a novel ligand may be approached.  The question of what set of features must 

be captured and addressed in a design calculation is central, and as we have discovered, 

this set may vary from scaffold to scaffold.  It is entirely possible that computational 

design approaches may not yet be sufficiently sophisticated to fully recapture a wild-

type-like binding interaction with a novel ligand in some scaffolds; but the attempt 

elucidates what may need to be addressed in successive rounds of design or experiment. 
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2.  Design and Characterization of a Robust Genetically 
Encoded Nanosensor for Glucose 

2.1  Introduction 

This chapter describes the design of a robust sensor for glucose based on the 

insertional fusion of enhanced yellow fluorescent protein into Thermotoga maritima 

glucose-binding protein which is C-terminally truncated and fused to enhanced cyan 

fluorescent protein.  The resulting double-fusion protein exhibits a ratiometric change in 

fluorescence emission intensity upon glucose binding and senses glucose at 

temperatures up to 67°C.  This work has been submitted for publication. 

Detection of small molecules with high specificity and sensitivity has many 

applications in biomedical research, industry and defense [38, 151, 152].  Biosensors 

based on engineered proteins that transduce ligand-binding events into readily 

observable changes in the properties of reporter groups have emerged as adaptable, 

selective, and sensitive methods for detecting a broad range of analytes [153, 154].  Of 

particular interest are reagentless sensors that do not undergo a change in composition 

as a consequence of the detection events [155] and that can be completely encoded 

genetically [40].   Fluorescent genetically encoded nanosensors (GENAs) based on 

fusions between a ligand-binding domain (LBD) and green fluorescent protein (GFP) 

variants [39, 83] have been used for real-time, in vivo monitoring of a variety of ions [15, 

156, 157] and metabolites [75, 80, 158-160]. 
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2.1.1 Engineering GENAs 

Effective engineering of GENAs requires allosteric linkage between ligand-

induced rearrangements in an LBD and changes in fluorescent resonance energy transfer 

(FRET) between the GFP pair fused to it [15].  Separation between GFP partners in such 

fusion proteins typically falls well within their Förster distance and therefore precludes 

linkage of distance-dependent FRET effects to ligand-induced conformational changes.  

Instead, orientation-dependent effects are exploited [74], which require particularly tight 

structural coupling between fusion partners to transmit ligand-induced conformational 

changes to GFP motions.  Simple fusions of GFPs at the amino- and carboxy-termini of 

LBDs can be successful [74, 75, 80, 87, 160, 161].  Insertion of at least one partner into a 

surface loop of the LBD also can be effective, although the rules for identifying suitable 

insertion points remain unclear [74].  Here we present the construction of a robust 

GENA for glucose using an insertional fusion strategy applied to the thermostable 

Thermotoga maritima glucose binding protein (tmGBP).  

2.1.2  Thermotoga maritima Glucose-Binding Protein 

tmGBP is a member of a bacterial periplasmic binding protein (PBP) superfamily 

which has provided several LBD components for GENA engineering [162].  Despite the 

frequent use of PBPs as GENA components, to date only mesophilic PBPs have been 

used.  Previously we have shown that tmGBP can be engineered for robust, reagentless 

glucose sensing by covalent coupling of an exogenous fluorophore [65, 66].  The 
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structure of the PBP superfamily consists of two domains linked by a β–stranded hinge 

with a ligand-binding site located at their inter-domain interface [45].  These proteins 

undergo a ligand-induced hinge-bending motion that moves the two domains together 

to form a closed state.  This motion is readily exploited in members of this superfamily 

to link ligand binding to response of covalently attached reporter groups [24], or fused 

GFP partners [162, 163].  We find that an insertional fusion of eYFP to tmGBP, coupled 

with a terminally-fused eCFP yields a thermostable sensor for glucose. 

2.2  Results and Discussion 

 Two strategies have been developed to engineer tight coupling between 

ligand-induced conformational changes in PBPs and GFP motions.  The first strategy 

relies on fusions of GFP variants at the N- and C- termini respectively.  Tight coupling is 

achieved in such terminal fusions by identifying suitable joins in a collection of 

progressive truncations of both the LBD and the GFP variants [74, 75, 80, 98].  The 

second strategy explores pairing of a single terminal fusion with an insertional fusion 

[97, 164] introduced into a surface loop position [74].  Here we use this insertional 

strategy to convert tmGBP into a robust GENA for glucose. 
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Figure 4:  Structural comparison of ecGBP, ecRBP, and tmGBP.  Left, overlaid ribbon 
representations of ecRBP (blue), ecGBP (yellow), and tmRBP (red).  Right, detail of Ω-

loop in tmGBP.  Molecular renderings generated with PyMol [93]. 

2.2.1  Construction of eYFP insertional fusions. 

We explored both conserved and non-conserved loops [44, 165, 166] in which to 

insert eYFP.  tmGBP is structurally homologous to E. coli glucose-binding protein 

(ecGBP) and E. coli ribose-binding protein, but has a large Ω loop [167] inserted between 

positions 264 and 279 of the last C-terminal β-strand (Figure 4) [65].  Two types of 

insertions were made:  simple insertions in which eYFP was placed directly between two 

residues in tmGBP with or without additional linkers, and replacements in which short 

loop segments of various length were replaced with eYFP.  In total, 15 insertions were 

constructed (Table 2, Figure 5).   
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Figure 5:  Insertional fusions to tmGBP.  Numbers identify fusion constructs in Table 
2.  Red, simple insertions, blue, segment replacements (numbers duplicated to 
indicating segment ends).  Molecular renderings generated with PyMol [93]. 

Five fusions (four simple insertions and one replacement) were constructed at non-

conserved positions (2, 5, 7, 8, and 14; Table 2).  Ten fusions (three simple insertions and 

seven replacements) were constructed at conserved positions (1, 3, 4, 9, 10, 11, 12, 13, 15, 

and 16).  Insertions 2 and 7 are analogous to fusions constructed in ecGBP [74]. 

As an initial in vivo screen we checked for fluorescence of Escherichia coli BL21 

colonies transformed with the fusion constructs cloned into the pET21a expression 

vector grown on 2xYT plates supplemented with the inducer IPTG.  The clones of all 15 

constructs were fluorescent indicating that tmGBP tolerates GFP insertions and that the 

inserted protein retains its fluorescence properties. 
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Figure 6:  eCFP fusions to tmGBP.  Top, C-terminally truncated eCFP is fused to the 
N-terminal of tmGBP.  Bottom, N-terminally truncated eCFP is fused to C-terminally 

truncated tmGBP. 

2.2.2  Construction of eCFP terminal fusions. 

Construction of terminal fusions typically requires careful optimization of the 

fusion points between the PBP and a GFP variant.  The most effective fusions consist of 

deletions that remove part of the termini of either GFP [168] or the PBP [74, 75, 80, 87, 

98].  The N- and C- termini of GFP or PBPs are usually located close to the main 

structure of the protein.  Consequently, fusion points constructed out of terminal 

deletions bring the GFP and PBP into close proximity, thereby increasing the likelihood 

of forming a tight structural coupling between them.  We only tested two fusions to the 

N- and C-termini of tmGBP, respectively (Figure 6):  a C-terminally truncated GFP 

(Figure 7, right) was fused at the N-terminus of full-length tmGBP; an N-terminally 

truncated GFP (Figure 7, right) was fused to a C-terminal truncation of tmGBP (Figure 7, 

left).  Both fusion proteins are fluorescent. 
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Figure 7:  Positions of fusion junctions in tmGBP and eCFP.  Left, position of C-
terminal truncation (arrow) at which eCFP is fused (deleted portion shown in light 
gray).  Right, truncations of eCFP used in N- or C-terminal fusions to tmGBP (blue 

arrow, N-terminal truncation, red arrow, C-terminal truncation, grey, deleted 
fragment).  Molecular renderings generated with PyMol [93]. 

2.2.3  Doubly-fused Constructs. 

Thirty full-length doubly fused GENAs were constructed by combining each of 

the 15 eYFP insertional fusions with an N- or C-terminal fusion, respectively (Table 2).  

In these constructs, the N- or C-terminally fused eCFP functions as the FRET donor, and 

the eYFP insertional fusion as the acceptor.  In all cases each individual fusion partner is 

fluorescent, but not all fusions displayed appreciable FRET between the partners 

(defined by a clearly discernable eYFP emission peak in a fluorescence emission 

spectrum).  Nine out of fifteen insertions exhibit FRET between eYFP and the N- or C-

terminally fused eCFP.  Only four insertional fusions exhibit FRET with both an N- or C-

terminal donor.  In four of the five insertions for which only one of the two terminal 

fusions is functional, the functional donor eCFP is placed at the tmGBP N-terminus.  

Variation in distance does not account for pairs that exhibit FRET and those that do not.  
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In cases where no appreciable FRET is exhibited, it is therefore possible that the dipoles 

of the fluorophores in the two partner proteins are oriented close to 90°, precluding 

resonance transfer [42]. 

2.2.4  Response to glucose of tmGBP GENA constructs. 

The fluorescence change in response to glucose was determined in vitro for the 

two single terminal fusions, the fifteen single insertional fusions, and all thirty double 

fusions using purified proteins.   None of the single fusions (either terminal or 

insertional) exhibit appreciable (<2%, (Isat-Iapo)/Iapo) glucose-dependent change in 

fluorescent emission intensity (data not shown).  Although most full-length double 

fusions show some response above 2% (Table 2), those that exhibit appreciable changes 

in both eYFP and eCFP emissions are of particular interest, as they present clear 

evidence for a change in FRET and enable fluorescence intensity changes to be 

quantified ratiometrically [42], a desirable feature for a sensor [169, 170].  Some double 

fusions exhibit intensity changes in response to glucose in the absence of a clearly 

identifiable eYFP emission peak, suggesting that there is a weak FRET effect. 

The largest ratiometric response was shown by a simple insertion (construct 2) 

between residues 11 and 12 combined with a C-terminal fusion.  In this insertion the 

eYFP is positioned at the edge of the ligand-binding site (Figure 5) – a location that is 

termed “peristeric” for covalently attached fluorophores [34].  This construct (yG2-C) 

was characterized in more detail. 
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Table 2:  Glucose-dependent fluorescence responses of fusion constructs at 25°C 

Insertion 
Point 

Type1 Junction 
Residues2 

N-terminally fused eCFP C-terminally fused eCFP 
ΔI4763 ΔI5144 ΔR5 ΔI4763 ΔI5144 ΔR5 

1 R 274-277 -9.6 -8 -1.4 -5.5 no peak6 - 
2 I 11-12 -2.3 no peak6 - 3 -8 12.1 
3 R 260-283 -1.3 -1.2 ~0 -2.4 no peak6 - 
4 R 255-265 -5.4 -5.2 0.1 -5.3 -3.1 -2.0 
5 R 255-258 -1.9 -2.6 0.5 -2.2 <1 -1.3 
7 I 30-31 -2.4 -1.8 -0.5 -4.6 -2.8 -2.1 
8 I 256-257 -1 -1.8 0.2 -2.6 no peak6 - 
9 I 275-276 -4.7 no peak6 - -2.2 no peak6 - 
10 R 269-272 -4.2 no peak6 - -2.9 no peak6 - 
11 R 270-273 -3.8 no peak6 - -1.8 no peak6 - 
12 I 271-272 -6.1 no peak6 - -2.3 no peak6 - 
13 R 255-280 -2.5 -1.4 1.0 -4.5 no peak6 - 
14 I 255-256 -2.8 -1.8 0.8 -2.9 -1.3 -2.1 
15 R 264-267 -3.3 no peak6 - -5.3 no peak6 - 
16 I 265-266 -3.1 no peak6 - -3.8 no peak6 - 

 

2.2.5  Glucose titrations of yG2-C. 

Binding of glucose to yG2-C was followed in titrations by observing the change 

in fluorescence emission spectra.  The ratiometric change in ecYFP and eCFP emissions 

upon addition of glucose at 37°C were fit to a single-site binding isotherm from which a 

                                                      

1 I, simple insertion; R, replacement of a segment 
2 First residue indicates position in tmGBP at which linker to N-terminal of eYFP starts, second residue 
indicates position at which linker from C-terminal of eYFP ends. 
3 ΔI476 = (I476sat - I476apo) / I476apo – percent change in fluorescence emission intensity of eCFP upon addition of 
glucose to 3mM (λex=437nm)  
4 ΔI514 = (I514sat – I514apo) / I514apo – Percent change in fluorescence emission intensity of eCFP upon addition of 
glucose to 3mM (λex=437nm)  
5 ΔR = [ (I476sat / I514sat) - (I476apo / I514apo) ] / (I476sat / I514sat) – Percent change in ratio of eCFP/eYFP emission 
intensities upon addition of glucose to 3mM (λex=437nm)  
6 No observed eYFP peak in fluorescence emission intensity spectrum. 
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dissociation constant of 5.4 ± 0.12 μM was derived (Figure 8, left).  This Kd value is 

consistent with previously determined values determined using covalently attached 

fluorophores [65].  The sensitivity of ratiometric response and glucose affinities to 

sodium chloride was determined over a 0-200mM concentration interval (Figure 8, 

right), because eYFP is known to respond to halide ions [157].  As expected, the eYFP 

emission is strongly quenched by chloride ions, leading to a decrease in maximum ratio 

change at 37°C from 29% in the absence of NaCl to 13% at 200mM NaCl.  Glucose 

affinities show negligible salt dependence, varying from 4.3 ± 0.48 μM in the absence of 

NaCl to 4.9 ± 0.46 μM in 200mM NaCl at 37°C.  The yG2-C construct is therefore an 

effective glucose sensor over a range of concentrations of NaCl including physiological 

levels [171]. 

 

Figure 8:  Glucose-binding properties of the yG2-C double fusion protein.  Left, 
fluorescence emission spectra (λex = 437nm) of a titration series determined at 37°C.  

Inset, fit of a single-site binding isotherm to the ratio of fluorescence intensities 
integrated for regions a and b.  Right, NaCl concentration dependence of glucose 

affinity (left ordinate) and maximal ratiometric fluorescence intensity change (ΔRmax, 
right ordinate).  Indicated errors are the result of at least three separate measurements. 
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2.2.6  Thermostability of yG2-C. 

Wild-type tmGBP is very thermostable with midpoint thermal denaturation  (Tm) 

values of ~120 °C and ~145 °C in the absence and presence of 1mM glucose respectively 

[65].  GFP has a Tm value of >70 °C [172].  In the absence of chemical denaturant, no 

evidence of thermal denaturation of yG2-C was observed as evidenced by a lack of 

change in the circular dichroism (CD) signal observed at 222 nm up to 90°C (data not 

shown), indicating that the tmGBP component of yG2-C retains considerable 

thermostability (at 222nm contributions to the CD signal are dominated by the α/β 

tmGBP and not the GFP β-barrel). 

 

Figure 9:  Temperature dependence of yG2-C glucose binding and fluorescence 
emission.  Left, temperature dependence of glucose affinity (left ordinate) and 

maximal ratiometric fluorescence intensity change (ΔRmax, right ordinate).  Right, 
temperature dependence of the fluorescence intensity emission spectrum of yG2-C in 

the absence of glucose (λex = 437nm).  Indicated errors are the result of at least three 
separate measurements. 
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2.2.6.1  Temperature dependence of glucose binding. 

The yG2-C fluorescence response to and affinities for glucose were assessed at 

different temperatures.  Although fluorescence of eCFP and eYFP diminishes with 

increasing temperature as expected [83], FRET between the two partners and glucose 

responses are retained, indicating that the GENA structural relationships are maintained 

at elevated temperatures, enabling glucose titrations to be observed up to 67°C albeit 

with increasing error (Figure 9, left) due to the decrease in observable signal (Figure 9, 

right).  The glucose Kd values increase from 1.9 ± 0.06 μM at 25°C to 20 ± 4 μM at 67°C 

(Figure 9, left), consistent with previously observed temperature-dependent binding 

behavior of  tmGBP [65].  The magnitude of the glucose-dependent fluorescence ratio 

increases with temperature (Figure 9, left), nearly doubling between 25°C (15%) and 

37°C (26%) and increasing to 63% at 73°C.  Binding is still observable at 73°C but the 

absolute fluorescence emission intensity diminishes sufficiently beyond ~70°C (Figure 9, 

right) to make determinations of Kd unreliable despite an increase in the ratiometric 

change. 

2.3  Conclusions 

We have used a thermophilic glucose binding protein T. maritima to construct a 

robust, glucose responsive GENA by applying an insertional fusion strategy in which 

eYFP was placed within a loop in close proximity to the ligand-binding site in 

combination with an eCFP fusion to a truncation of the C-terminus.  This double-fusion 
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protein has a similar affinity for glucose (Kd = 5.4μM at 37°C) as the truncated parent, 

exhibits a readily-detectable ratiometric signal at 37°C (ΔRmax= 22%), and is stable in the 

25-67 °C range.  It is therefore likely to be a suitable reagent for use in in vivo monitoring 

of glucose levels.  Additionally, the thermostability has potential utility in process 

engineering [173]. 

To date, several GENAs have been engineered that exploit the ligand-dependent 

conformational changes in the PBP superfamily to link ligand binding to changes in 

FRET between two fused GFP reporters [75, 163].  It has been suggested that rigid 

structural linkage at the junctions between the PBP and its GFP partners is essential for 

the transmission of the ligand-mediated hinge-bending motions in the PBP to changes in 

the relative orientation of the GFP reporters [74].  It may be possible to construct second-

generation GENAs that exhibit larger glucose-dependent changes in fluorescence by 

exploring different C-terminal fusions, or by replacing the terminal fusion with a second 

insertional fusion. 

2.4  Materials and Methods 

2.4.1  Construction of insertional and terminal fusions between 
tmGBP and GFP. 

Insertional fusions were constructed by cloning a DNA fragment with NheI-

digested termini encoding full-length eYFP with mutant tmGBP genes that have NheI 

sites at the selected insertional fusion locations.  The NheI recognition site codes for the 

Ala-Ser dipeptide and was placed in-frame with the eYFP and tmGBP reading frame.  
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For simple insertions, a single NheI site was used; for replacements the replaced region 

was flanked by two sites.  Protein fabrication automation [91] was used to construct the 

tmGBP and eYFP mutants. 

Two pET21a derivatives containing an eCFP gene variant that minimized direct 

repeats with the eYFP variant and encoded (near) optimal codon usage for protein 

expression in E. coli [174] were used to construct the terminal fusions.  To construct 

eCFP::tmGBP/eYFP fusions, the tmGBP/eYFP insertional fusions was cloned into BamHI 

and XhoI sites at the 3’ end of the eCFP gene; tmGBP/eYFP::eCFP fusions used EcoRI and 

XhoI sites at the 5’ end of the eCFP gene.   

Recombinants were transformed into BL21DE3-pLysS and plated on 2XYT 

agarose plates supplemented with 50μg/mL ampicillin and 0.15mM IPTG, incubated at 

37 °C for 12 hrs, followed by a further 12hr incubation at 4 °C to allow chromophore 

maturation.  Fluorescent colonies of single eYFP inserts prior to recloning into eCFP 

double-fusion vector were identified with a DarkReader transilluminator (Model DR-

45M, Clare Chemical research).  Double fusions recombinants were identified by PCR of 

purified plasmid DNA.  The sequence of selected recombinants was verified by DNA 

sequencing.  

2.4.2  Protein expression and purification. 

Fusion proteins were produced by overexpression in BL21/DE3-pLysS.  Cells 

were grown in HyperBroth (AthenaES) shaken at 37°C to OD600=0.6, shifted to a 



 

38 

stationary ice bath for 20 min., induced with 1mM IPTG, and grown for a further 12 hrs. 

with shaking at 22°C, harvested by centrifugation, and lysed by sonication.  Protein was 

purified from the cleared lysate by immobilized metal ion chromatography [175] using a 

stepped-gradient elution method by loading in buffer (20 mM MOPS, 500mM NaCl, pH 

6.8) supplemented with 10 mM imidazole, washing first with 4 column volumes of 

same, followed by further washing with 4 column volumes of 40mM buffered imidazole, 

and eluted with 8 mL 400mM buffered imidazole.  Colored fractions containing fusion 

protein were identified by eye, pooled and dialyzed against 20mM sodium phosphate 

buffer, pH 6, 50 mM NaCl (four 1:500 changes, at least 2 hours between changes).  Final 

protein purity was assessed by SDS polyacrylamide gel electrophoresis using Coomassie 

stain and found to be >90% pure by eye (data not shown) 

2.4.3  Protein fluoroscence and glucose titrations. 

Fluorescence spectra were obtained on an SLM Aminco Bowman fluorescence 

spectrometer (4nm excitation and emission slit widths).  Ligand titration curves of YG2-

C were obtained on a FluoDia T70 plate reader (Photon Technology Inc.).  Samples were 

excited through a 435DF20 filter, eCFP and eYFP emissions were observed with 475DF20 

and 525DF20 filters, respectively (Omega Optical).  All analyses were performed in 

20mM sodium phosphate buffer (pH 6.8), varying NaCl concentration and temperature 

as indicated for each characterization.  The uncorrected fluorescence signal of eCFP was 

divided by the uncorrected fluorescence signal from eYFP and the resulting ratio was fit 
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to a single-site binding isotherm as in [34].   Errors are derived from at least three 

titrations under each condition 
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3. Intramolecular Allosteric Effector Domains Modulate 
Ligand-Binding Affinity in Periplasmic Binding Proteins 

3.1 Introduction 

This chapter describes the identification of C-terminal helical domains in 

Thermotoga maritima glucose-binding protein and Escherichia coli arabinose-binding 

protein which tune ligand-binding affinity through conformational coupling.  A limited 

search of known periplasmic binding protein structures reveals that structures which 

may affect conformational equilibrium and binding affinity may be a general property of 

periplasmic binding proteins.  The crystal structure of apo Thermotoga maritima glucose-

binding protein, a portion of the cloning and fluorescence titrations, and intellectual 

input to this work were contributed by Matthew Cuneo. 

Affinities of proteins for their cognate ligands are not necessarily optimized to 

achieve the strongest interaction possible, but often are tuned to match physiological 

ligand concentrations and fluctuations [176-178].  It has also been found that the 

maximal observed affinities between ligands and proteins does not increase 

monotonically with ligand surface area but instead reaches a plateau of approximately -

14 kcal·mol-1 regardless of the extent of the interacting surface [179], suggesting the 

presence of specific mechanisms that modulate or limit affinities.  Affinity modulation is 

unlikely to be encoded solely in the layer of residues that interact directly with the 

ligand, because the presence or absence of an interaction in this region alters 

stereochemical complementarity and therefore affects recognition as well as affinity.  
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Instead, it is likely that long-distance, allosteric effects play a critical role in the fine-

tuning of affinities by controlling ensembles of conformational states that modulate the 

precise geometries of the interacting surfaces [180, 181].  Here we show that several 

members of the periplasmic binding protein (PBP) superfamily have evolved a small 

helical C-terminal region that can function as an intramolecular allosteric effector 

domain (IAED) which tunes ligand binding by differentially stabilizing conformations 

with distinct affinities. 

Bacterial periplasmic binding proteins (PBPs) function as high-affinity receptors 

in bacterial transport and chemotactic systems [182].  PBPs bind a diverse set of ligands, 

including sugars [183], amino acids [184], peptides [185], vitamins [186], anions [187], 

and cations [188].  Their characteristic fold, two domains linked by a two- or three-

stranded hinge around which the domains bend to envelop a ligand, defines a 

superfamily of proteins spanning archaea [189], prokaryotes [190], and eukaryotes [191], 

members of which include transcriptional repressors [53], neurotransmitter receptors 

[192], and enzymes [52]. 

PBPs undergo a ligand-mediated hinge-bending motion between their two 

domains, converting an open, low-affinity to a closed, high-affinity state [190, 193].  

Their apparent ligand affinity (ΔappGb) is therefore the sum of the free energy of domain 

closure in the absence of ligand (ΔapoGO→C) and the intrinsic affinity (ΔCGb) of the closed 

state (Figure 10). 
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Figure 10:  Binding Scheme. 

In Escherichia coli maltose binding protein (ecMBP), a member of the PBP 

superfamily, protein engineering experiments have identified mutations [194] and 

deletions [195] that alter ΔappGb by manipulating the equilibrium between the open and 

closed state (ΔGO→C).  These mutations and deletions are located respectively in an α-

helix (residues 315-326) and a loop (residues 164-185), which are located opposite the β-

stranded hinge relative to the ligand-binding site, and interact differentially with the 

two domains in the open and closed states.  Changes in these interactions allosterically 

affect ligand affinities by differentially stabilizing the two states.  This bipartite trans-

hinge domain (THD) therefore functions as an intramolecular allosteric effector domain 

(IAED) (Figure 11d). 
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Figure 11:  Presence or absence of trans-hinge domains that tune ligand-
binding affinities.  In ecGBP (panel A; 2GBP [183]) no THD is found (oval highlight).  
In ecABP (panel B; 1ABE [196]) and tmGBP (panel C; 3C6Q) the THD is formed by a 
single α-helix (red, oval highlight).  This domain establishes structural connection 
between the N- (blue) and C-terminal (purple) domains and may function as an 
intramolecular allosteric effector domain that tunes ligand affinities.  In ecMBP 
(panel D; 1ANF [197]) the THD (oval highlight) is complex and consists of several 
secondary structural elements (red) providing a more substantial structural 
connection between the N- and C-terminal domains.  Molecular renderings generated 
with PyMol [93]. 
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We find that allosteric tuning of ligand affinities by THDs is a general feature 

shared by many PBPs, and can be encoded by structural elements distinct from those 

identified in ecMBP.  We determined the structure of glucose-binding protein from the 

thermophilic bacterium Thermotoga maritima (tmGBP) obtained in the absence of sugar, 

which adopts an open conformation.  Comparison to the recently determined tmGBP 

glucose complex structure [198] in the closed form reveals the presence of a THD 

composed of a single, 19-residue, C-terminal α-helix that lays across the hinge and 

makes differential contacts with both domains in the open and closed states (Figure 11c), 

suggesting that it can serve as a simple IAED.  We have observed that E. coli arabinose-

binding protein (ecABP) has a similar C-terminal helical domain (Figure 11b).  We also 

noted that E. coli glucose-binding protein (ecGBP) lacks any THD (Figure 11a).  We 

postulate that these C-terminal helices function as IAEDs and that in PBPs lacking such 

domains, the open→closed equilibrium is close to unity unless it is modulated by the 

flexibility of the hinge itself. 

 To test this hypothesis we measured the effect of deletions of the C-terminal 

helix on the apparent sugar binding affinities of tmGBP and ecABP.  We find that 

deletion of the C-terminal helices in tmGBP and ecABP significantly effects their ligand 

affinity.  Furthermore, other observations suggest that the ΔapoGO→C is close to zero [199] 

in ecGBP, consistent with our hypothesis. 
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A limited survey of the PBP structures deposited in the protein structure 

database [200] revealed several other examples of THDs that could function as IAEDs.  

The structure of these THDs varies from the simple C-terminal helix described here to 

bipartite domains analogous to ecMBP, and even a putative tripartite THD.  We also 

identified several examples of proteins that are structurally homologous to tmGBP, but 

lack THDs, suggesting that THDs are modular evolvable elements that tune affinity. 

3.2  Results and Discussion. 

3.2.1  Ligand-induced hinge-bending motions in tmGBP. 

We determined the structure of a double mutant (E41C, E163C)1 of tmGBP in the 

apo form to 2.6Å resolution by X-ray crystallography (Table 3).  The structure was 

solved by molecular replacement using the tmGBP glucose complex as a search model 

[201].  Despite the absence of exogenously added ligand, the asymmetric unit contained 

both an open, apo and a closed, ligand-bound form of tmGBP (Figure 12a).  The latter 

was fit using xylose as the ligand (tmGBP binds both glucose and xylose).  The ligand-

bound form of tmGBP is essentially identical to the previously described tmGBP 

structure [198] (backbone RMSD 0.3Å [202]); the protein-ligand interactions are also 

identical to those observed in the wild-type structure.  The N- and C-terminal domains 

of the open form individually adopt the same structure as the sugar complex.  A hinge-

                                                      

1 These mutations were constructed to introduce an inter-domain disulfide bridge and 
are irrelevant to this study. 
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bending motion, limited to backbone motions of residues in the three β-stranded hinge 

region (Figure 12b), converts the closed form to the unliganded open form.  The motion 

involves a combined 38° rotation and twist around axes defined in the hinge region 

[203].  The magnitude of this motion is similar to ones observed in other PBPs [204]. 

 
Figure 12:  Structural Analysis of tmGBP  A.  Ribbon representation of the 

xylose-bound (left) and apo (right) forms of tmGBP.  Helices are colored blue (N-
terminal domain) or purple (C-terminal domain).  B.  Ligand-induced conformational 
changes in the protein backbone of tmGBP [205].  Regions which compose the hinge 

and the two domains are indicated.  Binding pocket amino acids are indicated with an 
asterisk.  C.  Detailed view of the hinge regions of the xylose-bound (left) and apo 
(right) conformations.  Color code:  N-terminal (blue), C-terminal (purple), IAED 
(red).  Gln20 and Leu299 enlarged to show the selectively-formed hydrogen bond.  

Molecular renderings generated with PyMol [93]. 
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Table 3:  Data Collection and Refinement Statistics for Thermotoga maritima 
glucose-binding protein 

tmGBP 
Data Collection  
  Detector Type Raxis IV 
  Wavelength (Å) 1.5418 
  Resolution (Å) 20.0-2.3 
  Measured reflections 172271 
  Unique reflections 53176 
  Mean I/σ (I)2 11.9 (4.3) 
  Completeness (%)2 97.9 (89.3) 
  Rsym (%)2 9.8 (27.3) 
Refinement  
  Resolution (Å) 20.0-2.3 
  Num. of Reflections   
    (working set/test set) 50515/2659 
  Rcryst (%) 21.4 
  Rfree3 (%) 28.1 
Number of atoms  
  Protein 9223 
  Water 345 
  Ligand 20 
r.m.s.d.  
  Bond lengths (Å) 0.007 
  Bond angles (°) 1.02 
Average B-factor (Å2)  
  Main Chain 38.1 
  Side Chain 41.1 
  Solvent 32.9 
  Ligand 35.5 
Protein Geometry  
  Ramachandran outliers (%) 0.5 
  Ramachandran favored (%) 95.8 
  Rotamer outliers (%) 4.3 

  

                                                      

2 Number in parentheses represent values in the highest resolution shell. 
3 Rfree is the R-factor based on 5% of the data excluded from refinement. 
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3.2.2  Identification of IAEDs in tmGBP and ecABP. 

The putative IAED in tmGBP was identified by comparison of the open and 

closed structures of tmGBP (PDB: 3C6Q).  A 19-residue C-terminal helix in tmGBP 

(residues 286-305) forms a THD that interacts primarily with the C-terminal domain and 

hinge region of tmGBP but also makes contact with the N-terminal domain through 

residues 299-302.  A hydrogen bond between glutamine 20 and the backbone carbonyl of 

leucine 299 is present in the open conformation but absent in the closed formation 

(Figure 12c), presumably contributing to ΔapoGO→C by stabilizing the former.  

Additionally, 35Å2 of surface area becomes exposed to solvent in the 19-residue helix 

upon domain closure.  In ecABP (PDB: 1ABE [196]) the C-terminal THD helix (residues 

291-306) forms an analogous interaction.  This helix interacts primarily with the C-

terminal domain and contacts the N-terminal domain through residues 301-303, with 

lysine 301 forming a hydrogen bond with serine 255 and a salt bridge with aspartate 257.  

However, there is no open structure available for ecABP, and it is therefore impossible 

to determine whether this THD makes differential contacts in the two states. 

3.2.3  Measurement of ligand affinities in THD deletion mutants. 

The C-terminal helices of ecABP and tmGBP were deleted by subcloning 

residues 1-290 and 1-285 respectively (Figure 13).  Ligand binding was measured using 

single, environmentally-sensitive fluorophores conjugated to a mutant cysteine, which 

monitors the ligand-mediated, hinge-bending motion [206].  To identify appropriate 
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attachment positions that report in both truncated and full-length proteins, a set of 

single cysteine mutants was constructed at likely reporter positions located at the 

periphery of the binding site (peristeric signaling [206]).  Each mutant was conjugated to 

several thiol-reactive fluorophores and tested for their sugar-dependent response (Table 

4).  We found that for tmGBP the IANBD conjugate at Cys131 and for ecABP the ABD-F 

conjugate at Cys146 give the most consistent results.   

 

Table 4:  Percentage Intensity Change upon Addition of Ligand to 3mM 

 tmGBP  ecABP 
 132C  93C  146C 
 Full %Δ4 Trn %Δ4  Full %Δ4 Trn %Δ4  Full %Δ4 Trn %Δ4

Cy5 <2 <2  -7 <2  -6 <2 
Cy3 10 <2  -14 <2  -50 <2 
IANBD 790 700  25 <2  11 <2 
Acrylodan 52 <2  ND5 ND5  ND5 ND5 
ABD-F 600 480  45 33  50 <2 

 

 

The Kd values for glucose and arabinose were measured in these conjugates by 

direct fluorescence titration (Table 5).  The deletions resulted in a 10-fold gain and a 100-

fold loss of affinity for tmGBP and ecABP respectively (Figure 13). 

  

                                                      

4 %Δ = (Isat/Iapo) 
5 Not determined 
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Table 5:  Ligand Affinities Measured by Fluorescence Titration 

  Kd (μM) 

ecABP 
Full Length 1.4 ± 0.1 
Truncated 150 ± 12 

tmGBP 
Full Length 20 ± 2.9 
Truncated 1.8 ± 0.4 

 

These results are consistent with the hypothesis that the C-terminal helices 

function in tmGBP and ecABP as IAEDs that tune the ligand-binding affinities of these 

proteins.  Furthermore, these observations demonstrate that an IAED can operate in 

different directions:  in tmGBP the open state is stabilized, increasing the 

thermodynamic barrier to ligand binding and decreasing affinity, whereas in ecABP the 

closed state is stabilized, increasing affinity. 
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Figure 13:  Ligand binding to mutant PBPs.  Ligand affinities of the full-length (open 
squares) and truncated (closed squares) forms of tmGBP (A) and ecABP (B) were 

determined by direct fluorescence titrations of the Cys132/IANBD and Cys93/ABD 
conjugates, respectively.  Ribbon representations to the right of each graph indicate 

the truncation point (red sphere) and the extent of the removed structure (grey).  
Molecular renderings generated with PyMol [93]. 
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3.2.4  Examples of other THDs and putative IAEDs. 

Homologous structures were identified in the protein structure database [207], 

using tmGBP, ecABP and ecGBP as probes [207].  Matches with DALI Z scores 

exceeding 15 were visually inspected for the presence of THDs that contact both N- and 

C-terminal domains and which therefore could function as IAEDs.  A continuum of C-

terminal structures was observed, including complete absence (Figure 14a), nascent 

structures that might form a THD if extended (Figure 14b), helical segments analogous 

to tmGBP and ecABP (Figure 14c), and a more elaborate bipartite THD (Figure 14d).  

The latter (accession code 2RJO) is present in a protein that is part of the twin-arginine 

translocation pathway [208] of Burkholderia phytofermentans and has bound β-D-galactose 

(bpGaBP).  The THD in bpGaBP consists of a C-terminal helix and loop and contacts 

both domains.  Two sulfate ions appear to bind specifically, raising the possibility that 

THDs can be adapted to mediate classical, ligand-dependent allosteric effects. 
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Figure 14:  Identification of putative latches in tmGBP/ecABP structural homologues.  
Helices are colored blue in the N-terminal domain and purple in the C-terminal 

domain.  A.  Escherichia coli ribose-binding protein (PDB:  2DRI [209]) lacks any C-
terminal elaboration.  B. Thermotoga maritima ribose-binding protein (PDB:  2FN8) 
contains a small hairpin (red) at the C-terminal which interacts with the hinge and 
may be a nascent IAED.  C.  Vibrio harveyi LuxP (PDB:  1JX6 [210]) contains a THD 

(red) which forms a number of contacts with the N-terminal domain, identifying it as 
a putative IAED.  D.  The Burkholderia phytofirmans tat-pathway signal protein (PDB: 
2RJO) C-terminal is further elaborated, containing a helical domain and a loop which 
contacts both domains and binds two sulfate ions.  Molecular renderings generated 

with PyMol [93]. 
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The IAED in ecMBP is formed by a discontinuous, bipartite THD consisting of a 

loop (residues 164-185) and helix (residues 315-326) (Figure 15a).  Using ecMBP as a 

probe we identified structurally homologous PBPs that contain similar THDs but with 

differences in sizes and contacts (Figure 15c, d), suggesting that adaptive processes tune 

the IAED properties of this THD.  Mutations to the helix alter affinities [194] and partial 

truncation of the loop results in increased affinity [195].  As noted by Shilton [195], this 

loop in wild-type Pyrococcus furiousus MBP is shortened (Figure 15b) and the reported 

maltose affinity for this protein is greater than that of wild-type ecMBP [211]. 
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Figure 15:  Examination of THDs in Escherichia coli maltose-binding protein and 
structural homologues.  In these proteins, the N- and C-terminals are in the same 

domain, which is oriented at the top and with purple helices.  The bottom domain 
helices are colored blue.  A.  ecMBP (PDB: 1ANF [197]) with regions of structure 

previously found to tune affinities [194, 195] shown in red.  B.  P. furiosus maltose-
binding protein (PDB:  1ELJ [211]) has a higher affinity for maltose than ecMBP and a 

smaller loop region (red) similar to high-affinity ecMBP variants [195].  C.  S. 
pneumoniae raffinose-binding protein (PDB:  2HQ0) and D.  E. coli putrescine 

receptor (PDB:  1A99 [212]) with putative affinity-tuning structures (red) which are 
further diverged from those in ecMBP.  Molecular renderings generated with PyMol 

[93]. 
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We also identified THDs in several anion-binding proteins.  Two loop regions 

(residues 208-217, 243-251) and a helix (residues 221-229) provide structural connection 

between the two domains across the hinge of the phosphate-binding protein, forming a 

tripartite THD (Figure 16a).  Additionally, a continuous THD was observed in the E. coli 

sulfate-binding protein (Figure 16b)(accession code 1SBP; residues 263-309), but was not 

observed in the structurally homologous E. coli molybdate-binding protein (Figure 

16c)(accession code 1AMF). 
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Figure 16:  THDs in anion-binding proteins.  The domain containing the N-terminal is 
oriented at the top and helices in this domain are colored blue.  The bottom domain 

helices are colored purple.  A.  Apo and phosphate-complex structures of E. coli 
phosphate-binding protein.  The THD is colored red.  B.  E. coli sulfate-binding 
protein, sulfate complex, with THD colored red.  C.  E. coli molybdate-binding 

protein, molybdate complex lacks a THD.  Molecular renderings generated with 
PyMol [93]. 
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3.2.5  PBPs that lack THDs. 

A number of PBPs clearly lack THDs.  ecGBP and close homologue Salmonella 

typhimurium GBP have been crystallized in various open and closed forms regardless of 

the presence of glucose [213-215], suggesting that the hinge is very flexible and ΔapoGO→C 

is close to zero.  Furthermore, reaction rate of double-cysteine mutants of ecGBP, 

designed to form interdomain disulfides, are not strongly dependent on the presence of 

glucose [199], consistent with a negligible ΔapoGO→C.  Similarly, E. coli ribose-binding 

protein [216] and E. coli allose-binding protein [217] have been crystallized in multiple 

forms that differ in the degree of hinge opening, indicating flexibility.  If ΔapoGO→C is to 

be controlled in the absence of a THD, the structure of the hinge can play a role:  a 

flexible hinge as above will permit large hinge-bending motions and have minimal 

affects on ΔapoGO→C, permitting it to approach zero in the absence of other interactions.   

Constraints in hinge backbone motions will restrict hinge bending motions and 

ΔapoGO→C values may be significant (in the limit there is no hinge bending).  As an 

example of hinge structure potentially effecting conformational equilibrium, the 

recently-identified Sinorhizobium meliloti choline/acetylcholine binding protein (ChoX) 

(accession codes: 2REG, choline bound; 2RF1 and 2REJ, apo), lacks a THD but contains a 

β-strand which is contiguous through the hinge into both the N- and C-terminal 

domains, broken only by a glycine [101].  This protein has been crystallized in both the 

presence and absence of ligand [101] (Figure 17a), where the unliganded structures 
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exhibit no (accession code: 2RF1) or minor (accession code: 2REJ) hinge-opening relative 

to the structure of the ligand complex.  By contrast, Archeoglobus fulgidus glycine/proline-

betaine binding protein (ProX) [218] is a structural homologue to ChoX [101] but lacks 

the degree of hinge β–strand contiguity observed in ChoX (Figure 17b).  Crystal 

structures of ligand-bound (PDB: 1SW4) and apo (PDB: 1SW5) ProX reveal that this 

protein undergoes a hinge-bending motion more typical of PBP-like proteins [218]. 
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Figure 17:  Apo and ligand-complex structures of S. meliloti choline-binding 
protein (ChoX) compared to those of A. fulgidus proline betaine-binding protein 
(ProX).  Liganded (PDB:  2REG, left, top) and apo (PDB:  2REJ, right, top) ribbon 

representations of ChoX (A) and ProX (B), with central hinge β-strands highlighted in 
red.  Below are the same structures rotated 90 degrees to show degree of opening.  

Note the break in β-strand contiguity and additional opening of the apo form of ProX.  
Molecular renderings generated with PyMol [93]. 
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3.3  Conclusions. 

The precise tuning of the affinities of proteins for their cognate ligands is 

essential for biological function.  Previous studies on ecMBP detailed how THDs may 

serve as IAEDs, providing a structural connection between the two domains and 

preferentially stabilizing the open conformation over closed in the absence of ligand.  

Here we show that such tuning can be achieved by single helical THDs, similarly remote 

from the ligand binding site and also providing structural connections between the 

domains.  These THDs have been shown to be IAEDs, capable of selectively stabilizing 

either the open or closed conformations, and consequently tuning affinities.  In the case 

of PBPs these conformations typically interconvert through a large-scale, ligand-induced 

hinge bending motion.  In general, however, any conformation can be allosterically 

tuned by remote residues as has been demonstrated in the integrins [219].  Elucidation 

of specific features that tune affinity enables their manipulation by rational means [194, 

195, 220] as well as by directed evolution [221, 222]. 

Affinities are obviously also affected by the residues directly in contact with 

ligand.  However, mutations in this layer will alter the ligand-complementary surface of 

the binding pocket, changing directly the free energy of ligand binding but also 

potentially changing patterns of specificity in addition to affinity.  In contrast to changes 

in these residues, a mechanism that exploits adjustment of the free energy of the entire 

binding event provides opportunities to tune affinity without necessarily altering the 
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ligand-binding surface of the binding pocket.  Additionally, residues contacting the 

ligand are relatively few in number, where an affinity-tuning mechanism which could 

involve the entire structure of the protein affords more opportunities for adaptation in 

the random walk of evolution.  A limited survey of periplasmic binding proteins 

indicates that THDs occur in many PBPs and vary between PBPs with otherwise high 

structural homology, indicating that THDs may indeed be a mechanism through which 

affinity may be tuned by evolution in these proteins. 

Tuning of conformational states at remote sites has emerged as a general 

mechanism in catalysis and allostery.  Here we demonstrate that such mechanisms play 

an important role in controlling “simple” ligand affinities as well. 

3.4  Materials and Methods. 

3.4.1  Mutagenesis, Protein Expression and Purification. 

Vectors containing full-length ecABP [206] and tmGBP [198] with cysteines at 

suitable locations for covalent fluorophore attachment have been previously described.  

Constructs with deleted α-helical domains were constructed by sub-cloning residues 1-

260 and 1-285 in ecABP and tmGBP, respectively, into a pET21a vector using NdeI and 

XhoI restriction sites.  Proteins were produced by overexpression in BL21/DE3-pLysS 

cells grown in autoinduction medium described in [223], harvested by centrifugation, 

and lysed by sonication. 



 

63 

Protein was purified from centrifugally-cleared lysate by immobilized metal ion 

chromatography [224] using a stepped-gradient elution method; the cleared lysate was 

loaded on a Ni(II)-charged column of Chelating Sepharose Fast Flow (Amersham 

Pharmacia Biotech) pre-equilibrated with 20 mM MOPS, 500 mM NaCl, 10 mM 

imidazole at pH 7.5 (loading buffer).  The column was washed with loading buffer, then 

with the same containing 60 mM imidazole, followed by the same with 100 mM 

imidazole.  Finally, protein was eluted with loading buffer containing 400 mM imidazole.  

Fractions of each wash were collected and assessed for purity by gel electrophoresis.  

Proteins were dialyzed exhaustively against buffer (20 mM sodium phosphate, 100 mM 

NaCl at pH 6.8) to remove bound ligand.  Fluorophores (Cy5 and Cy3 Maleimide (GE 

Healthcare), IANBD amide and Acrylodan (Invitrogen), ABD-F (Anaspec)) were 

covalently coupled to proteins as previously described [198]. 

For crystallographic studies, the E41C/E163C double mutant of tmGBP was 

expressed and purified as described [198].  Buffers were supplemented with 1 mM 

reductant (TCEP or DTT) to keep the mutant cysteines reduced.   Concentrated, purified 

protein was dialyzed against two exchanges (1:1000 dilutions) of 10mM Tris pH 7.8, 

20mM NaCl, 1mM TCEP. 

3.4.2  Crystallization and Data Collection. 

Crystals of tmGBP were grown by hanging drop vapor diffusion in drops 

containing 2 μl of the protein solution mixed with 2 μl of 0.1 M BisTris pH 6.5, 25 % 

(w/v) PEG 3350, 0.2 M ammonium sulfate equilibrated against 900 μl 0.1 M BisTris pH 
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6.5, 25 % (w/v) PEG 3350, 0.2 M ammonium sulfate.   Diffraction quality crystals 

typically grew within one week at 17 °C and diffract to 2.3 Å resolution, belonging to the 

P2(1)2(1)2(1) space group (a=76 Å, b=82 Å, c=100 Å) (Table 2).  Crystals were frozen in the 

original precipitant solution, mounted in a nylon loop, and flash frozen in liquid 

nitrogen.  All data were collected using a Rigaku rotating anode x-ray generator and 

were scaled and integrated using XDS [225]. 

3.4.3  Structure determination, model building and refinement. 

The N- and C-terminal domains of a previously determined glucose-bound 

tmGBP [65] structure were used as a search model using the program PHASER.  Manual 

model building was carried out in the programs O and COOT and refined using 

REFMAC5 [202, 226, 227]. The final model for the tmGBP includes two intact monomers, 

345 water molecules and two xylose molecules.  The models exhibit good 

stereochemistry as determined by PROCHECK and MolProbity; final refinement 

statistics are listed in Table 1[228, 229]. PDB coordinates and structure factors of tmGBP 

have been deposited in the RCSB Protein Data Bank under the accession code 3C6Q. 

3.4.4  Ligand Binding Analysis. 

Ligand binding was measured by direct titration of glucose or arabinose (Sigma-

Aldrich) into a solution of covalently labeled protein (200-750nM), monitoring changes 

in fluorescence emission intensity at 25 ˚C [206].  IANBD-labeled proteins were excited 

at 472nm and emission was monitored at 535nm.  ABD-labeled proteins were excited at 
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385nm and emission was monitored at 482nm.  Measurements were made on an SLM 

Aminco-Bowman 2 fluorimeter, with emission and excitation monochromator slits set to 

4nm. 
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4. Computational Design of an Ibuprofen-Binding 
Protein 

4.1  Introduction 

This chapter describes the computational design of ibuprofen-binding proteins 

using Escherichia coli maltose-binding protein as a scaffold.  The NMR characterization of 

the highest-affinity ibuprofen binding protein was performed by Matthew Cuneo at 

NIEHS. 

Structure-based computational protein design (CPD) aims to predict mutations 

that introduce novel functions.  In this approach, the layer of residues that lines a pre-

existing binding site is mutated to form a stereochemically complementary surface for 

ligands or substrates that have been positioned within that site [131].  These are 

challenging calculations that combine atomistic representations of molecular interactions 

[142, 230] with discrete combinatorial optimization algorithms [137] to identify favorable 

solutions within the choices of amino acids and side chain conformations at each of the 

“evolving” positions and the six-dimensional degrees of freedom that arise from ligand 

placement.  Nevertheless, considerable success has been achieved in recent years to 

engineer protein function in this manner, including the design of metalloproteins [231-

234], receptors for small ligands [235, 236], nascent enzymes [127-129, 237], protein-DNA 

[238, 239], and protein-protein interactions [240-242]. 

Previously, we have used CPD to radically alter the ligand-binding specificity of 

several members in the periplasmic binding protein (PBP) superfamily [44] resulting in 
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the construction of reagentless fluorescent biosensors [243-245] for a variety of ligands 

[235, 236].  The fold of the PBP superfamily is characterized by two α/β domains linked 

by a two- or three-β-stranded hinge.  The global fold of the superfamily can be further 

subdivided into classes based on the topology of β-strand connectivity in the individual 

domains [246].   PBPs undergo a ligand-mediated hinge-bending motion that reorients 

the two domains, transitioning the protein from an open to a closed conformation that 

envelops the ligand at the interface between the two domains [45].  This motion can be 

detected by conjugating environmentally sensitive fluorophores at suitable locations to 

construct biosensors [34].   

The first-generation set of PBPs with drastically altered ligand-binding 

specificities [235, 236] used Escherichia coli ribose-, glucose-, and arabinose-binding 

proteins (ecRBP, ecGBP, ecABP).  These proteins have a relatively simple hinge region 

connecting the two domains, and belong to the class I topology subfamily.  Here we 

report a further exploration of the scope of scaffolds in the PBP superfamily, using the E. 

coli maltose-binding protein (ecMBP) (Figure 18a).  This protein has a significantly more 

elaborate interdomain hinge region, belongs to the class II topology subfamily, and has a 

considerably larger ligand-binding site that interacts with di- (maltose) and tri-

saccharides (maltotriose) [247].   The size of the wild-type binding pocket in a protein 

scaffold is a dominant constraint that limits the ligands for which a protein can be 

redesigned [235].  The ecMBP scaffold expands the scope of design beyond the first 
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generation to enable larger ligands to be considered.  We chose α-methyl-4-

(isobutyl)phenylacetic acid (ibuprofen) (Figure 18b) as a first target to explore this 

strategy.  Ibuprofen is too large to fit easily into ecABP, ecRBP, or ecGBP.  It has a single 

stereocenter, which raises the possibility of designing stereo-selective receptors.  

Biosensors for ibuprofen have potential clinical applications for therapeutic drug 

monitoring to optimize treatment [248].  Stereoselective receptors could potentially be 

used in chiral purifications as well [249]:  S-ibuprofen is the pharmacologically active 

enantiomer, and R-ibuprofen has been shown to be retained in adipose tissue and may 

be responsible for toxic effects [250]. 

 

Figure 18:  Structures of Escherichia coli maltose-binding protein and 
ibuprofen.  A.  Structure of the ecMBP maltose complex (accession code 1ANF, [197]).  
Helices and evolving zone residues in the N-terminal domain are colored blue and in 

the C-terminal domain, purple.  B.  Structure of R-ibuprofen; sampled torsions 
indicated by red arrows.  Molecular renderings generated with PyMol [93]. 
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In the first-generation designs constructed in the type-1 PBPs, mutations are 

confined to the layer of residues directly in contact with the wild-type ligand (the 

primary coordination suface (PCS)) and encode sufficient information to change 

specificities with high (nanomolar to micromolar) affinities [235, 236].  In contrast, for 

ecMBP we find that although mutations in the PCS altered specificity, only relatively 

low-affinity (high micromolar) binding was achieved.  It has been shown that ecMBP 

has specific, long-range interactions that tune the affinity for its ligands through the 

intrinsic equilibrium between the open and closed states by selectively stabilizing the 

open state [146, 148, 195].  Binding is achieved only if the intrinsic affinity of the closed 

state exceeds the free energy cost of domain closure, which has been estimated to range 

from 1.7 [149] to 7.4 kcal·mol-1 [148].  This intramolecular allosteric tuning mechanism is 

absent in the PBPs used in the first-generation design experiments [235, 236, 251]; 

apparent binding therefore reflects the intrinsic affinity of the designed complementary 

surface for the ligand.  In contrast, the demand on designs in ecMBP is considerably 

more stringent because a significantly higher ligand-binding affinity has to be achieved 

to overcome the barrier set by the conformational equilibrium.  The experiments 

reported here illustrate that the genesis of new function through adaptation, either by 

CPD or other means, may need to manipulate not only short-range interactions for 

molecular recognition but also other mechanisms that control affinity indirectly through 

long-range effects and which may not be readily apparent or known. 
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4.2  Results and Discussion 

4.2.1  Computational design of ibuprofen binding sites. 

The binding pocket of MBP was redesigned to bind R-ibuprofen using the 

ReceptorDesign component of the DEZYMER software package [235].  The crystal 

structure of closed, maltose-bound MBP (accession code 1ANF [197]) was used as the 

starting structure.   

 Five sets of degrees of freedom are set up in the receptor design process:  

the internal degrees of freedom of the ligand (ligand ensemble), the rotational and 

translational degrees of freedom to dock the ligand into the binding site (docking 

ensemble), the set of positions at which mutations are introduced (evolving zone), the 

choice of amino acids that can be used for design (design alphabet), and the set of side-

chain conformations representing amino acid flexibilities (rotamer library).  In the 

calculation reported here, the backbone is kept rigid. 

 The ligand ensemble was constructed from an R-ibuprofen model with 

idealized bond lengths and bond angles by a simulated annealing exploration of four 

free torsions (Figure 18b).  In this scheme trial configurations are generated by randomly 

changing a torsional angle by Δθ=pθmax when p is a random number [-1,1] and θmax is a 

maximum allowed change (typically 15°).  The energy, ΔEi, of the trial structure relative 

to the last accepted conformation is calculated using a semi-empirical force field (vide 

infra).  If ΔEi ≤ 0, the ith trial is accepted, else a Boltzmann coin is thrown to accept if pi 
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∆
 where pi is a random number [0,1] and T a control parameter.  T is adjusted after 

1000 trials to maintain an acceptance rate of 0.25:  if the acceptance rate is too high the 

temperature is lowered by T′ = 0.8T; if too low, T′ = 1.3T.  All configurations within 5 

kcal·mol-1 of the global minimum, Emin, are kept (this list dynamically shrinks if better 

Emin values are discovered).  Approximately 10 independent runs were executed and 

merged.  To construct the final ensemble, conformers are clustered, and a single 

conformation representing the local minimum of each cluster is constructed.  To cluster, 

the ensemble members are mapped onto an n-dimensional uniform grid (n is the 

number of free torsions; typical grid spacing is 10°) represented by an n-ary tree to 

manage sparse, high-dimensional grids.  At each accepted grid point (tree node), a list of 

conformers that mapped to that point is constructed.  From that list of Ng conformers 

(cluster), a representative conformer is constructed using the Boltzmann weight of each 

torsion angle χ1g, …, χjg, …, χNg and χgj   ∑
∆

 where ΔEig is the ith 

conformer at grid point g, ∑
∆

 and T is set to 0.5.  A 50-member ensemble for 

R-ibuprofen is shown in (Figure 19). 
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Figure 19:  Representation of the R-ibuprofen ligand pose ensemble.  Molecular 
renderings generated with PyMol [93]. 

The ligand ensemble was constructed such that ring and atoms C7 and C11 

retain the same coordinates, forming the root of an n-ary tree in which each level 

represents a torsion and each branch an angular value.  This encoding of the 

conformations reduces the number of unique coordinates needed to represent the 

ensemble, because many unique atoms are shared by subsets of conformations (for 

instance, the ring atoms are shared by all conformers).  The datastructure has two 

advantages:  it reduces storage space for the ensemble, and more importantly it provides 

an efficient mechanism for calculating non-bonded pairwise interactions with the 

scaffold atoms or rotamer libraries by sharing pairwise interactions between several (or 

all) ensemble members thereby reducing the most compute-intensive step in the 

calculations.  The gain in efficiency is particularly evident if a single unique atom makes 

a disallowed steric clash (vida supra) simultaneously eliminating all ensemble members 

that share the atom. 

The evolving zone was selected by identifying the set of residues that contact 

maltose in the structure of the wild-type complex.  The primary complementary surface 
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(PCS) contacts are defined as residues that have any amino acid side-chain heavy atoms 

(N, C, O, S) within 4.0Å of any heavy atoms in maltose.  A total of 14 residues were 

identified (Figure 18a).  In the structure used for design calculations, the maltose was 

removed, and all the residues in the PCS were included in the evolving zone (EZ) and 

changed to alanine.  A rotamer library of 6123 members was used to represent the amino 

acid side-chain degrees of freedom.  This rotamer tree is also encoded as an n-ary tree 

with unique atoms. 

A convex hull [252] was placed around the van der Waals surface of the wild-

type maltose ligand to define the volume element within which the ibuprofen 

conformers can be positioned.  To define the translational degrees of freedom for 

docking the ibuprofen ensemble, a 0.5Å cubic grid was positioned within the convex 

hull, eliminating grid points within 3.5Å of any scaffold atom.  This docking grid 

contained 90 points in ecMBP (Figure 20).  The rotational degrees of freedom were 

generated by sampling the three Eulerian rotational angles at 2.5° intervals, using the 

centroid of the ensemble as the origin, and constructing three orthogonal rotational axes 

from the principal components of the distribution of the Cartesian coordinates. 
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Figure 20:  Scaffold protein with convex hull and cubic grid to guide ligand docking.  
EZ residue α carbons identified with green spheres. 

To construct the full docked ligand ensemble, each rotational ensemble is placed 

on a grid point and the pairwise interaction energy, ELS (van der Waals and hydrogen 

bonds only), of each ensemble member with the scaffold is calculated.  All ensemble 

members whose interaction energy exceeds a threshold (1.0 kcal·mol-1) are eliminated.  

The unique atom ligand ensemble representation (vida supra) provides significant 

efficiencies at this stage of the calculations.  Surviving ensemble members are ranked by 

their absolute interaction energy, |ELS|, and the top NL retained (typically 10,000).  These 

ensemble placement calculations are executed in parallel on independent processors in a 

Beowulf cluster.  Upon completion, the calculations for all points are merged into a 

single ensemble, the placed ligand ensemble (PLE), in a “round-robin” selection cycle 
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that iterates through each of the placement points selecting the remaining top pose until 

a maximum has been reached (typically 10,000) or the lists are exhausted. 

 

Figure 21:  Example placed ligand ensemble constrained within convex hull. 

This scoring system and sampling scheme selects ligand poses that have the 

fewest interactions with the scaffold and ensures evenly distributed sampling across the 

translational grid.  Poses selected in this manner tend to float free in the binding cavity, 

and require that molecular recognition is encoded by (designed) interactions with the 

side-chains lining the pocket walls.  Alternatively, the calculation can be run in a mode 

that favors hydrogen-bonding interactions between ligand poses and the scaffold. 

For each member in the PLE (a ligand pose), a primary coordination surface 

(PCS) is calculated.  In this calculation, the amino acid side-chain rotamer library is 

placed at all positions in the EZ.  Pairwise interactions (van der Waals, hydrogen bonds) 

are calculated between the members of the rotamer library and the scaffold and the 

ligand pose (Figure 22).  All rotamers that have an interaction energy exceeding 5 
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kcal·mol-1 are eliminated (again the unique atom encoding enables significant 

efficiencies). 

 

Figure 22:  Example rotamer library placed around single ligand pose. 

Importantly, the hydrogen-bonding interactions between the ligand pose and the 

EZ are tracked.  If the “demanded” hydrogen-bonding potential of the ligand (in this 

case, the two carboxylate oxygens, Figure 16b) cannot be fully satisfied, the entire ligand 

pose calculation is eliminated.  This demanded hydrogen-bonding mechanism is 

intended to capture the hydrogen-bond inventory constraint [253]:  unsatisfied 

hydrogen bonds to the ligand in the protein complex will lower binding affinity.  At 

some positions in the EZ this constraint will also cause rotamer eliminations:  if a 

particular demanded hydrogen bond can be satisfied only by a subset of rotamers at a 

single position (and no other positions), then all non-bonding rotamers at that position 

can be eliminated.  Next the pairwise interactions between the surviving members of the 
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rotamer libraries at each position are precalculated.  The sequence is identified using a 

dead-end elimination algorithm [137] corresponding to the global minimum energy of 

the pairwise-decomposed potential.  The potential function is based on a semi-empirical 

force field that includes an explicit geometry-based hydrogen bonding term [137, 235, 

254], implicit solvation through a continuum solvation term based on burial or exposure 

of polar or nonpolar groups [137, 235, 254], a “fuzzy” van der Waals term based on a 

modified Lennard-Jones potential [137, 235, 254], a multi-dielectric semi-empirical 

model for electrostatic interactions [255], and a term to treat side-chain entropies 

(Es=wRTlnN, where N is the number of free torsions in the side chain, and w is a weight; 

typically 1.0).  Parameters for amino acids are taken from CHARMM22 [256], and 

parameters for R-ibuprofen are taken from a universal force field approximation [257, 

258].  The DEE search algorithm also applies the demanded hydrogen bond restraint. 

At the completion of the PCS design calculations, all the solutions for the 

individual ligand poses are combined and ranked.  The ranking scheme uses a robust 

linear optimization method:  key parameters such as van der Waals contact energies, 

hydrogen bonding energies between the protein and ligand, and amount of buried 

solvent-accessible surface area are sorted independently by their scores.  The 

intersection between the top 10% of the parameters is then constructed.  This approach 

does not use a single combined score, thereby avoiding the need to assign weights to 

each parameter.  The process described here is similar to ones previously described [235, 
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236] with the introduction of the sampling of ligand torsional freedoms.  Calculations 

were carried out on a Beowulf cluster with 20 1.7GHz processors and took 2 days. 

A final eight designs were selected for construction by visual inspection of the 

top ranked results.  The design algorithm permits wild-type residues to persist in the EZ 

(although these may have rotamers that differ from the original structure).  In the 

selected designs, wild-type residues persist more frequently in the six C-terminal 

residues (on average 1.13 per design) than in the eight N-terminal residues (0.8 per 

design) (Table 6). 

 

Table 6:  Complementary Surface Sequences of Ibuprofen Receptor Designs. 

121 141 151 621 631 651 661 1111 1531 1551 1561 2301 3301 3401

Design N N N N N N N N C C C C C C 

MRIB1 H L W H S D S W H E Y E K K 
MRIB2 H L F H W T F N R G F Y A K 
MRIB3 H L R W W W S N L L F Y A W 
MRIB4 H L W W S S Q H I Y F H A W 
MRIB5 H I W S T D T W R I Y E R G 
MRIB6 R I W K W S D T A K Y Y M S 
MRIB7 K V K D S D R R Q E Y E K W 
MRIB8 T N L H L S F W I L Y A K W 

WT N D K W A D R E E Y F W M W 
 

                                                      

1 Residue number and domain. 
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4.2.2  Mutagenesis, protein expression, and initial screening for 
ligand binding. 

The eight selected designs were constructed by overlap extension PCR, 

subcloned into a pET21-a vector and overexpressed by IPTG induction in BL21-DE3 

pLysS cells.  Of the eight designs, five produced soluble protein with average yields 

ranging from 20-80 milligrams per liter of culture.  Tryptophan fluorescence cannot be 

used in direct fluorescence titrations with ibuprofen because this ligand absorbs light 

strongly below 290nm.  Purified proteins therefore were labeled at primary amines 

using IANBD.  This strategy differs from the site-specific approach described previously 

[34].  Of the five soluble designs, three were found to bind ibuprofen by direct 

fluorescence titration using racemic RS-ibuprofen (Table 7). 

 

Table 7:  Ibuprofen Receptor Affinities for Ibuprofen 

RS-ibuprofen R-ibuprofen S-ibuprofen 

Design FT.2  FT.2 ITC3  FT.2 
MRIB1 No Expression 
MRIB2 0.73 
MRIB3 No Expression 
MRIB4 0.25 0.24±0.02 0.24±0.08 0.24±0.002 
MRIB5 No Expression 
MRIB6 No Binding4 
MRIB7 No Binding 
MRIB8 0.61 

WT No Binding 

                                                      

2 Determined by fluorescence titration. 
3 Determined by isothermal titration calorimetry. 
4  Kd > 4mM 
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Figure 23:  Molecular model of the MRIB4 design.  Helices and evolving zone 
residues in the N-terminal domain are colored blue and in the C-terminal domain, 

purple.  Molecular renderings generated with PyMol [93]. 

 

Addition of maltose to 3mM did not yield a fluorescence emission change in any of the 

tested designs.  The highest affinity design was found to be MRIB4 (Figure 23) with a Kd 

value of approximately 0.25mM, and was selected for further characterization. 

4.2.3  Characterization of the MRIB4 design. 

4.2.3.1  Fluorescence Titration. 

The affinities of optically pure R- and S- ibuprofen enantiomers were determined 

by direct titration of IANBD-labeled MRIB4.  We observed that at high concentrations, 
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ibuprofen has a slight effect on the fluorescence of identically labeled wild-type ecMBP 

(Figure 24a).  We accounted for this effect in MRIB4 by subtracting the signal obtained 

for wild type ecMBP, scaling the emission intensities of the two titrations by the values 

measured in the absence of ligand, and subtracting.  The resulting corrected fluorescence 

intensities were fit to a single-site binding isotherm [34] (Figure 24b).  The Kd value for 

optically pure R-ibuprofen was found to be 0.236±0.003 mM, and the Kd value for S-

ibuprofen was found to be 0.24±0.02 mM.  Reported errors were derived from titrations 

performed in triplicate.  The similarity of the Kd values for the two enantiomers indicates 

that the MRIB4 design is not stereoselective. 
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Figure 24:  Fluorescence emission titration of MRIB4 and ecMBP.  Fluorescence 
emission at 542nm of R-ibuprofen (A) or S-ibuprofen (C) respectively into IANBD-
labeled MRIB4 (filled squares) and ecMBP (empty circles).  (λex  = 482nm,  emission 

and excitation slits at 4nm)  Inset, wavelength scans demonstrating fluorescence 
emission intensity changes upon ibuprofen addition.  Resulting corrected 

fluorescence from R-ibuprofen (B) and S-ibuprofen (D) titrations, derived by scaling 
the initial ecMBP fluorescence to the initial MRIB4 fluorescence and subtracting the 

former from the latter.  Shown with a fit to a single-site binding isotherm [34]. 
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4.3.2.2  Isothermal titration calorimetry (ITC). 

Heats were determined for the titration of optically pure R- and S- ibuprofen into 

a 0.9mM solution of MRIB4 (Figure 25).  The observations were fit to a single-site 

binding model with a Kd value for R-ibuprofen of 0.24 mM (Figure 25a) and an 

exothermic enthalpy of -5.5 kcal·mol-1. 

The titration of MRIB4 with S-ibuprofen yields a residual endothermic heat of 

injection which remains after buffer blank subtraction (Figure 25b).  This observation 

cannot be analyzed with a one-site binding model, is not evident with R-ibuprofen, and 

may indicate a different mode of binding for S-ibuprofen to MRIB4 or an interaction 

between S-ibuprofen and the scaffold protein.  Additionally, titration of a 0.8mM 

solution of wild-type ecMBP with RS-ibuprofen indicates a binding enthalpy of ≈ -

5kcal·mol-1 (data not shown).  Attempts to fit these heats of injection to a one-side model 

indicate a low affinity (Kd > 4mM).  Taken together with the interactions between 

ibuprofen at high concentrations and the fluorescently-labeled wild-type ecMBP, this is 

suggestive of a weak interaction between ecMBP and ibuprofen at high concentrations. 
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Figure 25:  Isothermal titration calorimetry of MRIB4 with R- and S-ibuprofen.  
A.  Single-site binding model fit to integrated heats of injection versus molar ratio of 

R-ibuprofen to MRIB4.  Raw heats of injection shown inset.  B.  Raw heats of 
injection of S-ibuprofen into MRIB4. 

 

4.3.2.3  Saturation-Transfer difference NMR. 

Ibuprofen binding to the MRIB4 design was also observed by saturation transfer 

difference NMR spectroscopy (STD-NMR) [259].  Samples containing 1mM RS-

ibuprofen and either 20μM MRIB4 or 20μM wild-type ecMBP were irradiated in the 

protein methyl region (0.18ppm for MRIB4, 0.21ppm for ecMBP), corresponding to an 

upfield region ~0.7ppm from the methyl resonances of ibuprofen (Figure 26a).  

Comparison of the 1H 1D-NMR spectrum of RS-ibuprofen (Figure 23b) to the STD-NMR 

spectra of MRIB4 (Fig. 26b) or wild-type ecMBP (Figure 26c) reveals that ibuprofen 
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resonances appear only in the MRIB4 spectrum.  The only peak present in the wild-type 

ecMBP spectrum is that of the 2,2-dimethylsilapentane-5-sulphonate reference.  This 

provides direct evidence that ibuprofen binds to MRIB4 and not to wild-type ecMBP at 

concentrations up to 1mM.  
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Figure 26:  Saturation transfer difference NMR.  A.  1D DPFSGE spectrum of 
RS-ibuprofen.  Saturation transfer difference spectra of (B) RS-ibuprofen and MRIB4, 

(C) RS-ibuprofen and ecMBP.  RS-ibuprofen resonances are observed only in the 
MRIB4 STD NMR spectrum. 
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4.3.2.4  Protein Stability. 

The thermal stabilities of ecMBP and MRIB4 were determined by monitoring 

their circular dichroism at 222nm as a function of temperature, in the presence and 

absence of maltotriose.   The effect of ibuprofen could not be determined because of the 

presence of a strong UV chromophore at 222nm.  Both proteins exhibit two-state 

unfolding behavior with midpoints of denaturation of 45°C and 58°C for MRIB4 and 

ecMBP respectively.  As expected, the addition of 1mM maltotriose increases the 

stability of ecMBP by 6°C but has no effect on the stability of MRIB4 (Figure 27).  

Taken together these observations demonstrate that MRIB4 binds ibuprofen with 

a 0.24 mM affinity, but does not discriminate between R- and S- forms of ibuprofen, and 

does not bind maltose or maltotriose. 

 

Figure 27:  Thermal denaturation of ecMBP and MRIB4 determined by circular 
dichroism.  Thermal denaturation of MRIB4  and ecMBP in the absence (open circles 

and open squares, respectively) and presence (filled circles and filled squares, 
respectively) of maltotriose.  Solid lines are fits to a two-state model [260]. 
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4.3.3  Manipulation of the conformational equilibrium in the MRIB4 
design. 

Previous studies have shown that the equilibrium between the open and closed 

form in ecMBP can be manipulated by point mutants [146] or a small deletion [195] in a 

domain that is positioned adjacent to the hinge and establishes connection between the 

N- and C-terminal domains.  Some of these mutants improve the affinity of ecMBP for 

maltose by ~100-fold [146, 195].  Mutation of isoleucine 329 to sterically larger amino 

acids (Figure 28) enhances the affinity of ecMBP for maltose by destabilizing the open 

state:  I329F and I329W increase the Kd value for maltose from 800nm to 128nm and 

35nm respectively [146].  By further comparing the open (accession code 1OMP) [46] and 

closed (accession code 1ANF) [197] structures we found glutamate 328 forms hydrogen 

bonds to the backbone at position 168 and to tryptophan 158 in the open but not closed 

state (Figure 28).  Based on these observations, we introduced E328A, I329F, and I329W 

single mutations into MRIB4 with the goal of increasing ibuprofen affinity.  The I329W 

mutation precipitated upon purification.  The IANBD conjugates of the I329F and E328A 

mutants showed no change in fluorescence emission upon addition of ibuprofen.  

Neither variant was soluble at the concentrations required for ITC. 
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Figure 28:  Comparison of open and closed forms of ecMBP.  A.  Open 
(accession code 1OMP, [46]) (pink) and closed (accession code 1ANF, [197])  (light 

green) forms of ecMBP shown with C-terminal domains aligned.  B.  Detail of 
interactions.  Isoleucine 329, indicated in magenta in the open form, is more solvent-
exposed in the closed form (green) and mutations to larger residues have been shown 
to increase maltose affinity [146].  Glutamate 328 participates in hydrogen bonds with 

phenylalanine 158 and the backbone carbonyl of alanine 168 in the open form 
(magenta) but not in the closed form (green).  Molecular renderings generated with 

PyMol [93]. 

4.4  Conclusion 

The ReceptorDesign component of DEZYMER was used to predict mutations in 

the binding pocket of ecMBP to generate novel receptors for R-ibuprofen.  Eight designs 

were constructed of which three were found to bind ibuprofen.  The highest-affinity 

design, MRIB4, was further characterized with fluorescence titrations, isothermal 

titration calorimetry, and saturation transfer difference NMR.  The R-ibuprofen affinities 



 

90 

of MRIB4 determined independently by fluorescence titration (0.24 mM) and ITC (0.24 

mM) are consistent.  Saturation transfer difference NMR confirms binding of ibuprofen 

to MRIB4 but not to wild-type ecMBP, and binding of maltotriose to wild-type ecMBP 

but not to MRIB4.  The specificity of ecMBP therefore has been altered successfully in 

this design. 

The affinity of MRIB4 for ibuprofen is lower than that observed for the best 

designs obtained in two first-generation computational design experiments [235, 236].  

There are two possible reasons for this different outcome.  First, the interaction of 

ibuprofen with the designed complementary surface is weak.  Second, the energetic 

barrier imposed by domain closure could significantly weaken the apparent affinity for 

ibuprofen:  a design in which the intrinsic affinity is nanomolar (the best affinity 

achieved in the first-generation designs) could have apparent affinities between 

micromolar and millimolar depending on the accepted cost of domain closure.  The 

scaffolds used in the previously-reported designs do not have a significant cost associate 

with domain closure [251].   

Futhermore, if the opposing free energy of domain closure exceeds the intrinsic 

free energy of binding to the closed state, ibuprofen will not induce formation of the 

closed state.  Indeed, it has been found that Zn2+-binding proteins constructed in an 

ecMBP scaffold [231] do not form the closed state [261].  Instead, the Zn2+ coordinates to 

the N-terminal domain in the open state.  Comparison of the enthalpies of binding of 
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maltose, maltotriose, and β–cyclodextran to wild-type MBP and Zn2+ and ibuprofen to 

their respective ecMBP-based designed receptors also suggest that MRIB4 may not close 

upon ibuprofen binding.  The binding of maltose and maltotriose to ecMBP is 

exothermic and entropically driven (ΔH=2.75 and 2.33 kcal·mol-1, respectively) and both 

form a complex with the closed state of the protein [247].  β–cyclodextran binding is to 

the open form of ecMBP and is exothermic (ΔH = -2.98 kcal·mol-1) [247].   The binding of 

Zn2+ to its designed receptor is also exothermic.  This could suggest that endothermic 

binding is an indicator of the formation of the closed state.  If this is the case, then 

MRIB4 does not form a closed state because ibuprofen binding is exothermic.  The lack 

of stereodiscrimination in MRIB4 may further indicate that the protein remains open, as 

a half-surface presented by a single domain may not be sufficiently restrictive to 

preclude binding of S-ibuprofen, particularly given the potential flexibility of the ligand 

around the stereocenter.  

Unfortunately, introduction of mutations that alter the intrinsic equilibrium 

between the open and closed states was unsuccessful due to their adverse effect on 

MRIB4 stability.  The MRIB4 design is less thermostable than the parent scaffold, and 

introduction of the affinity-tuning mutations are known to also be destabilizing in 

ecMBP [148].  The combination of the effects of the binding-surface mutations with any 

of the affinity mutations is not accommodated. 
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Computational protein design can generate novel ligand-complementary 

surfaces in a scaffold protein, but in some cases this may be insufficient to redesign 

specificity while fully maintaining wild-type function (in this case, domain closure).  

Judicious selection of scaffold proteins may avoid unfavorable energetic barriers to 

binding, and when encountered, additional engineering outside of the binding pocket 

may be able to partially overcome these barriers provided there is sufficient adaptive 

potential in the scaffold. 

4.5  Materials and Methods 

4.5.1  Materials. 

Racemic (RS) ibuprofen sodium salt and optically pure S-ibuprofen free acid 

were purchased from Sigma-Aldrich; optically pure R-ibuprofen free acid was 

purchased from BIOMOL; buffers and salts were purchased from Sigma-Aldrich; 

mutagenic oligonucleotides were purchased from MWG Biotech; IANBD ester was 

purchased from Invitrogen. 

4.5.2  Preparation of ibuprofen solutions. 

The sodium salt of RS-ibuprofen was dissolved in deionized water or buffer.  

Solutions of R- and S- ibuprofen sodium salt were prepared from the free acid by 

dissolving equimolar amounts of the ibuprofen solid and sodium bicarbonate (Sigma-

Aldrich) and stirring until solids were dissolved and the evolution of carbon dioxide 
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ceased.  Final concentrations of all solutions were determined spectrophotometrically 

using a molar extinction coefficient of 1.27x104 M-1cm-1 at 222nm [262]. 

4.5.3  Construction of Designed Receptor Proteins. 

Predicted mutations were introduced into MBP by overlap extension PCR [263].  

Constructs were cloned with a C-terminal decahistidine tag in a pET21a expression 

vector via 5’ XbaI and 3’ EcoRI restriction sites.  Mutations were confirmed by DNA 

sequencing. 

4.5.4  Protein expression and purification. 

Proteins were produced by overexpression in BL21DE3 pLysS cells grown in 

HyperBroth (AthenaES) culture media.  Cultures were grown at 37 °C to OD600=0.6, 

shifted to an ice bath for 20 min., induced with 1mM IPTG, and grown for a further 12 

hrs. at 22 °C.  Cells were harvested by centrifugation, resuspended in loading buffer (20 

mM MOPS, 500mM NaCl, pH 6.8) and lysed by sonication.  Lysate was cleared by 

centrifugation, and protein was purified from cleared lysate by immobilized metal ion 

chromatography [224] using a stepped-gradient elution method.  Cleared lysate was 

supplemented with 10mM imidazole, washed first with 4 column volumes of loading 

buffer supplemented with 10mM imidazole, followed by further washing with 4 column 

volumes of 40mM buffered imidazole, and eluted with 8 mL 400mM buffered imidazole.  

Purity was verified by polyacrylamide SDS gel electrophoresis followed by coomassie 

staining, and was typically in excess of 95%.  Protein was desalted into 20mM NaPO4, 
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100mM NaCl with 10DG desalting columns.  For NMR and ITC characterizations, 

IMAC-purified protein was further purified by gel filtration on a Superdex S75 column.  

Protein concentration was determined spectrophotometrically based on calculated molar 

extinction coefficients [264]. 

4.5.5  Fluorescence Binding Analysis. 

All fluorescence titrations were performed on a Jobin-Yvon Fluorolog 

spectrofluorometer equipped with a two-cuvette sample changer.  Protein was labeled 

with IANBD ester in 20mM NaPO4, 100mM NaCl, pH 9.0 for 20 minutes at room 

temperature, and desalted using 10DG desalting columns to remove unreacted 

fluorophore into 20mM NaPO4, 100mM NaCl, pH 6.8.  Labeled proteins were excited at 

482nm with emission and excitation slit widths of 4nm.  Ligand binding was measured 

at 25˚C by direct titration into a solution of covalently labeled protein at a concentration 

of 1μM, monitoring changes in fluorescence emission intensity at 542nm.  To correct for 

ligand effects on the fluorophore, identically prepared wild-type MBP was titrated with 

each sample and the fluorescence emission from this sample was scaled to the initial 

intensity of the designed protein and subtracted from the fluorescence emission of the 

designed protein.  Corrected fluorescence was fit to a single-site binding isotherm [34], 

and reported errors are from at least three separate titrations from the same protein 

prep. 

4.5.6  Isothermal Titration Calorimetry. 
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All calorimetric titrations were performed with the VP-ITC calorimeter from 

MicroCal.  Ligand binding was measured by titration of ligand solution (10-20mM) into 

unlabeled protein (800-930μM).  Protein was dialyzed (2 x 250X) into in 20mM NaPO4, 

100mM NaCl, pH 6.8, and the final dialysis buffer was used to prepare the ligand 

solution.  The data were analyzed with the MicroCal Origin software provided with the 

instrument. 

4.5.7  NMR Analysis. 

Saturation transfer difference (STD) NMR experiments [259] were performed at 

500MHz using a Varian NOVA spectrometer, equipped with a 5mm Varian 1H[13C, 

15N] cold probe at 298K.  The NMR buffer contained 10mM NaPO4 and 100 mM NaCl, 

pD 6.8 in 99.9% D2O.  A protein:ligand ratio of 1:50 was used, corresponding to 20μM 

protein and 1mM ligand.  A total of 512 scans per STD NMR experiment were acquired 

and a WATERGATE [265] sequence was used to suppress the residual HDO signal.  

Selective saturation of protein resonances was at 0.21 and 0.18 (30ppm for reference 

spectra) for ecMBP/RS-ibuprofen and MRIB4/RS-ibuprofen respectively.   A series of 50 

selective Gaussian shaped pulses of 275ms duration with a 0.55μs delay between each 

pulse was used in all STD NMR experiments.   Saturated spectra were subtracted from 

the reference spectra via phase cycling.  1D 1H-NMR spectra were collected using 

DPFGSE water suppression with excitation sculpting [265] and were collected on the 
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same samples with a 1s excitation relaxation delay, a 3ms recovery time and a 1s 

acquisition time, corresponding to 8402 complex points. 

4.5.8  Circular Dichroism. 

Circular dichroism measurements were carried out on a Jasco J-815 CD 

spectrophotometer.  Thermal denaturations were determined by measuring the CD 

signal at 222nm (1cm path length) as a function of temperature.  Observations were 

made using 1.5μM protein in a 20mM NaPO4 pH 6.8, 100mM NaCl buffer in the 

presence or absence of 1mM maltotriose.  Protein samples were incubated at room 

temperature for 15 minutes prior to collecting data.  Measurement at each temperature 

point includes a 3 minute equilibration period and a 5-second averaging time for data 

collection.  Data were fit to a two-state model to determine the apparent Tm values [260]. 
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5. Appendix  

5.1 Sequences of fluorescent protein variants 

76% identity between wt eYFP and “diverged” eCFP. 

98% identity between wt eYFP and wt eCFP. 

                   10        20        30        40        50        60            
               ....|....|....|....|....|....|....|....|....|....|....|....| 
"wt" eYFP      ATGGTGAGCAAGGGCGAGGAGCTGTTCACCGGGGTGGTGCCCATCCTGGTCGAGCTGGAC  
                M  V  S  K  G  E  E  L  F  T  G  V  V  P  I  L  V  E  L  D  
Diverged eCFP  GCTAGCAGCAAAGGTGAAGAACTGTTCACGGGCGTTGTCCCGATTTTGGTTGAACTCGAT  
                A  S  S  K  G  E  E  L  F  T  G  V  V  P  I  L  V  E  L  D  
 
                        70        80        90       100       110       120         
               ....|....|....|....|....|....|....|....|....|....|....|....| 
"wt" eYFP      GGCGACGTAAACGGCCACAAGTTCAGCGTGTCCGGCGAGGGCGAGGGCGATGCCACCTAC  
                G  D  V  N  G  H  K  F  S  V  S  G  E  G  E  G  D  A  T  Y  
Diverged eCFP  GGTGATGTTAATGGTCACAAATTTTCTGTCAGCGGCGAGGGTGAAGGTGATGCCACCTAC  
                G  D  V  N  G  H  K  F  S  V  S  G  E  G  E  G  D  A  T  Y  
 
                       130       140       150       160       170       180      
               ....|....|....|....|....|....|....|....|....|....|....|....| 
"wt" eYFP      GGCAAGCTGACCCTGAAGTTCATCTGCACCACCGGCAAGCTGCCCGTGCCCTGGCCCACC  
                G  K  L  T  L  K  F  I  C  T  T  G  K  L  P  V  P  W  P  T  
Diverged eCFP  GGTAAACTGACCTTGAAATTTATTTGCACGACCGGCAAACTGCCGGTTCCATGGCCGACG  
                G  K  L  T  L  K  F  I  C  T  T  G  K  L  P  V  P  W  P  T  
 
                       190       200       210       220       230       240      
               ....|....|....|....|....|....|....|....|....|....|....|....| 
"wt" eYFP      CTCGTGACCACCTTCGGCTACGGCCTGCAGTGCTTCGCCCGCTACCCCGACCACATGAAG  
                L  V  T  T  F  G  Y  G  L  Q  C  F  A  R  Y  P  D  H  M  K  
Diverged eCFP  TTGGTCACCACGCTGACCTGGGGTGTTCAATGCTTTTCTCGCTACCCGGATCACATGAAA  
                L  V  T  T  L  T  W  G  V  Q  C  F  S  R  Y  P  D  H  M  K  
 
                       250       260       270       280       290       300      
               ....|....|....|....|....|....|....|....|....|....|....|....| 
"wt" eYFP      CAGCACGACTTCTTCAAGTCCGCCATGCCCGAAGGCTACGTCCAGGAGCGCACCATCTTC  
                Q  H  D  F  F  K  S  A  M  P  E  G  Y  V  Q  E  R  T  I  F  
Diverged eCFP  CAGCATGACTTTTTCAAGTCCGCCATGCCGGAAGGTTATGTGCAGGAACGCACCATCTTT  
                Q  H  D  F  F  K  S  A  M  P  E  G  Y  V  Q  E  R  T  I  F  
 
                       310       320       330       340       350       360      
               ....|....|....|....|....|....|....|....|....|....|....|....| 
"wt" eYFP      TTCAAGGACGACGGCAACTACAAGACCCGCGCCGAGGTGAAGTTCGAGGGCGACACCCTG  
                F  K  D  D  G  N  Y  K  T  R  A  E  V  K  F  E  G  D  T  L  
Diverged eCFP  TTCAAAGATGACGGCAACTACAAGACCCGTGCTGAAGTCAAGTTTGAAGGTGATACCTTG  
                F  K  D  D  G  N  Y  K  T  R  A  E  V  K  F  E  G  D  T  L  
 
                       370       380       390       400       410       420      
               ....|....|....|....|....|....|....|....|....|....|....|....| 
"wt" eYFP      GTGAACCGCATCGAGCTGAAGGGCATCGACTTCAAGGAGGACGGCAACATCCTGGGGCAC  
                V  N  R  I  E  L  K  G  I  D  F  K  E  D  G  N  I  L  G  H  
Diverged eCFP  GTTAATCGTATCGAGCTGAAAGGTATTGATTTTAAAGAAGATGGCAACATTCTGGGTCAC  
                V  N  R  I  E  L  K  G  I  D  F  K  E  D  G  N  I  L  G  H  
 
                       430       440       450       460       470       480      
               ....|....|....|....|....|....|....|....|....|....|....|....| 
"wt" eYFP      AAGCTGGAGTACAACTACAACAGCCACAACGTCTATATCATGGCCGACAAGCAGAAGAAC  
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                K  L  E  Y  N  Y  N  S  H  N  V  Y  I  M  A  D  K  Q  K  N  
Diverged eCFP  AAACTGGAATACAACTATATCAGCCACAATGTTTACATCACCGCAGACAAACAAAAGAAT  
                K  L  E  Y  N  Y  I  S  H  N  V  Y  I  T  A  D  K  Q  K  N  
 
                       490       500       510       520       530       540      
               ....|....|....|....|....|....|....|....|....|....|....|....| 
"wt" eYFP      GGCATCAAGGTGAACTTCAAGATCCGCCACAACATCGAGGACGGCAGCGTGCAGCTCGCC  
                G  I  K  V  N  F  K  I  R  H  N  I  E  D  G  S  V  Q  L  A  
Diverged eCFP  GGCATCAAAGCGAACTTCAAAATTCGCCACAACATTGAAGATGGTAGCGTTCAACTGGCG  
                G  I  K  A  N  F  K  I  R  H  N  I  E  D  G  S  V  Q  L  A  
 
                       550       560       570       580       590       600      
               ....|....|....|....|....|....|....|....|....|....|....|....| 
"wt" eYFP      GACCACTACCAGCAGAACACCCCCATCGGCGACGGCCCCGTGCTGCTGCCCGACAACCAC  
                D  H  Y  Q  Q  N  T  P  I  G  D  G  P  V  L  L  P  D  N  H  
Diverged eCFP  GACCATTATCAACAAAATACGCCAATTGGCGATGGCCCGGTCTTGCTGCCGGACAACCAT  
                D  H  Y  Q  Q  N  T  P  I  G  D  G  P  V  L  L  P  D  N  H  
 
                       610       620       630       640       650       660      
               ....|....|....|....|....|....|....|....|....|....|....|....| 
"wt" eYFP      TACCTGAGCTACCAGTCCGCCCTGAGCAAAGACCCCAACGAGAAGCGCGATCACATGGTC  
                Y  L  S  Y  Q  S  A  L  S  K  D  P  N  E  K  R  D  H  M  V  
Diverged eCFP  TACCTGTCCACCCAATCTGCCCTCTCGAAAGATCCGAACGAAAAGCGTGACCACATGGTC  
                Y  L  S  T  Q  S  A  L  S  K  D  P  N  E  K  R  D  H  M  V  
 
                       670       680       690       700       710       720      
               ....|....|....|....|....|....|....|....|....|....|....|....| 
"wt" eYFP      CTGCTGGAGTTCGTGACCGCCGCCGGGATCACTCTCGGCATGGACGAGCTGTACAAGTAA  
                L  L  E  F  V  T  A  A  G  I  T  L  G  M  D  E  L  Y  K  *  
Diverged eCFP  TTGCTGGAGTTTGTGACCGCAGCGGGCATTACACTGGGCATGGATGAACTGTACAAAGCT  
                L  L  E  F  V  T  A  A  G  I  T  L  G  M  D  E  L  Y  K  A  
 
                
               ... 
"wt" eYFP      ~~~    
                  
Diverged eCFP  AGC  
                S  
 

 

Similarly diverged eYFP has also been fabricated.  Both “wild type” and “diverged” 

eCFP and eYFP have been incorporated into pET21a for fusions.  An example of the 

MCS regions of these vectors is in the next section. 
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5.2 pET21a variants with fluorescent proteins in the MCS. 
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