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Abstract
Nearly every aspect of biology is controlled by non-covalent association events,
but the diversity of these events is astounding. Association constants can vary over at
least a dozen orders of magnitude, and timescales for these interactions range from
microseconds to years. Molecular recognition events control the affinity and specificity
of virtually all of these biological interactions. Remarkably, the relationships between
structure and thermodynamics, and thus the basis of selectivity and affinity in these
events remains poorly understood. An overarching goal of the Toone laboratory is to
better understand the molecular facets of non-covalent association events in aqueous
solution. In this dissertation, three model systems are explored to elucidate aspects of
non-covalent binding events.!

Camelid-derived single domain antibodies demonstrate significant stability and
unique binding properties versus conventional antibodies, and the work described herein
helps rationalize the observation that these antibody domains function effectively as
antigen binding agents in vivo. Early attempts to develop a model system with either
lysozyme or biotin as the antigen of interest were not successful, but a model system
using methotrexate as the antigen was successfully developed. High affinity binding
interactions were observed at neutral pH, and interestingly these antibodies demonstrated
some binding affinity for methotrexate even at more extreme pH levels. The observed
changes in heat capacity and the effect of salt concentration were in accord with
iv

established literature precedents. In addition, no evidence of pH-induced destabilization
of secondary VHH structure was observed, even when accompanied by variation in
temperature.

The Toone laboratory is also working to elucidate the nature and origins of
additivity in multivalent protein – ligand binding events in a number of intermolecular
and intramolecular systems.

The cluster glycoside effect (enhancements in binding

affinity beyond what would be expected with increases in valency) has been
demonstrated in a large number of protein – carbohydrate binding systems, but the
molecular basis for the apparent enhancements in affinity remains unclear.

The

monomeric carbohydrate – binding protein Galectin-3 (G3) was studied as a model
system for conditional multivalency to explore the origins of this effect. We completed a
thorough investigation of the thermodynamics of binding between multivalent
dendrimeric ligands and both the full-length and truncated proteins (carbohydrate
recognition domain, CRD).

Enhanced affinities were observed for multivalent

interactions with full-length G3 but not for interactions with the CRD. In addition,
aggregation and precipitation was observed only in multivalent binding events with fulllength G3. Although multivalent binding can occur through an intramolecular (chelatetype) binding mode, these results are consistent with the notion that the cluster glycoside
effect is driven through intermolecular bindng motifs, characterized by aggregation and
precipitation.
v

Traditionally, intramolecular (chelate-type) binding pathways are thought to be
driven entropically; however, work from the Toone laboratory has demonstrated that
multivalent association in several intramolecular multivalent binding systems is
enthalpically favored and entropically opposed.

General conclusions regarding the

origins of intramolecular additivity in ligand binding are lacking, and the Src SH2
domain was developed as a model system for exploring these concepts. The Src SH2
domain was successfully expressed and purified, and a peptidic series of ligands was
synthesized and advanced to crystallographic trials.

Extensive apo-crystallization

attempts were unsuccessful in producing an atomic-resolution structure, and despite
optimization trials, co-crystallization of the peptidic ligands with the Src SH2 domain
also did not achieve the necessary resolution to provide structural data.
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1. Introduction

1.1 Association in Aqueous Solution

Virtually every aspect of biology is controlled by one (or more) non-covalent
association process(es), in either an intra- or intermolecular fashion. Such events take
place with dissociation constants that vary over at least a dozen orders of magnitude, and
on timescales that range from microseconds to years. Molecular recognition events
control the affinity and specificity of virtually all biological interactions, and these events
depend on an exquisite balance of solute – solute and solute – solvent interactions.
Remarkably, the relationships between structure and thermodynamics and the basis of
selectivity and affinity in these events remains poorly understood; this poor
understanding drastically limits our ability to design high affinity, high specificity
binding partners de novo. An overarching goal of the Toone laboratory is to better
understand the molecular facets of non-covalent association events in aqueous solution,
and this dissertation is part of that body of work.

Non-covalent association in aqueous solution is ubiquitous, and our inability to
design molecular surfaces with predictable behaviors has myriad consequences.
Typically, the objective of drug discovery is to develop compounds with high specificity
and affinity for a particular target within the complex aqueous milieu of the cell. Modern
structural techniques can provide extensive atomic-resolution information about the
shape and character of a binding site. However, our current understanding of the nature

1

of water and the molecular basis of affinity in aqueous solution limits the accuracy of
modern in silico and experimental drug design methodologies. In addition, a number of
other applications depend on non-covalent association events in aqueous solution,
including biosensors and microarrays,1,

2

tumor sensing,3 nanopatterning of biological

compounds (proteins, DNA, cells, and peptides),4-7 tissue engineering,8 models of cell
adhesion,9 and biologically-relevant force and binding studies utilizing atomic force
microscopy.10,

11

A fundamental understanding of the nature of association in aqueous

solution would aid greatly in the efficient development of these technologies.

In this dissertation, various aspects of this larger problem are considered through
a detailed examination of the thermodynamics of binding, with a special focus on
multivalent binding in several biological systems. To frame this work, we first provide
an introduction to the intermolecular forces that drive non-covalent association. The
unique features of water as a solvent are then discussed and the fundamentals of ligand
binding, particularly in the contexts of multivalent interactions and additivity, finally are
reviewed.

1.2 Intermolecular Forces
!
The interactions of solutes with other solutes or with solvent molecules are driven
primarily by non-covalent, or cohesive, intermolecular forces. The energies resulting
from these forces tend to be weak, at least in comparison with covalent bonds, when
considered individually.12-15

2

1.2.1 Introduction to Cohesive Forces
!
Cohesive forces can either be attractive or repulsive, depending on the distance
between the particles in question.

The Lennard-Jones (6-12) potential equation

empirically describes the interaction potential between two species:12-16

*# r &12 # r & 6 V = 4" ,% 0 ( ) % 0 ( /
+$ r ' $ r ' .

Equation 1

! distance between the two interacting nuclei, r0 is the distance at
where r represents the
which potential energy is zero, and ! represents the depth of the potential well. A
graphical representation of this equation is shown in Figure 1.

Figure 1: Intermolecular Potential Energy Curve.
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Two major consequences follow from this model. First, beyond r0, all forces between
interacting particles are attractive. Also, the attractive force varies as the sixth power of
the internuclear distance.12-16

Four major groups of intermolecular interactions contribute favorably to noncovalent binding interactions:

electrostatic interactions, dipole-based interactions,

dispersive forces, and specific forces (predominantly hydrogen bonding).

1.2.2 Electrostatic Interactions (Ionic)
!
Ionic interactions arise from the Coulombic interaction between two charged
species. The energy E of an electrostatic interaction varies inversely as a function of
distance (in agreement with Coulomb’s law) and can be calculated as:12, 13

E=

q1q2
4 "# 0 r

Equation 2

!
where q1 and q2 are the two charges (in Coulombs), !0 is the vacuum permittivity of free
space, and r is the distance between the two charges. The strongest of the non-covalent
forces, electrostatic interactions can be attractive or repulsive depending on the nature of
the interacting ions. As Equation 2 is shown above, this equation describes the gas phase
electrostatic interaction between two particles; however, the form of the equation remains
the same in other media, although the value for permittivity changes.

In aqueous

solution, ionic interactions are significantly weaker due to interactions with water
4

molecules (a consequence of the high dielectric constant (" = 78) of water.13) Thus, in a
solvated binding site, electrostatic interactions tend to be significantly weaker than in the
gas phase for reasons that will be discussed below. However, in a binding site without
water, electrostatic interactions will influence the energies of binding significantly.

1.2.3 Dipole-Dipole Interactions

Figure 2: Dipoles of carbon dioxide (CO2) and dimethyl sulfoxide (DMSO). Carbon
dioxide has a net dipole moment of zero due to the cancelling dipole vectors, while
DMSO has a permanent dipole.

A dipole is a permanent separation of charges arising from an unequal distribution
of electrons in a covalent bond. Dipoles arise in molecules when the center of mass and
center of charge do not coincide. The magnitude of a dipole (µ) can be calculated as:

Equation 3

µ = rq

!
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where r is the distance between the charge centers and q is the magnitude of the partial
charge. Dipoles possess both mass and direction, and are thus vector quantities (Figure
2).

In 1921, Keesom reported an expression for the interaction between two
permanent dipoles.17,

18

Energetically favorable configurations are populated more

extensively than are less favorable configurations, and the application of a Boltzmann
distribution provides the net average interaction energy between two permanent dipoles
(µ1 and µ2):

"2 µ12 µ2 2
U(rdipole ) =
(4 #$ 0 ) 2 (3k B T)r 6

Equation 4

!
where !0 is the permittivity
of free space, kB is the Boltzmann constant, T is the absolute

temperature, and r is the internuclear distance.. The energy of the interaction varies as
the sixth power of the distance between nuclei, consistent with the Lennard-Jones
potential described previously. As dipole - dipole interactions inherently have an angular
dependence, the energy for a particular interaction thus depends on the orientation of the
two non-covalent binding partners, and the net interaction averages to zero across all
possible configurations.

6

1.2.4 Dipole – Induced Dipole and Ion - Induced Dipole Interactions

Dipolar interactions can also arise between two molecules even if one of the
binding partners does not possess a net permanent dipole moment. For example, a
charged species can induce an instantaneous dipole in molecules with no permanent
dipole. Two interactions of this type commonly observed are dipole-induced dipole and
ion-induced dipole interactions.

Dipole-induced dipole

The magnitude of a temporary dipole (µind) produced in an electric field is given
by the expression:
Equation 5

µind = "E

! of the molecule with no permanent dipole and E is the
where " is the polarizability
magnitude of the electric field. In the interaction between molecules A and B, if the
temporary dipole in molecule B is induced by a permanent dipole on molecule A, Debye
quantified the energy U of this interaction as:19, 20

# µ ! A 2" B N
U( µ A " B ) =
r6
!

Equation 6

!
where µ°A is the dipole
moment of the permanent dipole in molecule A, "B is the
polarizability constant of molecule B, N is Avogadro’s number, and r is the internuclear
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distance. Application of the Boltzmann distribution to this expression gives the overall
favorable energy U for the ensemble as:

U( µ ! A " B ) =

µ"
(4 #$ 0 ) 2 r 6

Equation 7

! inversely with the sixth power of intermolecular distance (r), in
This interaction varies
agreement with the Lennard-Jones potential.

Ion-induced dipole

In an electric field E, the magnitude of the induced dipole moment (µind) is given
by:

Equation 8

µind = " ' E

! of the non-polar molecule. The potential energy (U)
where "’ is the polarizability
resulting from placement of a non-polar molecule in an electric field E is:
E

E

U = " $ µind dE =
0

1

$ # ' dE = " 2# ' E

2

Equation 9

0

!
By substituting the expression
for the strength of the electric field E exerted by an ion of

charge q:
E=

!

q
4 "# 0 r 2
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Equation 10

into the potential energy expression, the potential energy can be calculated as a function
of the polarizability volume, charge density (q), and internuclear distance (r):
U=

" 'q 2
2(4 #$ 0 ) 2 r 4

Equation 11

! varies as 1/r4 because this interaction involves a monopole
The ion-induced dipole energy

ion and a molecule possessing a dipolar moment. Monopoles exhibit an energy distance
dependence of 1/r, while dipoles have an energy distance dependence of 1/r3.

1.2.5 London Dispersion Forces

All molecules possess instantaneous dipoles on timescales shorter than the
reciprocal of the electron dispersion frequencies.

The interaction between these

instantaneous dipoles (often conceptualized as an induced dipole – induced dipole
interaction from a quantum mechanical perspective) gives rise to molecular dispersion
forces. London first identified these forces in 1930 and subsequent research refined the
understanding of the quantum and statistical mechanics underlying these forces.21, 22 The
interaction energy U resulting from the dispersion force can thus be defined as:
U(" A " B ) =

#3N!$ A$ B " A " B
2($ A + $ B )r 6

Equation 12

!
where ! is Planck’s constant, #A and #B are the dispersive frequencies of molecules A

and B, respectively, and "A and "B are the polarizabilities of each molecule.12-14
9

Although dispersion forces are generally the weakest intermolecular forces, the majority
of the cohesive energy between solutes and solvents results from aggregate dispersion
forces in solution.

Also notably, these dispersion forces have no dependence on

orientation.

1.2.6 Specific Forces: Hydrogen Bonding

Unlike the forces we have considered thus far, specific forces arise from the
sharing of electrons in specific orbitals.23, 24 Hydrogen bonding is the most biologically
relevant of these specific force interactions. A hydrogen bond occurs when electron
density is transferred from a lone pair of electrons on an electronegative atom (X) into the
antibonding orbital of an H - X bond. These bonds are usually denoted by the [X-H###X]
nomenclature, with the dotted line representing the hydrogen bonding interaction. There
is no strict cutoff for the electronegativity of the X atoms participating in hydrogen
bonding, but most atoms that participate in these interactions have Pauling
electronegativity values of 2.5 or higher, restricting the list of biologically relevant atoms
to nitrogen, oxygen, fluorine25 and sulfur.26

Selenium hydrogen bonds have been

observed but are not biologically relevant.13

Hydrogen bonds are strongly directional, since the specific molecular orbitals
involved in the interaction must overlap effectively to share electron density.

The

optimal dihedral angle for the [X-H###X] interaction is 180 degrees in single donor-
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acceptor systems,27 and deviations from this value by more than approximately 30
degrees tends to eliminate the interaction.

The strength of a hydrogen bond is determined by how effectively the interacting
orbitals overlap.

A number of factors contribute to the quality of this interaction,

including the electronegativity of the participating atoms, the alignment of the orbitals
involved in the interaction, and the distance between participating nuclei. The medium in
which the interaction occurs must be then considered, particularly in the case of a solvent
with a high dielectric constant such as water. Finally, the hydrogen-bonding properties of
the solvent can play a large role in the strength of the hydrogen bond formed between
solutes.12, 13, 15

In the process of forming a hydrogen bond, the H - X covalent bond is weakened
and thus lengthened due to the donation of electron density from the antibonding sigma
orbital of the covalent bond. The lengthening of bonds is typically observed through a
change in the vibrational mode of the hydrogen bond and the donor hydrogen covalent
bond. As such, the dipole of the hydrogen bond donor is increased, thereby encouraging
the donation of electron density. Thus, in aggregate hydrogen bonding can be viewed as
a cooperative process.

11

Figure 3: Examples of hydrogen bonding. Top: Tetrahedral coordination of water
molecules, with hydrogen bonds (dashed lines) shown to central water molecule.
Bottom: DNA Base pairs.

Hydrogen bonding plays an integral role in the structure and solvation properties
of water; these issues will be discussed in the context of models of water below.

In

addition, hydrogen bonding plays a crucial role in the formation of some complex three -
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dimensional structures in nature, including the double helix of DNA in solvent and the
secondary and tertiary structures of proteins (Figure 3).

1.3 Water as a Solvent

The energetics of non-covalent association events are more complicated in
solution, as the formation of solute – solute interactions in this medium necessarily incurs
an energetic penalty resulting from the loss of favorable interactions between solute and
solvent. The binding of solutes in aqueous solution is particularly complicated because
of the unique properties of water as a solvent.

Essential for life on Earth, water exists abundantly in the three common states of
matter (solid, liquid, gas) with myriad effects on both the natural environment and the
climate of the Earth.28 Water is amphoteric with a net dipole moment (1.85 debye), and a
large number of ions and compounds are highly soluble in water – as such, water is often
called the “universal solvent.”

29-31

A poor conductor of heat in both liquid and solid

states, water has a very high specific heat capacity, low compressibility, and maximal
density at approximately 4° C.32 The cohesive forces in water are very high, largely due
to the ability of water to act twice as both a hydrogen bond donor and acceptor. This
high cohesive energy density is reflected in the physical properties of water, including the
heat of vaporization (540 cal g-1), surface tension (72.8 dynes/cm at 20 °C), and freezing
and boiling points (0 °C and 100 °C, respectively), all of which are anomalous relative to
other liquids of similar molecular mass.33 The consequences of water’s unique structure
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on non-covalent interactions are numerous. Most importantly, water exerts a leveling
effect on intermolecular interactions because of its powerful solvation properties.

1.3.1 The Leveling Effect

The remarkable ability of water to solvate molecules diminishes the strength of
many of the interactions we have discussed relative to their gas phase interaction energy
strength, since binding necessarily involves the loss of solute - solvent interactions. This
leveling effect changes the net value of the interactions previously discussed. In the
presence of solvent, binding interactions are exchange processes and the interactions
between solvent and each component of the binding pair are large in value.

The leveling effect dramatically changes the energy of hydrogen bonding in
solution versus the gas phase. For example, the strongest crystal phase hydrogen bonding
interaction is the [F-H###F] interaction with an interaction energy between –38.6 kcal mol1 34

and –46 kcal mol-1.35 In the solution phase, the interaction energy for this hydrogen

bond was measured to be –0.82 kcal mol-1.36

The net magnitudes of dipole and ionic interactions are also diminished by the
leveling effect of water, an effect attributable to the strong dipole moment of water
combined with its small size and effective packing in solution. As a result of these
properties, the various ionic and dipolar interactions formed during solute - solute
association are nearly equal to those lost from solute association with water.37 For
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example, gas phase ionic interactions possess interaction energies between 50 – 200 kcal
mol-1; in aqueous solution, these same interactions are reduced in energy to less than 5
kcal mol-1.12-14

Dispersive forces are affected less by the leveling effect of water than are other
intermolecular forces. The magnitude of dispersive forces vary as the polarizabilities of
the interacting molecules, and water is only weakly polarizable. Thus, for example, we
can contrast the relative polarizability of water with that of methane as a simple model of
hydrophobic interaction.

The polarizability of water is 1.45 10-24 cm3, while the

polarizability of methane is 2.6 10-24 cm3.13,

38

The difference in these values can be

attributed to differences in polarizability between oxygen (0.802 10-24 cm3) and carbon
(1.76 10-24 cm3).13,

38

Thus, association events in which an organic-organic interaction

replaces an organic-water interaction should include a favorable dispersive component.12,
13, 15

1.3.2 The Hydrophobic Effect

The hydrophobic effect describes the tendency of nonpolar surfaces to associate
with other nonpolar surfaces in a polar solvent, usually water. A number of biological
phenomena are driven by the hydrophobic effect, including the formation of micelles and
membranes as well as protein folding and, in many cases, ligand binding.
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The most common empirical measure of the hydrophobicity of a group is the
Hansch parameter #, measured as the partition constant P for the distribution of the
molecule containing the group while P0 is the partition coefficient for the parent
compound without the group of interest:39
#P&
" = log% (
$ P0 '

Equation 13

! P can be used to calculate the free energy of transfer
The partition constant

($Gtransfer) of a species from an organic solution to water:

"RT ln P = #Gtransfer = #H transfer " T#Stransfer

Equation 14

where R is the gas constant, T is the absolute temperature, $Htransfer is the enthalpy of

!
transfer and $Stransfer is the entropy of transfer of a solute from an organic solution to
water.

As thermodynamic parameters are state functions, we can consider the terms that
must be contained in any solvation parameter by imagining a stepwise dissolution process
in which a cavity is first created in the solvent and then the solute is inserted into that
cavity. The first component of this process – the creation of a cavity – requires breaking
the favorable attractive interactions between water molecules. These interactions are not
reformed in the process of placing a solute into the newly formed cavity. As water has
very high cohesive energy, an enthalpic penalty for hydrophobic hydration would be
expected. Experimental data has shown that at room temperature, the $Htransfer is zero or
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slightly exothermic.40 Instead, the thermodynamics of partitioning a solute are driven by
a large unfavorable entropic term, resulting in an unfavorable free energy of transfer.
Hydrophobic hydration also exhibits a large positive heat capacity ($Cp) in aqueous
media; this feature of hydrophobic hydration is not observed in any other solvents.40, 41

1.3.3 Explanations of Hydrophobic Hydration and the Nature of Bulk Water

Significant efforts have been made to create a unifying model that reproduces the
anomalous solvation behavior of water. Despite these efforts, the behavior of water is
still not understood conclusively. A number of studies have contributed to an active
debate on the nature of water over the past 120 years.42

Early views on the nature of water

Following from the proposals of Whiting in 1884,41 in 1892 Röntgen proposed
that liquid water consists of a mixture of ice - like and liquid - like clusters. The
proportion of ice - like to liquid - like components in water is temperature dependent.
Thus, as the temperature of water decreases, the proportion of water molecules in ice-like
configurations increases and thus volume increases due to the formation of more
“complex” ice structures. Röntgen used this model to explain the density anomaly of
water at 4 °C. He theorized that as water was heated from the ice - like state, first volume
contraction would occur as the ice structures melted, and then expansion would occur as
the liquid state predominated. Röntgen also addressed the compressibility of water with
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his model. Applying pressure to a water sample would thus cause a change in solubility
of the ice - like particles, thereby decreasing the number of ice - like particles in solution,
and the solution would then contract.43-45

Although this model violates the basic

principles of phase transitions and does not account for the hydrogen bonding features of
water, this model served as the basis for a number of theories about the nature of water in
the early 20th century.

In 1933, Bernal and Fowler developed a more realistic model of water, based on
the recently solved structure of ice46 and the proposals from Mecke and Baumann
regarding the V - shape of the water molecule.47 Based on the proposed distribution of
charge (negative charge was thought to be “behind” the oxygen, set away from the
positively charged hydrogen atoms), Bernal and Fowler proposed a tetrahedral
coordination geometry for water. This tetrahedral shape was reminiscent of the structures
observed for quartz and tridymite silicates, and thus it was proposed that the structure of
water would transition between quartz - like and tridymite - like structures as the
temperature of water changed. Upon cooling, the structure of water would become more
rigid and molecules would assemble into structures fitting the quartz - like model, while
upon warming of the solution, the water molecules could convert to a more “liquid like,” tridymite - based structure.

Bernal and Fowler’s model provided reasonably

accurate values for a number of water properties, including the total energy of water and
ice, the degree of hydration of ions in water, the heats of solutions of ions, and the
mobility of hydrogen and hydroxyl ions in water.48, 49 However, Bernal himself felt that
this model was too “rigid,” as it described the crystalline properties of water but did not
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approximate the liquid properties accurately.48

In addition, no phase of ice has been

discovered to be “quartz - like” in structure.

Samoilov then proposed an interstitial model of water in 1946.50, 51 This model is
a blend of the mixture model proposed first by Rontgen and the Bernal - Fowler model.
In this model, the process of melting creates different populations of water molecules
within an ice - like lattice. Some molecules remain in the ice lattice configuration, while
some molecules freely move into the interstitial spaces in the ice lattice. The main
criticism of this model, as with all of the other models discussed so far in this section, is
that quantitative properties of water cannot be reproduced using the models.

Iceberg and clathrate cage models of hydrophobic solvation

Frank and Evans proposed the “iceberg” model of hydrophobic solvation in
1945.40

In essence, this model proposes that water maximizes hydrogen bonds in

solution through the creation of vast hydrogen - bonding networks. When a nonpolar
solute dissolves in water, this network is disrupted and the water molecules directly next
to the solute must adopt specific orientations to maximize the available hydrogen bonds
around the nonpolar solute. Therefore, a microscopic “iceberg” composed of water
molecules in ice - like crystalline conformations are formed around these solutes. The
large unfavorable entropy from solute transfer into water is theorized to be a result of
ordering of the water molecules around the nonpolar solute. Melting this “iceberg”
through heating of the solution thus increases the energy and entropy of the water
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molecules directly surrounding the solute, thereby increasing the heat capacity of the
interaction.

Originally proposed by Pauling, the clathrate cage model was based on the
iceberg model and observations of rare gas clathrates in water.52 As in the iceberg model,
solvation in the clathrate cage model can be considered as the sum of two hypothetical
steps. First, a cavity large enough to encapsulate the apolar solute is formed. Since
favorable water-water interactions must be disrupted to form the cavity, this step is
endothermic. Second, the solute is transferred to the cavity and subsequently solvated by
the collapse of water around the solute. Experimental data for the hydrophobic effect
shows that the entire process must be neutral or slightly exothermic, and thus the second
step of clathrate hydration must be exothermic to compensate for the endothermic step of
cavity formation.

By applying the iceberg model of Frank and Evans to the clathrate cage model of
water, hydrophobic hydration can be rationalized. In this context, the iceberg model
postulates that the first shell of water molecules surrounding a nonpolar solute are more
ordered than bulk water, and the ordering phenomenon can be attributed to clathrate-like
behavior. By favoring the more ordered “iceberg” species versus monomeric water in
solution, the Frank and Evans model rationalizes the phenomena described above. The
formation of these small “iceberg” regions has a favorable enthalpy but also results in an
entropic penalty due to the required ordering of water molecules. Thus, in this model the
low solubility of nonpolar solutes in water is a result of the required tetrahedral hydrogen
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bonding geometry of water. Formation of strong hydrogen bonds explains the positive
heat capacity accompanying hydration of hydrophobic species.40 Muller parameterized
the clathrate cage model of hydrophobic hydration to give the following expression for
enthalpy:53

"H =

3N
(1 # f b )"H b # (1 # f hs )"H hs
2

(

)

Equation 15

where fb and!fhs are the fraction of hydrogen bonds in the bulk solvent (b) and hydration
shell (hs), and $Hb and $Hhs are the enthalpies of hydrogen bond formation in the bulk
solvent and hydration shell. However, Muller’s treatment of hydrophobic hydration only
accounts for the hydrogen bonding features of water, and computer simulations have
shown that perturbations in hydrogen bonding cannot completely account for the free
energy of solvation.54

Kauzmann’s influential work, based on the iceberg model of Frank and Evans,
promoted the importance of the entropy of hydration as the origin of observed
hydrophobic clustering and attraction phenomena. In the Frank and Evans model, the
water molecules surrounding the hydrophobic solute are organized in a more rigidified
structure due to the tendency of water to maximize hydrogen bonding interactions. Thus,
the water molecules in the first solvation shell should have more unfavorable entropy
than the rest of the water molecules in the bulk solution.

In the event that two

hydrophobic solutes associate with each other, the hydration shells must overlap and
some of the ordered water molecules can be released back into the bulk solvent. Thus,
21

hydrophobic hydration is spontaneously driven by a reduction in unfavorable entropic
contributions from iceberg water.55

Clathrate cages have been observed experimentally for only a few solutes. These
examples include cages observed for the hydration of krypton56 and methane57 as well as
a few examples of hydration around carbon nanotubes.58-60 More recently, clathrate-like
water was observed in the crystal structure of an antifreeze protein.61 However, universal
and conclusive structural and thermodynamic evidence for the formation of ordered water
as described by the clathrate model is lacking. Soper, Finney and coworkers have
extensively studied the structure of water around methane and tetramethylammonium
molecules by neutron scattering and saw no evidence for clathrate-type water in these
systems. In studies of the hydration of krypton, no changes in hydration structure were
observed upon application of up to 1000 times atmospheric pressure.57, 60, 62-66 Due to
lack of evidence in support of this model, the clathrate-cage model of water has fallen
from favor.

Several variants of the clathrate model of hydrophobic hydration have been
proposed since the original Frank and Evans iceberg model. One notable variant is the
continuum model of Pople, first proposed in 1951.67 Pople proposed that hydrogen bonds
are flexible with regard to geometric requirements - a stark contrast to the rigid hydrogen
bonds of the iceberg model. In the process of melting, hydrogen bonds were proposed to
bend into less favorable geometries rather than break completely.

Nonpolar solute

binding would thus require the creation of a cavity by perturbation of hydrogen bond
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geometries rather than complete breakage of hydrogen bonds.

The energy required to

distort a hydrogen bond was termed the “hydrogen bond bending-force constant.”
Pople’s model provided results qualitatively consistent with the density anomaly
observed in liquid water, the dielectric constant of water, and the heat capacity and
thermal energy of water. However, numerous objections have been raised against this
model of water.

Eisenberg and Kauzmann commented that the description of the

hydrogen bond bending-force constant was too simple to represent all of the relevant
forces in the interactions of water molecules.68 Another objection to this postulate is that
the water proposed in Pople’s model would be extremely viscous.69 Finally, Frank
argued qualitatively that highly distorted hydrogen bond geometries were unlikely in
liquid water.70

Scaled particle theory model of hydrophobic hydration

Scaled particle theory (SPT) of classical fluids has also been utilized as a
modeling technique to rationalize the thermodynamics of hydrophobic hydration. In
SPT, water molecules are considered as hard spheres. As with the clathrate cage model,
in SPT dissolving an apolar solute is a two-step process: a cavity is created to fit the
solute, and then the solute is transferred into the solvent and water collapses around the
solute. Using the parameters of density, pressure, and particle size, SPT provides a
framework to calculate the isothermal, reversible work required to add a hard sphere to a
fluid in the fashion described above.71 In an extensive review, Pierotti described the
developments from the groups of Tully-Smith, Reiss, Lebowitz, Helfand, and Frisch72-80
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to provide a function for the work required to create a cavity for the nonpolar solute. In
the process of introducing a solute molecule to the solvent, the solvent molecules must be
excluded from a region of space with volume V and radius r. The probability (p0(r,%))
that such a cavity exists in the solvent is defined as:

p0 (r, " ) = e #W (r," )/ kT

Equation 16

!
where % is the number density
of the fluid (N/V) and W(r,%) is the reversible work
needed to create a cavity with radius r. Scaled particle theory attempts to determine this
probability function as accurately as possible.

A more useful construction of this probability function is to consider the
probability of finding a solvent molecule just outside the radius of the cavity (i.e. in the
solvent shell of thickness r to dr). The probability p0(r + dr) is expressed as:

p0 (r + dr) = p0 (r)[1 " 4 #r 2 $G(r, $)dr]

Equation 17

! represents the conditional probability that the cavity has no solvent
where pG(r,$)

molecules inside. After combining Equations 15 and 17 and manipulating the resulting
expression, an equation for the reversible work W (R,%) required to create the cavity can
be written as:
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* 3y
$ y ' 2 - 2 yP 3
W (R, " )
3y
= #ln(1 # y) +
R+ ,
+ 4.5&
R Equation 18
) /R +
kT
1# y
"kT
% 1 # y ( /.
,+1 # y

! where k is the Boltzmann constant, T is absolute temperature, R is % /% , % is the
1 2
1

diameter of the solvent, %2 is the diameter of the solute, P is pressure, and y is the
reduced density factor ($&%13/6.) A series of statistical mechanical manipulations of this
equation provide expressions for the free energy, entropy, enthalpy, and heat capacity
associated with introducing a nonpolar solute into a solvent cavity.71

SPT has been applied successfully to model a number of the relevant properties of
hydrophobic hydration.

Pierotti noted that the application of experimental solvent

constants to the mathematical derivations of SPT may provide a more accurate picture of
hydrophobic hydration.

These constants implicitly include information about the

structure of the solvent under examination, and thus SPT equations can be applied to both
organic and aqueous solvent systems.71 Ashbaugh and Pratt report the use of SPT to
reproduce many of the thermodynamic properties of hydrophobic hydration, including
the solubility minima and the convergence of the hydration entropies for different SPT simulated compounds (hydrocarbons, noble gases) at high temperature (T = 385 K).81, 82
Molecular dynamics simulations have been used to determine the free energy of cavity
formation in terms of cavity radius; these values are similar to those predicted by SPT
using the equations above.83 However, SPT does not explicitly account for the hydrogen
bonding properties of water, including the directional component. Instead, density and
molecular size are used to account for some effects of hydrogen bonding. As such, SPT
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cannot accurately reproduce the heat capacity results typical of hydrophobic hydration
events; many scholars believe that the large positive heat capacity resulting from the
insertion of a nonpolar solvent into aqueous solution is a result of hydrogen bonding and
ordered water molecules around the solute.81

Mercedes Benz (MB) Model of Water

In the 1990s, Ken Dill and coworkers described a simplified model of water,
inspired by Ben-Naim’s publication in 1971.84 Ben-Naim proposed that water molecules
could be represented as two-dimensional disks that interact with other water molecules
through both an orientation-dependent hydrogen bonding interaction and a Lennard-Jones
interaction. In the Dill Mercedes Benz (MB) model, water is represented as a twodimensional disk with three radial arms (Figure 4). The interaction energy is computed
as the sum of a Lennard-Jones interaction term (ULJ(rij)) and an orientation-dependent
hydrogen-bonding component (UHB(Xi,Xj)):

U(X i , X j ) = U LJ (rij ) + U HB (X i , X j )

Equation 19

!
where Xi denotes the vector for the orientation and coordinates of the ith particle, and rij
is the intermolecular distance between particles i and j. The Lennard-Jones term is
defined as:

+$ '12 $ ' 6 .
#
#
U LJ (rij ) = 4" -&& )) * && )) 0
-,% rij ( % rij ( 0/

!
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Equation 20

where ' represents the well depth and % represents the contact parameter of water. The
hydrogen-bonding component arises from interactions of neighboring water molecules,
specifically when the arms of neighboring water molecules align, with an energy U
defined as:
3

U HB (X i , X j ) = " HB G(rij # rHB ) $ G(iˆk • uˆ ij #1)G( ˆj i • uˆ ij +1) Equation 21
k,l =1

!
The vector
îk represents the kth arm of the ith particle (k=1,2,3) and ûij is the unit vector
joining the center of the molecule i to the center of molecule j (Figure 4). The optimal
hydrogen bond length and energy are defined when !HB = -1 and rHB = 1, and the arm of
one water molecule is linearly aligned with the arm of another water molecule. Hydrogen
bond acceptors and donors are not distinguished in this model. G(x) is an unnormalized
Gaussian function:85

$ "x 2 '
G(x) = exp & 2 )
% 2# (

!
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Equation 22

Figure 4: Mercedes-Benz Model of Water. Two representative MB water molecules
with indices i and j are shown. The intermolecular distance is rij. Each molecule
has three hydrogen bonding arms (vectors ik and jl – k,l = 1.2.3). The intermolecular
axis vector is uij.85

With his work on the MB model, Dill demonstrated that a simple 2D model could
replicate a large number of the experimentally observed properties of water, at least in a
qualitative sense.

The two-dimensional MB model does not successfully predict

quantitative solution phase thermodynamic values. However, MB water forms hexagonal
structures in two dimensions (essentially 3D tetrahedral structures). The MB model
provides a reasonable estimate of the density anomaly of water, and MB ice is lighter
than MB water. MB water also demonstrates a very high heat capacity, which correlates
with the observations noted for the hydrophobic effect.28
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Recent studies on the structure of water: Wernet and challengers

In 2004, Wernet and coworkers published work suggesting that on average water
molecules participate in only two hydrogen bonding interactions: these molecules donate
one hydrogen bond and accept one hydrogen bond.86 Previous neutron scattering and
computational results had suggested that (at room temperature) approximately 3.5
neighboring water molecules were involved in hydrogen bonding interactions.87-90
Conversely, Wernet’s results were obtained using X-ray absorption spectroscopy (XAS),
a technique that provides information about hydrogen bonding through analysis of the
electronic arrangements of the first coordination shell of waters. If these results provide
an accurate picture of the hydrogen bonding structure of water, the conventional
tetrahedral geometric arrangement of water molecules would no longer be accurate.
Instead, the organization of water would consist of fairly disordered hydrogen - bonded
chains or large rings in a weakly hydrogen-bonded network.

As the models of

hydrophobic solvation discussed thus far have uniformly relied on a tetrahedral geometry
of water, Wernet’s views on bulk water structure could have profound effects on general
views of hydrophobic solvation.30

However, recent studies from Head-Gordon91 and Smith92-94 challenge these
conclusions. Head-Gordon used three independent computer - modeling techniques to
probe water in which two hydrogen bonds were formed per water molecule, per Wernet’s
results. These two hydrogen – bond model systems approximated the experimentally
determined values for the thermodynamic and dielectric properties of water poorly, as
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opposed to modeling results from tetrahedral water in which these properties may
approximate experimental results well. Smith also studied a small population of water by
XAS techniques but interpreted the results of his study to more closely conform to the
tetrahedral geometry postulate of liquid water structure. As a two hydrogen - bond model
for water would change the fundamental understanding we currently possess for water
interaction (and the models based on this understanding), these observations are still a
source of controversy in the literature.

Computer-based modeling of water

Thus far, we have reviewed the historical development of a number of models of
water and hydrophobic solvation. However, none of these models provide microscopic
information about the interaction of water molecules; they can predict macroscopic
properties only. The advent of computer modeling in the 1950s provided a direct method
for examining microscopic properties of systems and correlating these findings to help
explain the macroscopic properties of interest in hydrophobic hydration.

Simple

empirical models can be developed to describe the force field of water using interaction
pair potentials.95

Two main challenges face theoreticians in the development of accurate modeling
techniques. First, the size of the simulated water box (sample size) is always limited
based on the amount of computing power available. Generally, simulations can study the
behavior of several hundred to perhaps a million particles, not the entire bulk solvent of a
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typical aqueous binding event.

This restriction is important because long-range

interactions are prevalent in water, and the sample size used in the model must be large
enough to capture the effects of these interactions.28 Second, for water in particular, the
models must explicitly address the polarizability, hydrogen bonding and charge transfer
features of water to reproduce the physical properties of water with quantitative
accuracy.96-104

However, the parameterization of these features requires computing

power, and thus the potential water sampling size is necessarily reduced based on
available computing power.

Early simulations, predominantly the work conducted in the late 1960s and early
1970s, have served as the basis for the development of hundreds of computer - based
water models.

The first computer simulation of a liquid was conducted in 1953,

consisting of 224 hard spheres moving along a flat plane.105 In 1969, Barker and Watts
published a priori calculations of the free energy, constant volume heat capacity, and
nearest neighbor coordination number of water based on Monte Carlo random sampling
computational algorithms using a sample size of 64 molecules of water.106, 107 Rahman
and Stillinger developed a model based on molecular dynamics (MD) simulations108 in
1971 that eventually evolved into the ST2 model.109-113 MD simulations are deterministic
and simulate the physical movements of atoms and molecules.114 The simulation of
Rahman and Stillinger produced a 2 ps trajectory of water, and they used this data to
extrapolate a number of physical properties of water. The ST2 model of water is a fivesite model (Figure 5) where four point charges are distributed in a tetrahedral orientation
around the central oxygen atom, which also has a point charge and serves as a Lennard-
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Jones interaction site.

However, none of these models provided even qualitative

descriptions of the dielectric properties of water, and it was observed that the critical
point in ST2 water occurs about 30 K and 80 mPa higher than in experimental data. 110

Figure 5: Diagrams of three site, four site, and five site water models for computer
modeling. In the three site model, charges are placed on all three atoms. In the four
site model, the charges are placed on the hydrogen atoms and a site (M) shifted
slightly from the oxygen atom. The five site model places charges on the hydrogens
and on the two lone-pair sites of the oxygen atom (L’s).

In the ensuing years, a large number of models have been developed to better
model the properties of liquid water, with varying results.115, 116 We will examine the two
most commonly applied sets of computer simulation models for water in use today: the
simple point charge model (SPC) and the transferable interaction potential (TIP) model.

Simple point charge (SPC) model

The simple point charge (SPC) model is an empirical, three sites model first
proposed by Berendsen and coworkers.117 In this model, water is represented as a rigid
isosceles triangle with positive charges on both hydrogen atoms, and a negative charge on
the oxygen atom. The H-O-H bond angle in this model is exactly 109°28’, and the O-H
bond length in this model is exactly 1 Å.95 Water molecules in this model interact
through Coulombic interactions between the charge points and long-range Lennard-Jones
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sites on the oxygen atoms. The original SPC model does not account for the polarization
of water, but an extended SPC model (SPC/E) has been developed that includes a selfpolarization energy correction to the potential energy function of the model.118 The
SPC/E model provides a better estimate of the density, diffusion constant, internal
energy, and the dipole moment of water versus the SPC model.95

Transferable intermolecular potentials (TIP) models

Jorgenson and coworkers developed the transferable intermolecular potentials
(TIP) models in the early 1980s.87 Again, these models are empirical and parameterized
to reproduce bulk properties for a chosen phase under given conditions. TIP models have
been generated for three, four and five point charge models (TIP3P, TIP4P, and
TIP5P).87, 119 The TIP3P model uses a Lennard-Jones site on the oxygen atom and charge
sites on the hydrogen atoms, with a 104 degree H-O-H bond angle. TIP3P was originally
parameterized for the density and energy of liquid water, and provides a better potential
energy value for water than SPC. However, the viscosity and diffusion parameters
obtained from the TIP3P model do not match experimental values well, and most
importantly the TIP3P model does not reproduce the density anomaly of liquid water
accurately.120

The TIP4P water model is a rigid, planar four-site interaction potential with a
similar geometry to that of the model of Fowler and Bernal, proposed in 1933.49,

87

(Figure 5) In this model, the positive charges are placed on the hydrogen atoms, and the
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negative charge has been moved 0.15 Å away from the oxygen atom to the site labeled M
on the bisector between the H-O-H angle. Using four interaction sites with the TIP4P
model versus three sites (with TIP3P or SPC) leads to significant increases in required
simulation time, but generally the modeled parameters fit the experimental data better
than in three site models.87, 90, 119 A TIP5P model has been developed by Jorgensen and
coworkers,119 but the marginal improvements in calculated water properties must be
counterbalanced by the increased computational demand for a five site model of water.
Thus, simpler models (predominantly SPC and TIP3P) are most commonly used in
computational studies today, particularly in biologically relevant systems.121

Despite all of the modeling and computer simulations conducted to elucidate the
unique properties of water and hydrophobic solvation, there are still significant gaps in
our ability to explain the anomalous solvation properties of water. No model of water
developed thus far can reproduce all of the anomalous properties of water with high
accuracy, and models tend to give more accurate values for the parameters around which
they have been designed.122 However, the de novo design of high affinity protein –
ligand interactions requires an understanding of all components of the binding
interaction, including the effects of aqueous solvent, and currently our limited
understanding is not sufficient to achieve these aims.
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1.4 Ligand Binding in Aqueous Solution

The focus of this dissertation is the thermodynamic and structural elucidation of
features of select non-covalent binding interactions in aqueous solution. In most of the
work presented here, we consider the specific binding interactions of proteins with a
small molecular weight binding partner, referred to as a ligand. Modern techniques
permit the ready detection of these types of interactions. However, the ability to predict
affinity and specificity of these types of interactions a priori remains limited. One major
aim of the work presented in this dissertation is to further the understanding of observed
ligand binding phenomena and the thermodynamic processes driving these interactions.

1.4.1 Introduction to Ligand Binding and Thermodynamics

In the previous sections, we reviewed the intermolecular interactions and models
of water underpinning association phenomena in aqueous solution. Here, we briefly
consider the relevant thermodynamic parameters of binding.

1.4.1.1 Affinity in Ligand Binding

Chemical affinity is defined as “an attractive force between substances or
particles that causes them to enter into and remain in chemical combination.”123 The
binding affinity of a complexation reaction includes the effects of the various

35

intermolecular forces described previously, functioning together to drive the association
event.

We review here the basic principles of thermodynamics governing binding

interactions.

1.4.1.2. Thermodynamic Parameters of Ligand Binding

Thermodynamics is the physical science concerned with the study of energy and
its interconversions into other forms of energy, including electric energy, magnetic
energy, and mechanical energy among others.

As such, thermodynamics is the

intellectual foundation for a number of branches of modern science, including
engineering, chemistry, and biochemistry.12

Thermodynamic investigations are concerned with determining changes in the
energetic parameters of interest in a chemical system from an initial state to a final state.
Thus, when the thermodynamics of a particular interaction are measured, the change in
enthalpy upon binding can be measured, but the absolute value of enthalpy of the system
is not known either before or after the experiment.

Modern techniques capable of

providing high quality thermodynamic data are widely available.124,

125

As

thermodynamic principles are mathematically derived rather than the result of a particular
experimental or theoretical model, these principles can be applied widely to any system
of interest. However, due to the ensemble nature of thermodynamic properties, direct
insight into molecular phenomena is not possible from this information alone.12, 13 An
important goal of physical biochemistry is to relate the specific intermolecular
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interactions to bulk thermodynamic parameters. A review of relevant thermodynamic
parameters is provided below to frame our discussion of ligand binding processes.

Chemical Equilibrium and Free Energy

A chemical system at equilibrium exhibits no net macroscopic change in state or
composition; a system in this state is said to be at rest or in balance. At equilibrium no
net changes in the concentrations of reactants or products occur as a function of time.
Equilibrium expressions are used in thermodynamic studies to predict the extent of
reactions, including the formation of protein – ligand complexes.

When a ligand (L) is added to its macromolecule binding partner (M) in aqueous
solution, an equilibrium is established between these partners and the resulting bound
complex (ML).

An equilibrium constant K can be expressed in terms of the

concentrations of the associated complex ML and the free binding partners M and L:

K=

[ML]
[M][L]

Equation 23

! fractions of bound versus unbound macromolecule (in the
Upon determination of K, the

cases considered in this dissertation, protein) can be determined at any given set of
protein and ligand concentrations. A true thermodynamic equilibrium is defined in terms
of solute activities, and the conventional relationship assumes that the activity of each
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component is equivalent to its concentration. The activity of a species i, denoted as ai, is
defined as:

#µ " µ 0&
i
ai = exp% i
(
$ RT '

Equation 24

!
where µi is the chemical potential
of the species under the conditions of interest, µi0 is the

chemical potential of the species at standard state conditions, R is the gas constant and T
is the absolute temperature. This assumption is reasonable at low concentrations of
compounds (less than ~1 mM), but in certain biologically relevant situations, such as
macromolecular crowding, activities can differ significantly from concentrations.126-129

The free energy of binding (G (also known as Gibbs free energy) is related to the
equilibrium constant K as:

"G = #RT lnK

Equation 25

!

where R is the ideal gas constant and T is absolute temperature. Two major implications
follow from this equation. First, the affinity of a reaction varies logarithmically with the
free energy, in the situation where K is a true equilibrium constant, Keq. Second, negative
free energies lead to the formation of thermodynamically favorable complexes. Free
energies can be further described in terms of enthalpic and entropic terms as:

"G = "H # T"S
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!

Equation 26

where $G is the Gibbs free energy, $H is the enthalpy, $S is the entropy, and T is the
absolute temperature.12, 13

Enthalpy

In a system under constant pressure, the change in enthalpy in a system is
equivalent to the change in thermal energy in the system. The enthalpy of a system H
cannot be directly measured; rather the change in enthalpy during some process must be
determined instead:

"H = H f # H i

Equation 27

!
where Hf corresponds to the enthalpy of the final state of the system and Hi is the
enthalpy of the initial system.

Thus, (H is amenable to direct experimental

measurement, and modern calorimeters have been designed to measure even minute
changes in heat in a system.124

Nearly all molecular processes exhibit changes in enthalpy of the system, and a
number of common enthalpic changes have been defined. The most relevant enthalpic
parameter in terms of ligand binding is the enthalpy of binding ((Hbind), described as the
enthapic change during the formation of a complex between two binding partners. The
observed enthalpy from a particular binding ((Hobs) includes the enthalpies for all
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processes occurring during the experiment. This parameter can include the enthalpies of
binding, ionization, and other chemical processes.

Entropy

In the simplest terms, entropy is the portion of the free energy of a system not
available for work. Experimentally, the entropic change in a system is the difference
between the free energy and enthalpy of a system, divided by the temperature:

"S =

#G " #H
T

Equation 28

Changes in entropy!accompanying ligand binding are often parsed into contributions
from a number of processes. Examples of contributing processes are shown in Figure 6.
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Figure 6: Examples of translational, rotational, and conformational entropy.
Translational entropy (top left) arises from the translocation of molecules in space. Rotational entropy (top
right) is a result of molecular tumbling in space. Conformational entropy (bottom) is demonstrated by the
rotation of acetylcholine around its central carbons, and arises from rotation around bonds.
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Entropy arises from the molecular degrees of freedom of a molecule.

A

consequence of positioning a molecule with N atoms in three-dimensional space is that
the molecule has 3N degrees of freedom. Translational degrees of freedom thus describe
the location and motion of a molecule in space. As these degrees of freedom are
described by the Cartesian coordinate system (x, y, and z axes), 3N – 3 degrees of
freedom remain for the molecule’s rotation and vibration. The translational entropy of a
molecule in the gas phase can be described by the Sackur-Tetrode equation:

3
*# #
&
2"mk B T & 2
3
,
%
(
S = kB N i % ln%
( V + 2 ( ) ln( N i )1) /
,+$ $ ! 2 '
/.
'

Equation 29

! Boltzmann constant, N is the number of molecules in the ensemble, m is
where kB is the
i

the molecular weight of the molecule, T is absolute temperature (Kelvin), h is Planck’s
constant, and V is the volume of the gas. Importantly, translational entropy varies as the
natural logarithm of m.

Another three degrees of freedom are required to describe a molecule’s rotation in
space, or the rotational entropy. The rotational entropy can be calculated as:

"e
S = Rlog
#

3

2

% T3 (
''
**
& $ x$ y$ z )

!
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Equation 30

where R is the gas constant, & is the symmetry number of the molecule, T is the absolute
temperature, and 'x, 'y, and 'z are the rotational degrees of freedom of the molecule
around the principal axes. This equation also shows a logarithmic relationship between
rotational degrees of freedom and rotational entropy, and these values are related to
molecular weight.12, 13

Conformational entropy is the entropy a molecule possesses as a result of rotation
around individual bonds. In binding interactions, conformational degrees of freedom are
lost and the magnitude of the entropic penalty depends directly on the number of bonds
frozen in a particular conformation in the binding event.

Finally, the role of solvation-associated entropy in ligand binding remains
unclear, as the molecular basis for observed changes in entropy associated with the
solvation of solutes is not well-understood. The best experimental measure of solvent
reorganization thermodynamics is the molar heat capacity of the process, which will be
discussed further below.

Heat Capacity

The change in constant pressure heat capacity ((Cp) that accompanies an
interaction is an important parameter for understanding the molecular origin of bulk
thermodynamic parameters for ligand – macromolecule binding. Heat capacity is defined
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as the amount of energy required to raise the temperature of a mole of a substance one
degree Celsius:

Equation 31

q = C"T

where q is heat, C is heat !capacity, and T is temperature in Kelvin. Changes in heat
capacity are usually measured at either constant volume ((Cv) or constant pressure ((Cp).
In physical biochemistry, heat capacity values are usually reported as (Cp, because
calorimeters - the predominant biophysical method for analyzing the thermodynamics of
interactions - operate at constant pressure. At constant pressure, qp = (H, and:

"C p =

"H
"T

Equation 32

!
In proteinaceous systems,
(Cp for binding between the protein and ligand is
typically negative. This observation has been traditionally attributed to a decrease in
solvent-accessible hydrophobic surface area upon ligand binding, and thus changes in
heat capacity are often concomitant with changes in exposure of solvent accessible
surface area ((ASA). This observation can be explained by noting that changes in
solvation state of surface groups on the protein have been shown to affect the heat
capacity of an interaction. When comparing the binding of two ligands to the same
protein, if the difference in (Cp is negligible, the solvation states of the two complexes
can be assumed to be similar. If large changes in (Cp arise upon binding of two separate
ligands, the solvation states of the complexes are most likely dissimilar.130-134
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1.4.1.3 Multivalency in Ligand Binding

Many biologically relevant binding interactions – particularly proteincarbohydrate interactions – involve the phenomenon of multivalency.

The term

multivalency is used in a variety of ways to describe biological phenomena in which a
molecule simultaneously binds multiple binding partners.

Multivalency in the context of ligand binding refers to multiple simultaneous
binding events that produce an increase in the apparent binding constant beyond that
predicted from summation of binding free energies of the individual binding events. This
phenomenon can be viewed from an additive perspective, in the formalism originally
proposed by Jencks.135

1.4.1.4 Thermodynamics of Multivalent Interactions

Additivity

Any thermodynamic parameter J characterizing a multivalent association can be
related to the corresponding parameter for the constituent monovalent association event
by:

"J obs = n"J mono + "J i

!
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Equation 33

where $Jmono is the term describing the monovalent interaction parameter, n is the
stoichiometry of binding, and $Ji is an interaction parameter describing the energetic
consequence of physical linkage.135 This particular formalism makes the assumption that
all of the binding epitopes are identical; in the general case, binding epitopes differ.
However, the concept of the interaction parameter remains constant regardless of the
nature of binding epitopes.

Our ultimate concern is the rationalization of the interaction free energy of
binding in a multivalent interaction. As free energy can be parsed into enthalpic and
entropic contributions (Equation 26), it is useful to consider an interaction parameter (Gi
as presented by Jencks in terms of enthalpic and entropic contributions as well. We now
consider the origins of these contributors to the overall interaction free energy.

1.4.1.5 Entropic Contributions to Intramolecular Binding

The interaction entropy ((Sint) can be parsed into its component translational
((Strans,int), rotational ((Srot,int), conformational ((Sconf,int), and solvation ((Ssolv,int)
entropies, as shown in Equation 34:

"Sint = "Strans,int + "Srot,int + "Sconf ,int + "Ssolv,int

!
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Equation 34

As previously noted, a logarithmic relationship exists between molecular weight
and both translational and rotational entropies. This relationship implies that the values
of translational and rotational energy for a multivalent ligand should be similar to that of
the constituent monovalent epitopes.136

As thermodynamic parameters are state functions and thus path-independent, the
binding of a bivalent receptor can be considered in a stepwise fashion, even though this
path may not be realistic. In the bivalent interaction shown in Figure 7 below, the first
binding interaction (top left to top center) is intermolecular in nature and proceeds with a
loss in translational and rotational entropy. A number of groups estimated the entropic
penalty for this first step at approximately 6.5 kcal mol-1, although estimates have ranged
widely from 2 to 15 kcal mol-1).15, 134, 137-139 Recent estimates for this entropic penalty
have been on the order of 150 J mol-1 K-1.140

The second binding interaction is

intramolecular in nature, and the second binding epitope binds without additional
translational and rotational entropic penalties. In effect, this entropic “penalty” is only
paid during the first step of the interaction since translational and rotational degrees of
freedom are not lost during the second step of the interaction. Thus, the binding of a
bivalent ligand has a favorable contribution to the interaction free energy equal to the
translational and rotational entropy of the monovalent ligand.
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Figure 7: Translational and Rotational Savings in Multivalent Binding.

In the top panel, a bivalent receptor binds a bivalent ligand. The first intermolecular binding interaction
proceeds with translational and rotational entropic penalties. However, the second binding interaction is
now intramolecular, and no translational or rotational entropic penalties are paid. In the bottom panel, two
monovalent ligands bind to a bivalent receptor. Both binding interactions are intermolecular, and in both
steps translational and rotational entropy are lost.

Conformational entropy also plays a role in the energetics of multivalent binding.
Entropic penalties are incurred when freely rotating bonds are frozen into a particular
conformation during a binding interaction, thereby reducing the overall entropy of the
molecule. Energetic estimates of this penalty vary widely. Whitesides et al. estimated a
penalty of 1.2 eu, while Jencks suggested a value of 4.3 eu (0.5 kcal mol-1 to 1.4 kcal
mol-1 per restricted rotor at room temperature).141-144

Currently, the most widely

referenced estimate is approximately RT ln 3 ) 0.7 kcal mol-1 per restricted rotor at room
temperature.145
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Although intellectually appealing, the literature contains numerous examples
suggesting this view of entropic contributions to (Gi and overall binding
thermodynamics is overly simplistic.

In 2009, Udugamasooriya and coworkers

constructed a series of unconstrained linear peptides based on macrocycle ligands for the
third PDZ domain (PDZ3) of the mammalian postsynaptic density-95 (PSD-95) protein,
and compared the energetics of binding of linear and cyclic peptides. In these three
different systems, three different results in terms of the sign and magnitude of (Si were
observed, leading to the conclusion that the relationship between conformationally
unconstrained linear ligands and cyclic ligands can be hard to rationalize.146 Another
example of the complexity of the entropic contribution to the interaction free energy
parameter arises from the work of Bundle and Boons, who have synthesized preorganized
trisaccharide ligands for monoclonal antibody Se 155.4 and concanavalin A (ConA),
respectively.147, 148 The goal of ligand preorganization in both cases was to synthesize
ligands that could avoid losses in conformational entropy upon binding. Interestingly, no
enhancements in affinity were observed in either system as a result of conformational
restriction of the ligands, and calorimetric studies indicated that the ligands were not in
unfavorable orientations (ie the binding enthalpy was not reduced).

Finally, contributions towards the interaction entropy from solvation effects
remain poorly understood, a result of the lack of understanding of the molecular basis of
solvent reorganization. As previously mentioned, the molar change in heat capacity
((Cp) is the best experimental parameter to measure the thermodynamics consequences
of solvent reorganization in water. For a ligand series, large changes in (Cp tend to
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correspond to large changes in solvation effects. Interpretation of change in heat capacity
data is hampered by a number of factors, predominantly that the meaning of the heat
capacity measurement is not well-understood, except that this parameter is solvent
associated.15, 136, 149

1.4.1.6 Enthalpic Contributions to Intramolecular Binding

Although interaction energies have been traditionally considered from an entropic
perspective, enthalpic contributions based on the specific composition of the linker
domain are certainly conceivable.

Figure 8 offers examples of scenarios in which

binding enthalpies could be perturbed due to linker composition.

Figure 8: Enthalpic Consequences of Linker Orientation and Length.

Far left: The linker is in an optimal conformation and is an optimal length to span the binding sites. Center
left: The linker is too short to reach both binding sites. Center right: The linker has adequate length to
span the binding sites, but the pink binding epitope is in an orientation that prevents binding. Far right:
The linker is too long, and unfavorable or favorable protein – linker interactions can occur.

To maximize the enthalpy of interaction for a given association event, careful
attention must be paid to both linker length and orientation of the binding epitopes in the
context of the multivalent ligand. If the linker is too short to reach both binding sites,
binding will still occur but the interaction enthalpy will be unfavorable, since only one of
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two binding epitopes interacts with protein.136 A multivalent ligand linker must also be
designed to ensure productive orientation of all binding epitopes in order to maximize the
enthalpy of binding; in the scenario where one or both epitopes is not oriented in a
productive manner, the enthalpy of interaction will be unfavorable.

Another potential source of enthalpic contributions to overall interaction energies
arises when the linker is longer than the distance spanning the binding sites. In this
instance, the linker can then interact with either the protein surface or the binding sites.
The nature of these interactions will be dependent on the orientation and composition of
the linker, and thus the enthalpy of these interactions could be favorable or unfavorable.
In addition, the linker itself can be “frozen” in unfavorable eclipsed or gauche
conformations; the enthalpic penalties for these interactions range from approximately 1
kcal mol-1 for a methyl - methyl gauche interaction to 4.5 kcal mol-1 for an eclipsing
methyl - methyl interaction. The enthalpic penalties for gauche interactions increase with
added steric bulk.12, 13, 136

1.5 Modern Tools for Elucidating Association in Aqueous Solution

A number of techniques have been used to elucidate the nature of non - covalent
interactions in aqueous solution. Many of these techniques require the use of complex
biological processes to obtain results, and a complete understanding of the molecular and
physical bases of the signal output from these techniques is required for proper
interpretation of the results. The biophysical tools of paramount importance to the
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research results presented here are isothermal titration calorimetry (ITC), x-ray
crystallography, surface plasmon resonance (SPR), and circular dichroism (CD). In
addition, two assays specifically designed for the study of protein – carbohydrate systems
are discussed: the hemagglutination inhibition assay (HIA) and the enzyme - linked
lectin assay (ELLA). The relative advantages and disadvantages of each technique, along
with an overview of the principles underlying the use of each technique, are reviewed in
this section.

1.5.1 X-Ray Crystallography

X-ray diffraction can be used to determine the three - dimensional structure of a
number of compounds, including macromolecules (proteins and nucleic acids). In fact,
X-ray crystallography is the most common structural method for determination of a
macromolecule’s three-dimensional arrangement: as of May 29, 2012, 67,154 protein
structures from X-ray crystallography data had been deposited in the Protein Data Bank
(PDB) repository, while only 8,256 structures from nuclear magnetic resonance
spectroscopy (NMR) had been published through the PDB. Oftentimes this technique is
used to provide information useful for the interpretation of chemical and biological
phenomena, including the basis for interaction between a receptor and its ligand150,

151

and enzyme catalysis.152, 153

The workflow of a typical protein X-ray crystallography experiment is shown in
Figure 9. Briefly, the protein of interest is purified to homogeneity (* 95 % desired
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protein) and brought to a high concentration (typically 10 mg mL-1 or higher).
Crystallization parameters are then tested, and any conditions producing protein crystals
are optimized to produce high quality diffracting crystals. The optimized crystal is then
placed in a beam of X-rays to create a pattern of spots, or reflections, resulting from the
diffraction of X-rays by the crystal.

As the crystal is rotated, the resulting patterns of

diffractions are recorded and these patterns are then combined computationally. To solve
the structure of a crystal, numerous methods may be potentially used. If the crystal
structure of a chemically similar compound has been previously solved, this information
can be used to help create a model of the three-dimensional arrangement of atoms in the
crystal, or the crystal structure, of the compound of interest. This structure is then stored
in a public database (usually the Protein Data Bank or PDB).150, 154, 155 The mathematics
of data reduction are beyond the scope of this document, but are reviewed elsewhere
extensively.154, 156

Figure 9: Workflow of Protein X-Ray Crystallography.
Proteins are formed into crystals (left). Then, a beam of monochromatic X-rays strikes the crystal, forming
a diffraction pattern. The diffraction data are combined through computational methods, and a model of
the atomic arrangement of the molecule is constructued and refined. Shown is the crystal structure of
concanavalin A complexed with a bivalent ligand, PDB Code 1QGL.157
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Although X-ray crystallography is a very powerful tool for structural elucidation,
there are some limitations to consider. Oftentimes, the most difficult portion of the
workflow is obtaining a crystal of sufficient size, packing and regularity to give high
enough resolution diffraction to resolve the structure of a protein or protein – ligand
complex. Sample requirements are high, as crystallization requires homogeneous protein
sample at high concentration (using milligram quantities of protein). In addition, other
features of the experiment are beyond the control of the experimenter, including the
potential radiation decay of the crystal.155, 158

1.5.2 Circular Dichroism (CD)

Circular dichroism (CD) spectroscopy is used predominantly to gain insight into
the secondary structure of a polypeptide or macromolecule of interest in solution. This
technique is a form of light absorption spectroscopy that measures the interaction of
asymmetrical molecules with left- and right-handed circularly polarized light. As any
chiral compound will have different extinction coefficients for left- and right-circularly
polarized light, these light rays will be absorbed at different extents at different
wavelengths and a difference spectrum is produced.

CD spectroscopy is widely

applicable to many biological compounds.159

CD phenomena are measured in terms of ellipticity, the tangent of the ratio of the
minor to major elliptical axes. Molar ellipticity is defined as:
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Equation 35

!
where [+] is the molar ellipticity,
+ is the ellipticity value determined experimentally, M
is the molecular mass of the compound under investigation, c is the concentration of the
experimental solution (g mL-1), and l is the optical path of the cuvette (cm-1). The molar
circular dichroism of a sample is calculated as:
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Equation 36

! dichroism, !L is the molar absorptivity of left circularly
where (! is the molar circular
polarized light, !R is the molar absorptivity of right circularly polarized light, A is
absorbance, c is the concentration of the experimental solution (mol L-1), and l is the
optical path of the cuvette (cm-1).160

CD spectra are usually measured in one (or more) of three regions: far-UV, nearUV, and visible. The far-UV region typically provides useful information about the
secondary structure of a biologically relevant molecule.

A number of secondary

structures are readily identifiable in CD spectra, including protein "-helices, !-sheets, !turns, and other conformation (random coil), or the double helix structure of DNA or
RNA. CD data can be used to predict the fractions of protein in a sample in particular
conformations. Figure 10 shows sample CD spectra for common secondary protein
structures measured predominantly in the far-UV region.160, 161
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Data collected in the near UV range (> 250 nm) can give information on the
chemical environment of UV-active amino acid residues, including phenylalanine,
tyrosine, tryptophan, and cysteine (including the presence of disulfide bridges).

In

addition, other structural features can be detected in the near UV range including the
presence of prosthetic groups such as heme, the aggregation of polypeptides, and the
overall globular structures of a protein of interest.160, 161 CD data collected in the visible
range of light is predominantly used to study metal – protein interactions, when a metal
ion exists in a chiral environment.162, 163
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Figure 10: Circular Dichroism Plots for Typical Secondary Structures. Adapted
from Brahms and Brahms.161
Red: Helix. Blue: Antiparallel-! sheet. Green: !-Turn. Delta e corresponds to the change in ellipticity
from experimental determination.

CD is particularly useful for the study of conformational changes in a sample in
response to perturbations in temperature, pH, or denaturant. The Gibbs free energy and
enthalpy of denaturation can also be calculated from a series of CD experiments.159

A number of experimental considerations must be recognized prior to effective
utilization of this technique. Many aqueous buffer systems absorb light in the regions of
the UV spectra pertinent to structural analysis by CD. A number of methods have been
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developed to address this challenge, including reducing the concentration of the buffer,
changing buffer systems or eliminating buffer entirely, exchanging chloride anions for
fluoride anions which absorb less in the far-UV region, and using short path length
cuvettes (to 0.1 mm).

CD spectra provide structural information at a much lower

resolution than X-ray crystallography or NMR.

Usually, the precise location of

secondary structural features cannot be determined from CD spectra. However, CD
analysis of a given protein is far less demanding in terms of material requirements and
data processing. As such, CD is often used as a tool for quickly surveying potential
conditions for other experimental techniques and determining that a protein of interest is
in the desired conformation prior to further experimentation.160

1.5.3 Techniques for Analyzing Protein – Carbohydrate Interactions

The analysis of protein-carbohydrate interactions has proven challenging for a
number of reasons.

Binding affinities for these interactions are weak, and many

methodologies used for the study of ligand binding cannot be applied to these systems.
In response to these challenges, several techniques have been developed or adapted to
explore the physical basis of protein-carbohydrate interactions.

Several competitive

assays have also been developed to analyze protein-carbohydrate interactions.

1.5.3.1 Hemagglutination Inhibition Assay (HIA)

Erythrocytes (red blood cells) display a variety of oligosaccharide epitopes on the
cell surface. Carbohydrate-binding proteins (lectins) can bind to these epitopes and
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cross-link erythrocytes into aggregate structures. This physical phenomenon is termed
hemagglutination. The hemagglutination inhibition assay (HIA) is a competitive binding
assay that quantitatively measures the ability of a soluble saccharide ligand to inhibit the
process of agglutination.164

In the HIA assay, a soluble carbohydrate is added by serial dilution to wells
containing both the lectin of interest and cross-linkable erythrocytes. The experimental
results are interpreted through visual inspection. Results are reported in terms of either
the concentration of soluble ligand that provides 50% inhibition of the reaction (IC50) or
the minimum inhibitory concentration (MIC). An experimental example is provided in
Figure 11.

Figure 11: HIA Assay Experiment. Adapted from Luteran.165
Left: 96 well plate at start of experiment. Top four rows contain erythrocytes. Right: 96 well plate after
reaction. Lightly shaded wells reflect the IC50 of the reaction.

The HIA assay was first utilized to study hemagglutinin inhibition in a variety of
contexts, including the analysis of rubella,166 thrombopoietin,167 and erythropoietin.168 In
modern times, this assay is used in the laboratory for the determination of blood type,169
59

the identification and quantification of viral species including various strains of
influenza170-172 including H1N1,173-175 and for the identification of sexually transmitted
diseases in a patient.176-178 The HIA assay utilizes inexpensive reagents and is relatively
easy to adapt to a variety of biological systems.

However, there are several experimental challenges to HIA and important caveats
to the interpretation of results from this assay. First, the activity of the assay can depend
on the virus or bacteria of interest, as variations in ionic strength and the pH level of the
buffer will affect proteins in different ways. Since the interpretation of the experiment is
completed visually, data interpretation in some cases can be subjective. In addition, the
precision of the technique is low as the use of serial dilutions means that results must be
interpreted with a minimal error of a factor of 2% (one well). Finally, reported IC50
values must be interpreted with caution. As the phase change may not be reversible on
the timescale of the interaction, the IC50 value reported cannot simply be interpreted as a
true binding constant, or even a thermodynamic quantity. Thus, the obtained values
cannot be correlated to thermodynamic parameters such as free energy. Hence, for the
quantitative study of protein-carbohydrate interactions, the HIA assay has been replaced
by more accurate methods.

1.5.3.2 Enzyme - Linked Lectin Assay (ELLA)

The enzyme - linked lectin assay (ELLA) is a derivative of the enzyme - linked
immunosorbent assay (ELISA).179, 180 In this assay, the wells of a microtiter plate are first
coated with a polymeric carbohydrate.

A lectin - enzyme conjugate (typically
60

horseradish peroxidase, HRP) and a known concentration of soluble ligand are added.
The soluble and immobilized carbohydrate ligands compete for binding sites on the lectin
during an incubation interval. The wells are then washed with buffer and a prodye
substrate for HRP is added.

The results of this assay are colorimetric, and the

development of color is proportional to the concentration of lectin bound to the microtiter
wells, and inversely proportional to the affinity of the soluble ligand. The results of the
assay are measured spectrophotometrically. IC50 values can thus be determined from a
plot of percent inhibition (from color formation) versus the concentration of soluble
ligand. Curve - fitting techniques are used to determine the affinity rather than visual
interpretation, improving the precision of the assay relative to HIA. (Figure 12).

Figure 12: ELLA Assay Experiment (left) and Sample Curve for Data Fitting
(right). Adapted from Lundquist et al.136

The HIA assay relies on aggregative phenomena, introducing concerns regarding
reversibility. A major advantage of ELLA is that the assay does not involve aggregation.
Still, there are distinct drawbacks to ELLA.

Few enzyme – lectin conjugates are

available. As with the HIA assay, the IC50 derived from ELLA is not necessarily a true
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thermodynamic binding constant. Although the IC50 values from the HIA and ELLA
assays are often similar, in some cases significant differences have been reported.136

The principles behind ELLA can be utilized to probe protein – carbohydrate
interactions, as shown in Figure 13. This particular adaptation shows how the ELLA
assay can be used to “fish” for and probe interactions of glycoproteins.181

Figure 13: Schematic of Variations on ELLA Assays, adapted from Thompson et
al.181
Left: The target glycoprotein is immobilized by non-specific absorption on an ELISA plate, and blocking
agent is added. Biotinylated lectins are then added to the wells, and an anti-biotin HRP-conjugated
antibody is used to detect the interaction. Right: In cases where a target-specific antibody is available for a
glycoprotein of interest, the antibody can be immobilized onto an ELISA plate. The surface is
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subsequently blocked, and the target glycoprotein can be captured for lectin probing as shown in the left
panel.

1.5.3.3 Isothermal Titration Calorimetry (ITC)

ITC is the only biophysical method that provides a direct measure of binding
enthalpies.124,

182

Free energies can thus be parsed into enthalpies and entropies,

providing useful information about the nature of a binding interaction.

Figure 14: Diagram of Isothermal Titration Calorimeter.125
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A number of ITC instruments have been designed for use in the modern
laboratory. The most common is the Microcal VP-ITC, shown in Figure 14. The
instrument consists of a thermal jacket containing both reference and sample cells, and a
syringe designed to inject the ligand of interest into the sample cell. The reference cell
contains the aqueous buffer used in the reaction; the sample cell contains the
macromolecule of interest dissolved in the same aqueous buffer as the reference cell.
Initially the reference and sample cell are held in thermal equilibrium. The instrument
design utilizes power compensation, and the cells are heated at a constant rate (0.1 °C h-1)
with constant stirring. The ligand of interest (protein or small molecule) is then titrated
into the sample cell from the syringe, disrupting the thermal equilibrium by an amount
proportional to the enthalpy of the binding event. In response to the heats evolved or
absorbed by the macromolecule – ligand interaction, the power to the sample cell is
adjusted to return the sample cell to thermal equilibrium with the reference cell. This
change in power, integrated over time, provides a precise measure of heat absorbed or
evolved.

Data are plotted as power (&cal per sec-1) versus time (sec) and then integrated
with respect to time to give a plot of change in enthalpy (Kcal mol-1) as a function of
molar ratio of binding sites in the sample cell to the ligand in question. The resulting
isotherm can be fit to one of a number of binding models depending on the nature of the
interaction.
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For a putative one protein : one ligand interaction (one-sites binding model), the
data from one ITC experiment can provide the observed enthalpy ('Hobs), association
constant (Ka) and stoichiometry (n) directly by fitting to the following equation:

Equation 37

where [PL] is the concentration of the complexed macromolecule, [P]0 is the initial
concentration of protein, [L]0 is the initial concentration of free ligand, and n is the
stoichiometry of binding. [PL] can then be substituted into the calorimetry equation:

Equation 38

where 'Q is the change in heat, '[PL] is the change in concentration of complexed
macromolecule following a given injection, and V0 is the initial volume of the cell.124, 183

The association constant K can be used to calculate the free energy of binding
using the Gibbs free energy equation above. As free energy and enthalpy can also be
related to entropy through Equation 26, the entropy of binding can also be derived from a
single experiment.

Additional details of the curve fitting procedures are given by

Wiseman et al.124
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Plotting changes in enthalpy as a function of temperature provides the change in
constant pressure molar heat capacity ($Cp) as the slope of the plot. As previously noted,
$Cp is the thermodynamic parameter most closely associated with solvation processes in
aqueous solution.149, 184 The effects of solvent reorganization on ligand binding can also
be examined using ITC by examining thermodynamic solvent isotope effects.185-187

The shape of the binding isotherm is defined by c, the unitless parameter that is
the product of the concentration of macromolecule in the sample cell and the affinity
constant:

c = M total K A

Equation 39

! when the c value is between 1 and 1000, although best fits
Meaningful data are obtained
of data are obtained with c values between 10 and 100.124
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Figure 15: Simulated Binding Isotherms at Varying c Values.183

Displacement Titrations

In situations where it is not experimentally possible to study a binding interaction
by ITC with a c value between 1 and 1000, displacement titrations can be used for
characterization of the binding interaction.

When measuring a weak interaction, a

solution of macromolecule saturated with a low affinity ligand of interest is placed in the
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cell of the ITC. A solution of high affinity ligand is then titrated into this solution,
thereby displacing the low affinity ligand from the macromolecule. Raw data can be fit
to the standard one-sites binding model, giving apparent thermodynamic parameters
(including Ka and (H). If the thermodynamic parameters for the high affinity ligand
interaction with the macromolecule have been determined, apparent thermodynamic
parameters for the low affinity ligand interaction can be calculated:

K app =

K2
K2
"
1+ K1[L] 1+ K1[L]0

$ K [L] '
$ K1[L]0 '
!
0
0
"H 0 app = "H 0 2 # "H 01& 1
) * "H 2 # "H 1&
)
%1+ K1[L] (
%1+ K1[L]0 (

Equation 40

Equation 41

! where Kapp is the apparent association constant determined from ITC, K1 and K2 are the
association constants for the low and high affinity binding ligands, respectively, [L] is the
concentration of free low affinity binding ligand, and [L]0 is the total concentration of
weak binding ligand. When the concentration of the low affinity ligand is much greater
than the concentration of macromolecule in the cell, an approximation can be made by
using the total concentration of low affinity ligand [L]0 to calculate the association
constant K1 and the enthalpy (H1 for the low affinity ligand.

Several experimental criteria must be satisfied for the displacement titration to
provide meaningful data. The ratio of the association constants between the low affinity
and high affinity ligands must be at least 106 (K2 / K1 , 106). The binding enthalpies of
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the low affinity and high affinity ligands to the macromolecular receptor in question
cannot be equal ($H10 ( $H20); otherwise, data will not be reducible.

Also, the

concentration of the low affinity ligand in the reaction must be greater than the inverse of
the association constant of the low affinity ligand ([L]0 ) 1/K1).188, 189

ITC is an extremely powerful technique for probing the thermodynamics of
protein –ligand interactions. This technique provides rapid results, and most experiments
are completed within a few hours. The major limitations of this technique include the
relatively large amounts of protein and ligand materials required for each experiment
(micrograms to milligrams), and the limited range of affinities available for direct study
(millimolar to nanomolar).124

1.5.3.4 Surface Plasmon Resonance

Surface plasmon resonance (SPR) is a technique utilized for the measurement of
real-time association and dissociation kinetics of protein – ligand systems. Surface
plasmon waves, first observed by Wood in 1902,190,

191

are evanescent longitudinal

propagating waves that occur at the contact surface of a dielectric medium and a metal.
These waves measurably affect the total internal reflectance of a system, as they absorb
some fraction of incident plane-polarized light in an angle-dependent manner.

The use of SPR in biosensors became common in the 1980s, and a number of
commercially available biosensors are available today.192 The experimental apparatus for
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a biosensor is shown in Figure 16. The ligand of interest is immobilized to a gold
surface, and the binding partner passes over the surface through a flow cell. Upon
association between a ligand and a protein, a change in the refractive index of the gold
surface is observed as a function of time. An on-rate for the system under investigation
can be calculated if the bulk concentrations and amount of ligand adsorbed to the gold
surface are known. Then, buffer is passed through the flow cell, and the change in
refractive index as a function of time is recorded. The off-rate for the system can then be
calculated, and the binding constant is simply the ratio of the rate constants:

Kd =

koff
k on

Equation 42

where koff is the off-rate and!kon is the on-rate as calculated from SPR.192, 193

Source

Photodetector

Sensor
Chip

Protein
Solution
Cell

Immobilized
Ligand

Figure 16: Surface Plasmon Resonance Experimental Apparatus. Adapted from
Lundquist et al.136
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SPR has a number of advantages over the other techniques described in this
section. A wide range of binding affinities (millimolar to picomolar) can be calculated,
often using only minimal amounts of material (1 – 5 µg).

Complete experimental

analysis can be obtained in a few days. Finally, SPR provides rate constants for the
forward and reverse reactions under examination.136

However, careful consideration must be given to experimental design and
interpretation. First, to obtain an interpretable signal, the analyte must have a sufficiently
large mass to change the SPR upon binding.

Thus, the small molecule is usually

immobilized rather than the macromolecule. Second, the coupling of free carbohydrates
to the surface can be inconsistent; an under-loaded surface can facilitate nonspecific
binding while an over-loaded surface may give anomalous off-rates. The orientation of
the immobilized ligand also affects apparent on and off-rates. Inaccurate off-rates will
lead to inaccurate affinity constants, as the affinity constant is calculated from the ratio of
the on-rate to the off-rate.136, 192, 193

A fundamental description of the utility and limitations of modern analytical
techniques and methods has been presented to frame the evaluation of several model
systems for protein – ligand interactions in aqueous solution. In this dissertation, the
thermodynamic and structural bases of ligand binding will be examined for camelidderived single domain antibodies, a system for conditional multivalency in protein –
carbohydrate binding, and a proteinaceous system analyzing intramolecular additivity in
ligand binding.
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2. Thermodynamics and Structural Features of CamelidDerived Single Domain Antibody Binding

2.1 Introduction

This chapter describes our efforts to probe the unique thermodynamic and
structural properties of camelid-derived single domain antibodies.

Camelid-derived

single domain antibodies (VHH domains) are unique antibody motifs with many practical
biotechnology applications. First, the properties of conventional antibodies are reviewed
and compared to those of camelid VHH domains and related antibodies. The evolutionary
origins of the VHH domain are considered, and numerous applications of VHH domains are
discussed. Finally, results pertaining to the structural and thermodynamic properties of
VHH domain interactions with proteins and small molecules are reviewed.

2.1.1 Conventional Antibodies

Antibodies are integral protein components of the vertebrate immune system and
are classified as part of the immunoglobulin superfamily of proteins. Typically displayed
on the surface of B and T lymphocytes, antibodies are responsible for the recognition and
neutralization of substances – typically referred to as antigens – recognized as foreign by
the animal.

Antibodies are glycosylated proteins comprising both highly conserved

structural domains and variable domains that display high affinity for various
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antigen(s).194, 195 Placental mammals produce five classes of antibodies: IgA, IgD, IgE,
IgG, and IgM. IgGs are the most common class of antibodies in humans. The operative
unit of IgD, IgE, and IgG immunoglobulins is the Ig monomer with a molecular weight
of approximately 150 kDa (Figure 17).196 IgA immunoglobulins function as dimers,197199

while IgM immunoglobulins typically function as tetramers200, 201 or pentamers.202, 203

Figure 17: Depiction of Conventional Immunoglobulin Monomer.

Although antibodies from different vertebrate species have distinct structural
features, the vast majority of vertebrates produce a conserved “conventional” antibody –
a Y-shaped monomer consisting of four polypeptide chains (Figure 17). Two of the
polypeptide chains are classified as light (220 amino acid residues), and the remaining
two as heavy (440 - 550 amino acid residues). Each monomer of an antibody associates
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with the others through a combination of disulfide bonds and non - covalent interactions.
Each chain, consisting of constant and variable regions, is divided into structural domains
of approximately 70 – 110 amino acids that fold into characteristic immunoglobulin !sheet sandwiches (Figure 18). The amino acid sequences and functions of the constant
domains (CH1, CH2, CH3, and CL) are conserved; constant domains are responsible for
stimulating the mammalian immune response. The constant domains interact with the
variable domains (VH and VL) through a hydrophobic flexible hinge region.

The antigen binding sites are contained in the variable regions of the antibody.
Each variable region consists of both framework regions (FR) and complementarity
determining regions (CDRs). The variable regions are capable of recognizing a huge
range of antigens through amino acid sequences mutation.194, 195, 204 The pairing of heavy
and light chains in the variable domains further diversifies the binding ability of
antibodies. Both chains typically interact with the antigen of interest and thus sequence
changes in either the heavy or light chain affect antigen specificity. Antibodies are also
polyvalent, although in this context the term ‘polyvalency’ refers to the ability of an
antibody to recognize multiple antigens.205-207

The use of antibodies for various therapeutic applications has been investigated
extensively.

Isolated human immunoglobulins have been approved by the FDA as

intravenous treatments for several autoimmune diseases and infections,208 including
Kawasaki disease,209 immune thrombocytopenia,210 chronic lymphocytic leukemia,211 and
acute infection in patients with compromised immune systems such as pediatric HIV.212
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However, treatment with intravenous immunoglobulins may also cause undesirable
immunogenic responses due to incompatibilities between the donor and recipient. Also,
manufacturing costs are high, and the availability of antibodies and inconsistencies
between batches can be troublesome. Finally, immunoglobulin treatment can facilitate
the transmission of blood-borne pathogens.195

Figure 18: X-ray crystal structure of IgG 2a antibody; PDB Code 1IGT. Heavy
chains are shown in purple and pink; the light chains are blue and green. The
antigen binding regions are at the top left and top right of the structure as shown.213
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In response to these challenges, Kohler and Milstein developed techniques for the
purification of mouse monoclonal antibodies (mAbs) from isolated cell lines in 1975.214
mAbs produced in immortal hybridoma cell lines have the advantages over antibodies
harvested from individuals of purity and reproducibility. However, mAbs have a short
half-life in vivo and human immunogenic responses against the murine antibodies often
develop. A number of strategies have been developed to improve mAbs technology,
including chimeric mouse-human antibodies, CDR grafting, the production of
recombinant mAbs through phage or yeast display, and the production of humanized
antibodies in genetically engineered mice.

Over 20 monoclonal-based antibody

treatments are currently approved for human use;195,

208

most involve humanized

antibodies. However, issues inherent to the use of high molecular weight antibodies
remain, particularly involving cell permeability and antibody diffusion within the patient.

Antibody-based biosensors have also been widely used for more than 30 years as
diagnostic tools for research and clinical applications.215 However, the complexity of
conventional antibodies can lead to a variety of technical complications, including
aggregation, polyvalency, heterogeneity, and decomposition at high temperatures and in
extreme conditions. The current trend in biosensor development is to minimize the size
of the antibody used in a given array, and thus the development of sensing modalities
based on single domain antibodies is of great current interest.

Single-domain antibodies comprise one variable domain, usually a VH domain
from a common IgG. Single-domain antibody fragments generally consist of 70 – 110
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amino acid residues and are thus approximately one tenth the size of a conventional
antibody (12 to 15 kDa).

Although these fragments are significantly smaller than

conventional antibodies, their affinities and specificities for their selected antigens are
similar.

Single-domain antibodies have been produced by recombinant methods,

including the manipulation of murine or human dimeric IgG variable domains into
monomeric fragments. In some situations, single-domain antibodies derived from light
chains have been used successfully to bind to selected chemical moieties.216-218

2.1.2. Naturally Derived Heavy Chain Antibodies as Sources for SingleDomain Antibodies: Camelid (VHH), Nurse Shark (VNAR)

Thus far, we have considered the structure and function of antibodies containing
both light and heavy chains, including single domain antibodies derived from
conventional antibodies. However, examples of antibodies containing only heavy-chain
domains have been discovered in camelids and in cartilaginous fishes. Recombinant
manipulation of these heavy-chain antibodies can produce single-domain fragments
capable of binding to antigens with affinities similar to those of the parent antibody. The
heavy chain antibody and single-domain fragments from camelids (VHH domains) and
nurse sharks (variable new antigen receptor domains, VNAR) have been extensively
studied, and we review those studies here.
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2.1.2.1 Camelid-Derived Heavy Chain Antibodies

All Camelidae species (dromedaries, camels, alpacas, llamas) possess three types
of immunoglobulins – IgG1, IgG2, and IgG3. IgG1 possesses a conventional antibody
motif with light chains, but IgG2 and IgG3 in Camelidae contain only heavy chains.219
Together, IgG2 and IgG3 comprise over 50 % of the total antibody complement of a
camelid.220
A diagram of a typical heavy-chain antibody structure in Camelidae is shown in
Figure 19. With an average molecular weight of approximately 95 kDa, these heavy
chain antibodies contain variable domains (VHH regions) and constant domains (CH2,
CH3) linked by a hinge region. IgG2 and IgG3 are differentiated based on the length of
the hinge between the constant and variable domains. In conventional antibodies, the
CH1 domain binds the light chain of the antibody, but in Camelidae heavy chain
antibodies this region is not necessary and thus is spliced during mRNA processing.219,
221-224

Structurally, heavy chain domains consist of series of (-sheets bound by

electrostatic interactions.222
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Figure 19: Diagram of Camelid-Derived Heavy Chain Antibodies. Left figure
shows heavy chain antibody (95 kDa; IgG2 and IgG3 differ in hinge length). Right
figure shows subcloned VHH domain (12 – 15 kDa).

2.1.2.2 Structural Features of Camelid VHH Domains

The variable (VHH) domain of the camelid heavy-chain antibody contains three
CDR regions responsible for antigen binding and four conserved framework regions
responsible for the formation of the tertiary structure of the antibody (Figure 20). As
cloned and expressed in bacteria, the VHH domain is a monomeric, single - domain
protein.1, 225 The framework regions of camelid VHH domains (also called nanobodies)
have over 80 % sequence homology to human framework regions,219,

226

although the

sequences and structures of the CDRs tend to vary significantly from those of
conventional antibodies.227 VHH domains exhibit the typical Ig fold structure, similar in
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structure to human VH domains.224 Although some structural similarities exist between
conventional antibody variable domains and VHH domains, the unique properties of VHH
domains can, at least in part, be attributed to the unique structural features of the domain.

Figure 20: Diagram of Camelid VHH Domain. The camelid VHH domain contains
four conserved framework regions (FR) and three variable complementarity
determining regions (CDR).

In conventional antibodies, the FR2 region interacts directly with the VL chain
and, as a result, a number of hydrophobic amino acid residues in this region are highly
conserved. In VHH domains, the conserved FR2 residues of conventional antibodies are
replaced by amino acids that increase the hydrophilicity of the exposed surface, notably
V44F, G51E, L52R, and W54G. Also, the S11 residue in FR1 of the VHH domain is
conserved.219,

226-229

Presumably these mutations are the result of evolutionary

adaptations to facilitate high affinity binding interactions and improve the solubility of
VHH domains without the presence of a light chain. Also, in many VHH domains the
CDR3 loop partially covers the framework regions, acting as a stabilizing influence in
aqueous solution.230

The CDR3 region in VHH domains is generally longer (17 residues) than either the
human (12 residues) or murine (9 residues) CDR3 loops.227, 231 Approximately 70 % of
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the antigen binding surface of a VHH domain is contained in CDR3. The CDR3 loop can
thus easily adopt conformations favorable for antigen binding with the increased antigen
– interaction surface area.232 CDR1 and CDR3 both contain conserved cysteine residues
that form an interloop disulfide bond in most VHH domains,227, 233 potentially restricting
the conformational flexibility of the CDR3 loop in the unbound state.234 The CDR1
cysteine residue is encoded in the germ line genes of the VHH domain, and thus the
interloop disulfide bond may have been important evolutionarily for the stabilization of
the CDR3 loop.235
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Figure 21: X-ray crystal structure of llama VHH D7, designed to inhibit HIV
glycoprotein gp120-mediated entry into host cells. PDB Code 2XA3.236

2.1.2.3 Nurse Sharks Heavy-Chain Antibodies and Single-Domain Variable Regions:
Immunoglobulin New Antigen Receptors (IgNARs) and Variable New Antigen Receptors
(VNARS)

Heavy-chain only antibodies have also been discovered in members of the
Ginglymostomatidae family of nurse sharks, along with conventional immunoglobulins
IgG and IgW.237

These antibodies, called Immunoglobulin isotype New Antigen

Receptors (IgNARs), were first discovered in 1995 by Greenberg and coworkers in nurse
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shark serum as homodimeric heavy - chain complexes.237 Structurally, IgNARs are
composed of five constant domains per heavy chain (CNAR1 – 5, Figure 22) and a number
of disulfide bonds tether the chains in unusual positions. Although nominally the IgNAR
presents a bivalent antigen - binding site,238 antigens are targeted through a single
variable domain with three CDR loops.239,

240

Although VNAR domains contain three

CDRs, only two loops are usually displayed for antigen binding. Significant deletions in
FR 2 and CDR2 restrict the size of the VNAR to approximately 12 kDa. The CDR3 loop
in VNAR domains is particularly long and highly variable, similar to the CDR3 loop in
camelids, forming an extended loop that mimics the light chain binding site in other
antibodies. The typical immunoglobulin fold is preserved in the variable region, but the
sequence identity of the VNAR with other mammalian VH regions can be as low as 25
%.237, 241
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Figure 22: Diagram of Nurse Shark Heavy-Chain Antibody (IgNAR, left; molecular
weight approximately 90 kDa) and VNAR single domain antibody (right; molecular
weight approximately 12 kDa).

Three types of variable VNAR regions have been detected in nurse sharks. Type I
variable regions have conserved cysteine residues in FRs 2 and 4. In addition, the CDR3
region contains cysteine residues that form an intraloop disulfide bond and thus distend
the CDR3 loop laterally, allowing CDR3 to access cleft-like epitopes.242 In contrast,
Type II variable regions form a disulfide bond between conserved cysteine residues in
CDR1 and CDR3,238 constraining the variable region in a manner similar to that observed
in the camelid VHH.222,

224

Type III IgNARs were discovered most recently and have
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limited diversity in the composition and size of CDR loops.243 Thus, potential locations
for site - directed mutagenesis in the variable region are dictated by the positions of
critical disulfide bonds and the exposure of particular loops in each isotype.243, 244

Figure 23: Shark IgNAR Variable Region generated from in vitro phage-display
library against monoclonal antibody MAb5G8. MAb5G8 targets the linear
tripeptide sequence AYP of the Plasmodium falciparum apical membrane antigen-1.
PDB Code 2YWY.245
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Several crystal structures provide general information about the structural basis of
IgNAR – antigen binding, but the evolutionary origins of IgNARs in the nurse shark
immune system are not well - understood.

Potentially, the unique structural and

functional properties of IgNARs could be a result of harsh denaturing in vivo conditions,
or could be evolutionary artifacts from the development of a primitive immune system,
before homodimeric antigen receptors such as conventional antibodies emerged.246

2.1.2.4 Evolutionary Origins of Heavy-Chain Antibodies Across Species

Due to the remarkable structural and functional similarities between the heavy
chain antibodies of camelids and cartilaginous fishes (and the Cos5-Abs heavy chain
antibodies of the spotted ratfish), questions arose as to the evolutionary origins of these
antibodies. In actuality, it is quite surprising that any species evolved functional heavychain only antibodies, as the antigen-binding abilities of conventional antibodies are
partially the result of the combinatorial diversification of heavy and light chain moieties.
In the species we have reviewed, heavy-chain antibodies also function effectively
alongside conventional antibodies, increasing the evolutionary mystery.247

Nguyen and coworkers conducted a comprehensive analysis of the phenotypic
and phylogenetic relationships between these species based on genetic information on
their heavy-chain antibodies in 2002; work by Conrath and coworkers followed in
2003.233 The results of both studies confirmed that heavy-chain antibody motifs evolved
independently across the camelid, cartilaginous fishes and ratfish lineages. At least in
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camelids, heavy-chain antibodies evolved from conventional camelid - type antibodies
through recent adaptive changes starting approximately 25 million years ago, but before
the divergence between camels and llamas 11 million years ago. The evolution of heavy
- chain only antibodies in camelids occurred well after camelids diverged evolutionarily
from other mammals 60 to 80 million years ago. As such, the heavy - chain motif could
not be the result of the resuscitation of dormant genes. Nguyen and coworkers postulated
that the similar structural features of heavy-chain antibodies across species are the result
of convergent evolution, as all antibodies lacking a light chain must cope with the same
structural restrictions.248

Flajnik revisited the origin of single chain antibodies in 2011, incorporating
studies on the development of cartilaginous fish heavy-chain antibodies. Although the
origins of shark IgNARs are poorly understood, IgNARs are observed in all
elasmobranch cartilaginous fish – thereby dating the emergence of IgNARs to at least
220 million years ago.238,

247

Flajnik also concluded that convergent evolutionary

mechanisms must have driven the structural, sequential, mechanistic, and functional
development of heavy-chain antibodies in multiple species; however, the driving force
behind convergent evolution in this case remains elusive.

2.1.3. Isolation of Camelid Heavy-Chain Antibodies and Generation of VHH
Domains

The isolation and generation of VHH domains specific to an antigen of interest is a
non - trivial process, and several molecular cloning techniques have been successfully
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used in this endeavor. The most common methodology involves the generation of VHH
domain libraries biased towards an antigen of interest through in vivo affinity maturation.
First, one or more camelids are directly immunized with the antigen of interest, usually
intravenously. The mRNAs responsible for encoding heavy - chain antibodies are then
isolated from the blood of the camelid after in vivo affinity maturation has occurred, and
the VHH domains are subcloned from the isolated heavy - chain antibodies using PCR and
appropriate primers.

A biased library of VHH domains with affinity and specificity for

the antigen of interest is then constructed using reverse transcription and the polymerase
chain reaction (PCR). Typically, libraries on the order of 109 – 1010 clones can be
assembled using this technique. VHH domains with the desired physical properties are
then selected using display techniques such as ribosome display and phage display.249 A
variation of this methodology uses previously generated biased VHH libraries to screen for
single - domain antibodies with affinity for a different antigen, typically with rounds of in
vitro mutagenesis to affinity mature antibodies.223

Alternatively, libraries can be constructed from antibodies derived from nonimmunized (naïve) camelids. Typically, VHH domains isolated from these naïve libraries
have low affinities for the desired antigen, and thus random mutagenesis is often added to
the protocol as a means of affinity maturation.225 This technique is commonly used in
situations where the antigen of interest is toxic or transmissible to humans. However, the
naïve germ line VHH domain sequences are fairly conserved. As the in vivo affinity
maturation process does not take place in the construction of a naïve library, clones
isolated from these libraries are not typically diverse and often show only micromolar
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dissociation constants for the antigens against which they were raised.1, 250, 251

Single-domain antibodies can also be generated from murine or human IgG
sources. The methodology used for generation of these antibodies is similar to that for
isolation of VHH or VNAR domains. Gene libraries from immunized or naïve sources are
created and then displayed using ribosome or phage display to identify antibodies with
the highest affinity/specificity for the antigen of interest.252

However, due to the

lipophilicity of the variable domains of IgG antibodies, single - domain antibodies based
on IgG motifs tend to dimerize and aggregate, thus limiting their utility. Mutagenesis can
be used to increase the hydrophilicity and solubility of the antibody, but usually these
mutations result in diminished antigen affinity.253

2.1.4 Unique Features of Camelid VHH Domains versus Conventional
Antibodies

A number of unique features distinguish camelid VHH domains from conventional
antibodies, and these characteristics make VHH domains exceptional candidates for
applications such as biosensing and therapeutics. Given both their overall size and, at
least potentially, the restricted surface area available for binding sites, it is perhaps
surprising that VHH domains have antigen binding affinities similar to conventional
antibodies (nanomolar to picomolar range).254-257 VHH domains also demonstrate high
selectivity for target antigens, even compared to structurally related analogs.258, 259 VHH
domains are easy to genetically engineer and manipulate249,
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250, 260

and relatively

inexpensive to manufacture, owing to excellent expression systems and the inherent small
size of the fragment.261, 262

Compared to conventional antibodies, VHH domains are less hydrophobic and
more soluble in aqueous solution than are conventional antibodies, and these fragments
also show no tendency to aggregate.219,

223, 263

This final observation is structurally

attributed to the extended loop of the CDR3 region, which extends over the lipophilic
domain that would normally interact with the light chain of a conventional antibody, and
to the conserved hydrophilic mutations in framework region 2 mentioned previously.222,
236, 264

VHH domains can be selected for resistance to proteolytic degradation265 and

exhibit remarkable conformational stability266 even under harsh denaturing conditions.226,
267

In contrast to conventional antibodies,268 VHH fragments are thermostable to 90 °C for

at least short periods of time; this stability is also attributed to increased hydrophilicity of
the light chain binding region (FR2).263 Along with the VHH domain’s characteristic
small size, these biophysical features facilitate VHH binding in small clefts and other
regions not accessible to larger antibody motifs. De Genst and coworkers conducted a
comparative structural study of VHH domain binding versus conventional antibody
binding to human egg white lysozyme. Most of the examined VHH domains bound into
the active cleft of lysozyme, while conventional antibodies bound lysozyme outside of
the active site. 221 In addition, VHH domains were developed to act as potent competitive
inhibitors of carbonic anhydrase and pancreatic " - amylase were developed through in
vivo maturation in a dromedary; conventional antibodies in this study did not interact
with the enzyme active sites.269-271 Thus, VHH domains are capable of binding a wider
range of potential antigens than are conventional antibodies.221, 222, 272-274
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VHH domains do not trigger cytotoxicity through the human complement system,
as they have no structural equivalent to the Fc region of a conventional antibody.223, 275-277
Unlike conventional antibodies, these antibody fragments are well-suited to a wide range
of administrative routes including oral treatment.265,

278

VHH domains cross the blood-

brain barrier, allowing for treatment of a wider range of conditions than is possible with
conventional antibodies.279 Rapid tissue penetration280, 281 and a short plasma half - life
due to rapid renal excretion226 are also hallmarks of VHH domain activity, rendering them
especially useful for medical application.

2.1.5 Applications of VHH Domains

Due to these unique features, VHH domains have been used successfully for the
detection of a wide range of biological compounds in biosensing arrays, tumor imaging,
immunopurification, therapeutic, and consumer product applications. De Marco and
Saerens have both published recent reviews discussing the potential applications of these
domains.1, 250 Herein we outline a few examples that illustrate the utility of VHH domains
in widely disparate applications.

2.1.5.1 Detection and treatment of toxins and viruses in aqueous milieu

During the past few years, the number of VHH domains generated to identify and
treat toxin exposure and viral infection has increased dramatically for several reasons,
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including the simplicity of selecting a naïve VHH library by phage or other display
technique for specificity against the antigen of choice. In addition, the structurally stable
scaffold of the VHH domain allows for binding interactions under a wide variety of harsh
conditions, including the presence of detergents or reducing agents, and the activity of the
domain at high temperature.267,

282-284

For example, proper quantification of prolamin

toxins in bread samples requires extraction of the compound in a solvent containing
guanidinium hydrochloride, ethanol, and !-mercaptoethanol. VHH domains have been
developed to detect prolamins in these conditions through the addition of a disulfide bond
that provides additional structural stability; conventional IgG domains would be
incapable of proper function in these conditions.284 The SpvB toxin of Salmonella
typhimurium is secreted directly into the host cell cytoplasm, and conventional antibodies
do not block toxin activity as they are too large to enter cells. On the other hand, VHH
domains specific to the SpvB toxin successfully cross the cell membrane and block toxin
activity in vitro.285

Clostridium botulinum neurotoxins (BoNT A-G) have been the subject of intense
studying during recent years, as BoNTs have potential as weapons.

Exposure to

botulinum toxin is fatal at very low doses: 1 ng/kg through intravenous exposure, and 3
ng/kg when inhaled.286 Although conventional antibody treatments have been developed
for BoNT exposure,287, 288 these treatments require early diagnosis – if the BoNT toxin
has already crossed cell membranes, conventional antibodies are ineffective.

VHH

domains can be used to rapidly bind the BoNT and remove the toxin from the body, as
the VHH domain demonstrates high cell permeability and rapid clearance.289-291 VHH
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domains with affinity and specificity for BoNT light chains have been identified from a
pre - immune yeast - displayed library, and these antibodies successfully inhibited toxin
protease activity in vitro.282,

292

VHH domains isolated from an immune library also

showed inhibitory properties against BoNT toxins when expressed in mammalian
neuronal cells.293 Finally, VHH domains show efficacy in toxin recognition and clearance
in mouse models for human botulinum toxin exposure.294

VHH domains have been generated against many other toxin targets, including
cholera toxin, ricin, and staphylococcal enterotoxin B.251,

295-297

The induction of

multivalency through VHH polymerization298-300 creates VHH constructs that improve
neutralization of E. coli verotoxin 1,301 "-cobrotoxin,302 and C. difficile toxin A versus
the monovalent domain.303 Also, VHH domains have been used in the treatment of
scorpion envenoming. Efforts to develop a conventional antibody based treatment failed
due to poor demonstrated neutralization and stability. However, bivalent VHH domains
were developed and were more effective than conventional antibodies in the in vivo
neutralization of the AahI’/AahII scorpion toxins.304-306

VHH domains can also be used for the detection and prevention of viral infections.
Vaccinia,251 polio,307, 308 and hepatitis B virions309, 310 were all successfully inhibited in
vitro using VHH domains specific for each virion. VHH domains are also well suited for
rapid deployment as diagnostic agents during a viral outbreak.

In work from the

Goldman lab, a VHH domain based diagnostic assay for four variants of the Marburg virus
was successfully developed from a semi - synthetic library within three weeks.311
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Although conventional antibodies have not been adapted to inhibit viral secretion in
mammals due to their size, stability, and hydrophobicity, VHH domains are better suited
to inhibiting biological targets in the intra- and extracellular milieu.

For example,

inhibiting multimerization of the Rev protein and subsequently sequestering the protein
in the cytoplasm can prevent HIV-1 viral replication - VHH domains have demonstrated
this activity in vitro.312 VHH domains have also been designed as antagonists for the
CD4-activated co-entry receptor CXCR4313 and for CD4 itself.236, 314

2.1.5.2 Biosensors

VHH domains have great potential as recognition elements for biosensors based on
the wide range of potential specificities for antigen binding and the stability of the
proteins.

A number of techniques have been designed for tethering conventional

antibodies to surfaces; these same techniques are applicable to VHH domains, including
covalent coupling, metal chelation, and the manipulation of biotin - streptavidin
interactions.1, 315, 316 Most biosensing examples in the literature involve the use of SPR to
assess the binding affinity between a VHH domain and its antigen.192, 317-319 However, a
number of other sensing techniques have been developed using VHH domains as
molecular probes.320

For example, VHH domains were used in the construction of

piezoimmunosensors for the detection of HIV-1 virions,321 and several biosensors have
been constructed to detect human prostate-specific antigen (PSA) based on highly
specific VHH domains.322, 323
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2.1.5.3 Tumor imaging and sensing in vivo

Because they are rapidly cleared, bind tightly to target molecules, and can be
readily labeled with a number of short-lived isotopes, VHH fragments are currently under
investigation as targeting agents for tumor sensing, imaging and treatment. In sensing
applications, VHH domains are typically generated to bind to proteins whose expression is
upregulated in the tumor of interest, such as the epidermal growth factor receptor
(EGFR). Using labeled VHH domains, it is possible to image the region of interest rapidly
(within one to three hours) and using lower radiation doses than monoclonal
antibodies.324 Recently, positron emission tomography (PET) studies were conducted
with a

68

Ga-labeled anti-EGFR VHH domain.325

99m

Tc-labeled EGFR-specific VHH

domains were also used for in vivo single-photon emission computed tomography
imaging,326 bioluminescence imaging, and monitoring of EGFR expression in mice
tumors.327-329

In all experiments, VHH domains demonstrated rapid clearance and

increased tissue penetration versus conventional antibodies, allowing for improved image
resolution in vivo.

2.1.5.4 VHH - Based Therapeutics

VHH - based antibody therapeutics show great promise for the treatment of a
variety of acute and chronic conditions; reviews of recent developments in this field are
available elsewhere.226 The most prominent company in this burgeoning field has been
Ablynx, which currently has six VHH - based therapeutics in clinical trials. ALX-0081, a
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bivalent VHH domain targeting von Willebrand factor (a blood glycoprotein involved in
hemostasis and the coagulation cascade), entered Phase II clinical trials in September
2009. Although this trial ultimately failed, ALX-0081 is now under study as a potential
treatment for thrombotic thrombocytopenia.330

Other groups have developed therapeutics based on camelid antibody fragments.
Orally available and proteolytically stable VHH domains have demonstrated efficacy in
prevention of E.coli - induced diarrhea in piglets265 and of rotavirus - promoted diarrhea
in mice.278 Sleeping sickness has also been treated by the use of a VHH - apolipoprotein
L1 enzyme fusion protein that causes the lysis of the trypanosome infectious agent.331
VHH domains with affinity for tumor necrosis factor-" have been used for rheumatoid
arthritis treatment.280

2.1.5.5 X-ray crystallography studies using VHH fragments as crystallographic chaperones

In modern drug discovery, atomic - resolution X-ray crystal structures of protein –
ligand complexes are desirable in order to elucidate the structure of the bound complex,
facilitating the design of more potent therapeutic compounds. However, many desirable
therapeutic targets are difficult to crystallize, or crystallize in only one of a multitude of
relevant conformations.

A number of methods have been utilized to crystallize

“difficult” proteins, and a new technique utilizing VHH domains as crystallographic
chaperones has proven successful in the crystallization of a number of challenging
protein targets. Proteins containing trans - membrane helices and short solvent - exposed
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loops are particularly suitable to VHH domain - mediated crystallization techniques, as
antibody fragments increase the hydrophilic surface area of the crystal and facilitate
lattice formation. Also, antibody fragments can trap proteins in particular conformations
of interest in solution as a function of protein refolding.332

Figure 24: Structure of !2-adrenergic receptor-Gs protein complex (green) bound
to a VHH domain (purple), PDB Code 3P0G.333
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VHH domains have been used to facilitate protein and co-complex crystallization
for a number of protein systems. In 2003, the structure of the addiction antidote protein
MazE was solved with the use of a VHH domain, as the VHH domain facilitated effective
crystal packing.334 Later that year, the structure of MazE in complex with toxin MazF
was solved, demonstrating similar structural features to the structure solved with the
assistance of the VHH domain.335 Other examples of structures solved with the aid of a
VHH domain include "-synuclein,336 the N-terminal domain of the GspD secretin of
enterotoxigenic E.coli,337 a portion of the editosome of parasite Trypanosoma brucei,338
and an improved structure of the EpsI : EpsJ proteins of the bacterial type 2 secretion
system.339 VHH fragments have also been used to probe conformational states of proteins.
In one example, a VHH domain was used to study fibrillogenesis in (2-microglobulin
protein by effectively chaperoning the unstable aggregating partially folded protein into a
conformation capable of forming protein crystals.340 Also, the first crystal structure of
the active state of the (2-adrenergic receptor, a G protein-coupled receptor (GPCR), was
determined in complex with a VHH domain that mimicked G-protein structure;333 Figure
24 shows the solved active state complex.

2.1.5.6 VHH Domains in Immunopurification

Conventional antibodies are utilized extensively for immunopurification and
bioseparation protocols, approaches that take advantage of the inherent affinity and
selectivity of antibodies. However, conventional antibody - based immunopurification
protocols usually require harsh elution conditions to separate the desired product from the
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antibody. With higher tolerance for harsh chemical conditions, VHH domains are an
attractive alternative source of high affinity and specificity binding moieties for
immunopurification.

In the process of panning VHH libraries for antibodies with

appropriate specificities, antibodies are effectively screened to withstand harsh elution
conditions.250 The small size of the VHH domain is also an advantage in
immunopurification applications as the domains can more effectively pack on the surface
of a resin of interest.

Verheesen and coworkers first used VHH domains for the immunoaffinity
purification of the ice structuring protein. Remarkably, the authors reported reusing the
VHH – based affinity matrix more than 2000 times without a loss in protein yield.341 VHH
domains with affinity for toxic shock syndrome toxin 1 (TSST-1) were successfully
coupled to resin in the preparation of hemofiltration columns for the removal of TSST-1
from serum.342, 343 Other examples of immunoaffinity purifications using VHH domains
include the purification of "-1 antitrypsin,344 serum factor VIII,345 small molecules
related to caffeine,346 and IgA.347

2.1.5.7 Consumer products: preservatives in food, personal care

VHH domains have also been proposed for use in consumer products.

For

example, toothpastes and mouthwashes containing VHH domains may effectively fight
dental decay. Dental decay is correlated with the presence of specific microorganisms in
dental plaque, and single domain antibody fusion compounds have been created targeting
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Saccharomyces mutans strain HG982, one of the strains most commonly found in dental
plaque. Even low concentrations of the fusion protein selectively killed S. mutans within
20 minutes of application in vitro.348 Also, the Malf1 cell wall protein of Malassezia
furfur, an anthropophilic fungus implicated in dandruff, has been targeted by VHH
domains capable of binding even in the presence of surfactants and under harsh
conditions.267

VHH domains might also assist in the inactivation or neutralization of bacteria
implicated in food spoilage. For example, the infection of Lactococcus lactis by phage
during manufacturing of fermented milk products (buttermilk, cheese, sour cream)
impairs fermentation and has been a major problem for the dairy industry. Recombinant
VHH domains produced in Saccharomyces cerevisiae have demonstrated efficacy in
preventing phage p2 infection of L. lactis cultures.274, 349, 350

2.1.6. Previous Studies with Small Molecules

As described above, camelid-derived single domain antibodies have been
modified for a multitude of diverse and sometimes non-obvious applications.

The

literature also contains a small number of examples of VHH domains with affinity for
small molecules, or haptens. Measured affinities for many of these VHH domain – hapten
systems are quite high (Table 1), and such small molecule – single domain antibody
systems are highly useful for thermodynamic and structural studies.

100

Table 1: Known Hapten - VHH or Hapten – Camelid Antibody Systems Under Investigation.

Hapten
15-Acetyldeoxynivalenol317
Azoxystrobin351

Hapten
MW
(g/mol)

Dissociation
Constant

Affinity Detection
Method

VHH Isolation Method

338.4

0.82 !M

SPR

Immunization, phage display

403.39

2 !M

ELISA

Immunization, phage display

194.19

14 nM

ELISA

Immunization, phage display

362.46

! 10 uM

Scatchard analysis

Phage display with hapten-biotin conjugate

272.38

! 10 uM

Scatchard analysis

Phage display with hapten-biotin conjugate

330.46

!10 uM

Scatchard analysis

Phage display with hapten-biotin conjugate

175.18

5 !M

SPR

Biopanning from nonimmunized library

454.44

29 nM

SPR

Immunization, phage display

214.22

1.4 !M

ELISA variant

Immunization, phage display

241.48

256 !M

SPR

Ribosome display, PCR

794.91

22 nM

SPR

Immunization, PCR

1469.34

N/A

N/A

Immunization, PCR

315.59

0.98 nM

SPR

Immunization, PCR

227.13

N/A

N/A

Immunization, PCR

Caffeine257, 352
Cortisol353
Estradiol-17"353
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17#-Hydroxyprogesterone353

Indoleacetic acid

354

Methotrexate255
3-Phenoxybenzoic acid355
Picloram319
Reactive Red 6 Azo Dye256
Reactive Red 120 Azo Dye264
Triclocarban318
Trinitrotoluene

356
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2.1.7 Biophysical Studies

We were originally interested in VHH domains in the context of our efforts to
create a biosensing platform based on thermodynamic analysis of single molecule
recognition with atomic force microscopy (AFM), a protocol developed in our
laboratories. More broadly, we sought to understand the means by which relatively small
VHH domains can act as effective binding species, compared to the much larger antigen
binding domains of conventional antibodies. This understanding requires a biophysical
examination of the structural and thermodynamic properties of the VHH domain. To some
extent, previous studies were available to guide our inquiries.

Some structural

information, reviewed above, is available for the VHH domain. However, most X-ray
crystal structures of VHH domains were composed of co-crystals containing a VHH domain
and a proteinaceous binding partner; only a few examples of VHH – hapten co-crystal
structures are available today (Reactive Red 6 azo dye, RR6 and methotrexate),266, 357 and
only the RR6 dye co-crystal structure was available when our studies of the VHH domain
began.

Other biophysical studies of VHH domains have been reported.

Several

laboratories have utilized circular dichroism to probe the stability properties of these
antibody fragments.

Perez and coworkers determined that the temperature-induced

unfolding of the VHH domain is a two - step reversible process, and in the course of these
studies documented the exceptional thermostability of the VHH domain (80 °C+).358
Ewert and coworkers compared the variable domains of IgG antibodies with VHH
domains to determine the structural features contributing to thermal stability, including
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salt bridges in the CDRs and modifications to the VHH domain in the core region of
antibodies near the CDRs versus the IgG variable domain.359 Also, SPR has been the
method of choice for many groups studying the binding behavior of VHH domains (Table
1).

Few thermodynamic analyses of VHH domain binding have been conducted. In
2005, Dolk and coworkers analyzed the binding of a VHH domain to the RR6 dye. Two
molecules of RR6 bind to each VHH domain, and when the temperature was raised from
20 °C to 80 °C the binding affinity of the second site decreased from 107 to 350 M-1.360
However, this study focused more on stability than on the thermodynamic consequences
of binding. The goal of our studies was to develop a model system in which the
thermodynamics and structural features of VHH domain binding could be explored more
thoroughly.

2.2 Development of Model System with Affinity for Lysozyme

Initially, we developed a VHH model system using lysozyme as the antigen.
Through a collaboration with Dr. Andrew Hayhurst at the Southwest Foundation for
Biomedical Research, we obtained expression vectors encoding two distinct VHH domain
sequences (Llama A and Llama C).251, 361 Hayhurst and coworkers utilized a 106 member
“megalibrary” of diverse VHH domain clones isolated from the blood samples of three
naïve llamas.

Initial attempts to pan this megalibrary for antibodies with affinity for

lysozyme failed, most likely because the library was not sufficiently diverse, and thus the
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megalibrary was hyperdiversified using error - prone PCR. Also, a modified CDR
grafting technique was developed, in which smaller portions of megalibrary VHH domains
were recombined into new sequences using splicing by overlap extension PCR
techniques. Effort was made to conserve the framework regions surrounding the CDRs
to preserve structural stability. The result of these efforts was the development of new
library, dubbed Nomad #1, that contained 109 unique VHH domain sequences. This
library was panned against lysozyme and two unique sequences were identified: Llama
A and Llama C.251

Framework regions 1 – 4 were generally conserved, but large

variations were observed in the CDRs of Llama A vs Llama C (Figure 25).

Figure 25: CDR Alignments for Llamas A and C. Conserved residues are
highlighted in blue. Sequence alignment was based on Multalin analysis.251

Structural studies of VHH domain – lysozyme interaction: Desmyter and coworkers

Desmyter and coworkers solved the first crystal structure of a VHH domain in
1996 (Figure 26); fortuitously, the antibody domain in those studies was in complex with
lysozyme and provided a good starting point for the Hayhurst studies. The framework
sequences of the Desmyter VHH domain and the Hayhurst VHH domains are reasonably
well conserved, although significant differences exist in the CDR regions. The VHH
domain adopts the standard variable domain immunoglobulin fold, consisting of a five104

stranded !-sheet tightly packed against a four-stranded !-sheet.

The folding motif

observed for the VHH domain was identical to the standard immunoglobulin fold, even in
the FR2 region of the VHH domain. This result was surprising, as FR2 is the region where
VL chains would ordinarily interact with a VH domain in a conventional antibody.

Figure 26: X-ray crystal structure of llama antibody in complex with lysozyme,
PDB Code 1MEL.222 Lysozyme is shown in green; the VHH domain is shown in blue.
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Figure 27 shows binding interaction between the VHH domain and lysozyme in
greater detail. Although the CDR1 was not similar in orientation to any canonical human
VH loop structure, CDR2 matched a canonical VH loop structure. As CDR2 possessed
several conserved residues from the human VH loop, this observation was not surprising.
The CDR3 loop extended into the lysozyme cleft and was immobilized by the canonical
disulfide bond between the CDR1 and CDR3 loops. The specificity and high affinity (Ka
= 107 to 108 by ELISA) of the Desmyter VHH domain for lysozyme is presumably the
result of high complementarity between the lysozyme and CDR contact surfaces, in
particular the molecular contacts between lysozyme and the CDR3 domain.222
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Figure 27: View of VHH Domain - Lysozyme Interaction at VHH Domain Binding
Face. CDR loops are highlighted in yellow (CDR1), magenta (CDR2), and orange
(CDR3).222

2.2.1 Expression and Purification of Llama A and Llama C VHH Domains

Periplasmic Expression Vector (pecan22) and Competent Cells (Rosetta DE3)

The Llama A and Llama C VHH genes were encoded on the pecan22 expression
vector,251 a periplasmic expression vector constructed in the Hayhurst laboratory that
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provides high protein expression levels.

Periplasmic expression in gram - negative

bacterial cells has several advantages, including the enhanced formation of disulfide
bonds due to the oxidizing environment, and enhanced folding of proteins with integral
disulfide bonds such as the VHH domain. Proteins expressed in the periplasm undergo
reduced proteolysis compared to proteins expressed inside the inner membrane of the
bacterium. Finally, periplasmic expression is advantageous for proteins expressed at low
levels (such as VHH domains in a bacterial cell) as fewer endogenous bacterial proteins
are expressed in the periplasm and thus it is easier to separate the desired protein from
endogenous contaminants.362, 363

The parental vector of pecan22 was the pAK400 expression vector,364 which
included both an N - terminal pelB leader sequence to target VHH domain expression to
the bacterial periplasm, and an N - terminal T7 promoter. Genes were inserted into the
vector through the SfiI restriction sites on pAK400. Hayhurst further developed the
pAK400 vector into the pMoPac10 vector,365 which added a C-terminal His-myc
purification tag. The pecan22 vector conserves all of these features, but encodes only a
C-terminal hexahistidine tag rather than the combined His-myc tag.251

Potential host compatibility issues were considered when selecting an expression
system, as significant differences exist between codon usage in camelids versus bacteria.
The Rosetta DE3 E.coli competent cell strain (Novagen) was selected for expression of
the Llama A and Llama C proteins. Rosetta strains are derivatives of the BL21 lacZY
E.coli strain, and are specifically designed to enhance expression of proteins with codon
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usage dissimilar to that of E.coli. The Rosetta host strains coexpress tRNAs that encode
several rare codons from a chloramphenicol-resistant plasmid (pRARE).366

Rosetta

strains have been successfully used for the expression of a wide range of camelid
antibodies in bacterial host cells.251, 289, 291, 367

Optimization of VHH Domain Growth and Expression Conditions

We began our studies of this system by developing protein expression conditions.
In initial expression tests using the Llama A and Llama C protein, we observed that
expression levels of the Llama C protein were approximately three-fold higher than those
of Llama A. Thus, further optimization studies were pursued with the Llama C VHH
domain. To determine the optimal protein expression time through IPTG induction,
protein expression levels were analyzed using a standard BCA protein assay. Briefly,
Rosetta DE3 cells containing the pecan22-Llama C expression vector were grown in
Terrific Broth to an optical density (600 nm) of 0.6 – 0.8, and then protein expression
was induced by the addition of isopropyl !-D-1-thiogalactopyranoside (IPTG) to a final
solution concentration of 1 mM. At time points between two and four hours following
the addition of IPTG to the cells, cell samples were removed from the cell culture flask,
lysed and assayed. One set of samples was analyzed after cell lysis (crude lysate), while
a second set of samples was analyzed after cell lysis and subsequent pelleting of any
insoluble materials from the sample by centrifugation (cleared crude lysate). The results
from this assay are shown in Figure 28.
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At all time points between two hours and three and a half hours, protein was
expressed at roughly equivalent levels. Protein expression approximately doubled at the
four-hour time point. Hayhurst had previously observed spontaneous lysis if expression
continued for longer than six hours.361 As such, protein expression was typically induced
for three to four hours before purification commenced.

Figure 28: Results from Induction Test for Llama C Protein.
CL: crude lysate, directly isolated from cell lysis. CCL: cleared crude lysate, isolated after insoluble
material had been removed from samples. Concentrations of protein were measured using a standard BCA
assay and standardized against a BSA standard curve.

Periplasmic Extraction of VHH Domains via Osmotic Shock Protocol

VHH domains were isolated from the periplasmic space of the Rosetta DE3 E.coli
bacteria using a modified osmotic shock protocol.
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Cells were exposed to a high

osmolarity solution (15% weight by volume sucrose in Tris buffer, pH 7.5). Disruption
of the peptidoglycan outer cell wall was achieved via addition of lysozyme (0.5
mg/mL).368 A 1 mM solution of EDTA, pH 8.0 was added to osmotically shock the cells
and aid in permeabilizing the outer membrane. EDTA, along with other chelating agents,
has been used in osmotic shock protocols by chelating metals (Mg2+ and Ca2+)
responsible for cross-linking lipopolysaccharide molecules in the outer membrane of the
cell wall. When metals are chelated from the aqueous solution surrounding the cells, LPS
molecules cannot cross - link, the outer wall is permeabilized and channels form between
the LPS molecules.

These channels facilitate protein outflow from the periplasmic

space.370-373
Immobilized Metal Affinity Chromatography (IMAC) and Size Exclusion
Chromatography Purification of VHH Domains
The Llama C protein was purified using a two-step procedure: immobilized metal
affinity chromatography (IMAC), followed by size exclusion chromatography. IMAC
Fast Flow Sepharose resin (GE Healthcare) was used for the first step of this procedure,
as antibody binding was not detectable using Novagen His-Bind IMAC resin. The
efficacy of cobalt versus the standard nickel column charging was examined, since
literature reports suggest that cobalt may provide greater specificity than nickel, due to a
higher specificity of cobalt for the hexahistidine tag and gentler protein elution conditions
required.374, 375 In this study, equivalent amounts of resin were charged with either 50
mM CoCl2*6 H20 or 50 mM NiCl2*6 H20. The SDS-PAGE results from the comparison
study are shown in Figure 29. The cobalt-charging protocol results showed a cleaner

111

separation of antibodies from other higher-molecular weight cellular proteins than the
nickel-charging protocol results.

Figure 29: Results from Cobalt versus Nickel IMAC Resin Charging Study by SDSPAGE gel electrophoresis.
Samples were analyzed for proteins at 12 kDa (monomeric Llama C) and 24 kDa (dimeric Llama C).
Cobalt assay is shown on the left; nickel assay is shown on the right. The cobalt assay had a smaller
proportion of contaminating proteins of larger size, thereby improving the efficacy of gel filtration.

A Superdex 200 size exclusion column was used in the second purification step.
Superdex 200 is particularly well-suited to the purification of small proteins, including
antibodies. Additionally, Superdex 200 columns perform well in the separation of small
protein monomers from dimers. Both a monomer and a dimer of the VHH domain are
isolated from the IMAC column in the first step of purification.251, 289, 361, 365 Superdex
200 column size exclusion chromatography successfully separates monomeric Llama C
VHH domains, and the purity of the antibody fragments was confirmed by SDS-PAGE gel
electrophoresis and Western blot. Using this protocol, one mg VHH domain per liter of
cell growth was isolated.
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2.2.2 Isothermal Titration Calorimetry Results and Discussion

The binding thermodynamics of the Llama C VHH domain for the antigen
lysozyme was examined using isothermal titration calorimetry. In the development of the
Llama C construct, Haystead and coworkers did not test for the binding affinity of this
protein – ligand system. The resulting thermogram from the titration of a 250 µM
lysozyme solution in 20 mM HEPES buffer, pH 8.0 into a solution of 25 µM Llama C
VHH domain is shown in Figure 30.
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Figure 30: Thermogram of Llama C VHH domain (25 µM) titration with lysozyme
ligand (250 µM) in 20 mM HEPES buffer, pH 8.0.

The calculated Kd value of approximately 95 nM for this binding interaction
seemed reasonable given the high affinities observed in other VHH – protein systems.
However, the errors from this experiment were very large and thus any conclusions based
on these results are suspect. The high concentration of lysozyme used in this experiment
may have been a significant source of error.

The observed heats of dilution from

lysozyme were large, especially compared to the expected small heats of interaction. As
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such, we transitioned from a proteinaceous ligand-based system towards systems in
which VHH binding phenomena could be probed using much smaller haptens as ligands.

2.3 Directed Evolution of Lysozyme Vector Towards Affinity for Biotin

Two protein engineering strategies were utilized for the development of a haptenbased model system. First, directed evolution was used to develop VHH domains with
high affinity for biotin, a hapten for which no VHH domains have been developed. CDR
grafting techniques were also used to create the construct for a VHH domain with high
affinity to methotrexate (the protein sequence was originally developed by AlvarezRueda.)255 The salient features of these methodologies are described below.

2.3.1 Directed Evolution of VHH Domains: Affinity for Biotin

Rational Design of Proteins

Modern protein engineering techniques have been utilized extensively for the
redesign of both structural and functional features of proteins.

In situations where

structural information has been determined for a protein of interest, it may be possible to
rationally redesign the function of a protein using assumptions about the relationship
between structural features and functional activity.

In these cases, site - directed

mutagenesis techniques are most commonly used to create the desired change in protein
structure or function.

In many cases, the rational redesign of proteins is not very
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successful, as our understanding of the structure – function relationships of proteins (and
the nature of association events in aqueous solution) is still limited and thus de novo
predictions are challenging.

On the other hand, the rational redesign of VHH domain and other antibody
fragments to enhance binding affinity and selectivity has been successful in many cases.
This success can largely be attributed to the breadth of structural information available
for the VHH domain, including important amino acid residues to conserve for stability and
the importance of preserving disulfide bonds in the framework and CDR regions. A
consensus sequence has been determined for the framework region of the VHH domain,376
and Ewert and coworkers have described many ways to optimize key residues of the
antibody fragment to enhance stability.377

Qiu and coworkers designed small antibody fragment mimetics through the fusion
of two murine CDR regions (the VHCDR1 and VLCDR3 regions from a monoclonal IgG
for Epstein-Barr virus) through the cognate framework region VHFR2. Compared to
murine conventional antibodies, these three kDa antibody mimetics displayed equivalent
specificity for the selected antigen and improved tumor penetration capability in mouse
models when fused to the bacterial toxin colicin Ia.378 In a similar study, Chang and
coworkers analyzed X-ray crystal structural information from the interaction of TNF-!
and the neutralizing monoclonal antibody Z12 to determine that mutation of a number of
key amino acid residues in Z12 could result in a more effective neutralizing antibody. A
human antibody fragment was used to display the mutated amino acid sequence based on
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the Z12 antibody. This new antibody fragment competitively inhibited the binding of the
original antibody Z12 to TNF-! and inhibited TNF-induced signaling and cytotoxicity in
vitro.379

However, in many cases the detailed structural analysis of a particular protein
target is not available.

Even in cases where structural information can be ascertained,

the mutation of one or more amino acid residues may have an unexpected effect on the
overall structure and function of the protein. Thus, a more randomized approach may be
more efficient in many protein redesign projects.

Non-rational design of proteins

Directed evolution, or non-rational design, can also be used to engineer proteins
with novel functions and structures. There are several advantages to this technique, most
importantly that no assumptions about structure – activity relationships are required, and
no knowledge of protein structure is required. Typically, a “round” of directed evolution
takes place over four steps: sequence mutation, display, selection, and amplification
(Table 2).
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Table 2: Steps of Directed Evolution. Commonly used techniques for each step are
listed.

In the mutation step of directed evolution, libraries of proteins with randomly
mutated sequences are constructed using one or more techniques, including error-prone
polymerase chain reaction (PCR), DNA shuffling, window PCR, DNA sequence
propagation using a mutator bacterial strain, and the chemical modification of side
chains.380

Error-prone PCR is the most straightforward methodology for sequence

randomization, as either the sequence can be randomized by use of an error-prone
polymerase, or mutagenic reaction conditions can be used with standard PCR
polymerases to increase the rate of random copy errors. With both variations on errorprone PCR, changing the conditions of the PCR reaction determines the frequency of
mutation.381, 382 For example, MnCl2 can be added to a PCR reaction to increase the error
rate of transcription, while MgCl2 can be added to stabilize the formation of noncomplementary base pairs.382
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Once a library of randomized clones has been generated, phage display is often
used to select mutants with desired properties (Figure 31).383 Bacteriophage (commonly
known as phage) are a class of viruses that infect E.coli host cells via the injection of
genetic material into the host cell.384 Phage consist of two basic structural features: a
head, or capsid, region composed of coat protein that contains the genetic material of the
phage; and the tail region, consisting of a hollow tube through which the genetic material
passes during host cell infection.

In phage display, the gene of interest is ligated into the reading frame of the phage
coat protein gene (usually the pIII, pVI, or pVIII coat proteins), therein constructing an
expression vector for a phage-based fusion protein.384 This vector is then transformed
into an appropriate cell line for phage production. The phage genome is then translated
to produce phage with the protein of interest displayed on the surface. The phage
produced by this protocol are then isolated and purified by PEG precipitation techniques.
Finally, the displayed proteins can be assayed for the desired function or affinity, usually
through biopanning against the ligand of interest or for a specific biological function.384
Multiple rounds of phage-display facilitated directed evolution can greatly increase the
affinity and specificity of selected proteins.385 Finally, the phage-display selected clones
are isolated and amplified through cell culture techniques, usually utilizing E.coli
expression systems.

Compared to other display techniques for directed evolution, phage display has
both advantages and disadvantages. Phage display permits the rapid screening of large
numbers of clones for desired properties. Phage particles are highly infective and can be
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amplified easily using cell culture techniques. Also, phage particles are highly stable
even under extreme conditions, such as extended exposure to acid. However, proteins
displayed on the surface of filamentous phage cannot be larger than approximately 35
kDa.386 Also, due to transformation efficiencies for phage vectors, typical phage display
libraries are limited in size to 109 – 1010 clones.384, 387

Directed evolution techniques have been used for the generation and modification
of phage-displayed VHH libraries; in fact, the display of VHH domains should be more
facile than the display of human or mouse antibody fragments, as only one short domain
must be cloned into a phage vector.1, 260, 290, 318, 351, 355 However, since the framework
regions comprise a large portion of the VHH domain, directed evolution through errorprone PCR techniques will produce a high percentage of nonfunctional variants as
mutations in framework regions generally decrease VHH domain stability.260,

388

Fortunately, phage display can be used to quickly and efficiently remove the
nonfunctioning proteins from a study.
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Figure 31: Diagram of Phage Display, Biopanning and Amplification Protocols.
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2.3.2 fUSE55 Phage Display System

The fUSE55 phage vector engineered by Smith and coworkers was utilized for
directed evolution studies of the VHH domain.384,

389-392

The Toone laboratory has

previously used the similar fUSE5 vector for the non-rational redesign of carbohydratebinding proteins.165, 393 The parent vector of fUSE55 is the fd-tet phage, a filamentous
phage with resistance to the tetracycline antibiotic. Using antibiotic resistance markers,
the phagemid can be selected in a similar manner as the selection of bacterial plasmids.
In the fUSE55 vector, the pIII gene has been disrupted by a frame shift mutation. The
proper reading frame is restored when the gene for display is ligated into the vector,
eliminating background production of wild-type phage. The cloning site of the fUSE55
vector contains two Sfi I restriction sites between the N-terminal signal peptide sequence
and the C-terminal phage coat protein. The Sfi I restriction enzyme recognizes a GGCC
flanking sequence surrounding a five base-pair region with no required nucleotide
sequence (Figure 32). Sfi I digestion produces sticky end strands of DNA with different
nucleotide sequences, permitting the directional insertion of a gene into the cloning site
of fUSE55. fUSE55 has two minor sequence changes from the fUSE5 vector: a dcm
methylation site has been removed, and a Bgl I restriction site in the gene encoding the
tetracycline resistance protein has been removed. Bgl I can thus be used in place of Sfi I
for cloning if desired. (Figure 32).
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Figure 32: Sfi I Restriction Site.
Top panel: Generic Sfi I restriction site. GGCC flanking sequences shown in orange; variable five base
pair region, where N can be any nucleotide, shown in blue.
Bottom panel: fUSE55 phage Sfi I recognition sites, located in the cloning region of fUSE55 phage.
GGCC flanking sequences shown in orange; variable five base pair regions shown in blue. After Sfi I
digestion, a gene can be inserted into the fUSE55 vector in a directional manner due to the sticky end
sequences formed from restriction enzyme digestion.

2.3.3 Target: Biotin – Binding VHH Domain

We attempted to create VHH domains with affinity for biotin, a water-soluble
small molecule (Figure 33) composed of a tetrahydroimidizalone ring fused to a valericacid substituted tetrahydrothiophene ring. Biotin is alternately known as vitamin B7 or
vitamin H. This compound is involved in gluconeogenesis, the citric acid cycle, fatty
acid synthesis, and serves as a cofactor for the transfer of CO2 groups to various
macromolecules in carboxylase reactions.394
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Biotin is used widely in biotechnology applications, predominantly because of the
remarkably high binding affinity between biotin and the proteins avidin and streptavidin
(Kd ! 10-15 M).395,

396

The monomeric biotin – avidin interaction has a dissociation

constant of approximately 10-7 M.397 Derivatives of biotin also exhibit high binding
affinity with either avidin or streptavidin.

Desthiobiotin binds streptavidin with a

dissociation constant of approximately 10-11 M,398 and under basic conditions 2iminobiotin binds avidin with a dissociation constant of 3.4 x 10-11 M.399 These mimetic
compounds could be useful for comparison studies using the VHH domain developed with
affinity for biotin.

Proteins can be conjugated with biotin (biotinylation) for technological
applications. Biotinylated antibodies are commonly used in ELISA protocols and for
other immunological applications such as flow cytometry and Western blots.
Alternatively, antibodies with affinity for biotin can be used in a wide range of
applications. For the purposes of these studies, a number of conventional anti-biotin
antibodies are commercially available, which would allow for structural comparisons of
the biotin binding interaction with the VHH domain to the interactions of biotin with other
antibody motifs.400

Figure 33: Structure of biotin; proposed connection to 96-well plate for biopanning.
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2.3.4 Results and Discussion

Isothermal Titration Calorimetry of Llama C VHH Domain against Biotin

Mutagenesis and phage display studies were conducted based on the Llama A and
Llama C sequences described above. The first objective was to determine if the Llama C
VHH domain exhibited any affinity for biotin; no discernible binding was observed
(Figure 34).

Figure 34: Thermogram of Llama C VHH Domain titration with biotin. 0.16 mM
biotin was titrated into 0.016 mM VHH domain, in 20 mM HEPES, pH 8.0. No
binding was detectable between biotin and the VHH domain.

125

Sequencing of Llama A and Llama C Genes

In previous efforts, sequencing the Llama A and Llama C genes directly from the
pecan22 expression vector was unsuccessful using standard T7 primers. An effective
method for sequencing the genes of interest was required to analyze mutated genes
encoding for biotin binding VHH domains. The Llama A and C genes were PCRamplified, and the products were sequenced directly using the following primers:

Forward primer, Llama A: 5’-TATAGGCCATCTAGGCCAAGGTGAAAC-3’
Forward primer, Llama C: 5’-TATAGGCCATCTAGGCCCAGGTGAAAC-3’
Reverse primer, Llamas A and C: 5’-TATAGGCCATATAGGCCTGGTTGTGGT-3’
1

2

3
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8
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10

Figure 35: PCR Amplification of Llama C gene. Lane 1: DNA ladder. Lanes 2 10: PCR-amplified product, 384 bp.

These primers included the Sfi I restriction site and a 10 base pair overlap with the
VHH domain sequence. PCR was performed using standard protocols, and the resulting
PCR product was purified using agarose gel extraction. Sequences for the Llama A and
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Llama C genes were obtained that matched the reported sequences from the Hayhurst
group.251

A protocol to sequence the VHH domain genes directly from the pecan22
expression vector was also developed, using the N-terminal periplasmic expression tag
(pelB) and the C-terminal His-tag as guides for primers. The following primers were
successfully used for sequencing Llama A and Llama C genes from the pecan22 vector:

Forward primer 5’-TATAATGAAATACCTATTGCCTACGGCAGC-3’
Reverse primer 5’-TATAACTAATGATGGTGATGATGGTGATCG-3’.

Error-Prone PCR: Mutagenesis of VHH Domains

To create a library of randomly mutated proteins, a round of mutagenesis on the
Llama C VHH domain gene was performed using Mutazyme error-prone polymerase.
New primers were designed for the error-prone PCR protocol in which the five variable
base pairs in the Sfi1 restriction site were complementary to the Sfi1 sites on either side of
the VHH gene in the expression vector. The primers used were:
Forward primer: 5’-TATAGGCCGACGTGGCCCAGGTGAAAC-3’
Reverse primer: 5’-TATAGGCCCCAGAGGCCTGGTTGTGGT-3’.

The PCR protocol was designed to provide a library with a “medium” mutation
rate (approximately 4.5 – 9 mutations per kilobase of DNA). To increase the amount of
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mutagenesis product, fifty PCR cycles were completed (Table 3). The results from
agarose gel analysis of the first round of library construction are shown in Figure 36. The
band representing the mutant library is seen in lane 2 at about 400 bp, while the product
from the standard PCR reaction is shown in lane 3. The mutation rates from this round of
directed evolution were not quantified at this stage because no sequencing analysis had
been performed on this library. The mutagenesis product was then digested with Sfi I
restriction endonuclease and purified by gel extraction.

Table 3: Error-Prone PCR Protocol for Mutant VHH Domain Library Construction.

1

2

3

Figure 36: Error-Prone PCR Products from Mutazyme Polymerase Reaction. Lane
1: DNA Ladder. Lane 2: Mutazyme PCR Product. Lane 3: Standard PCR
Product (Taq Polymerase).
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Phage Vector Propagation and Digestion

Starved K91/Kan cells were used to propagate the fUSE55 virion. The fUSE55
vector was then transformed into DH10B E.coli cells to create a large stock of vector.
The fUSE55 vector was successfully propagated using chemically competent DH10B
cells and a standard chemical transformation protocol, but not when using electroporation
protocols. Subsequently, the phage vector was digested using the Sfi I restriction enzyme
and the linear product was purified by gel extraction techniques.

Ligation of Fusion Phage - VHH Domain fUSE55 Vector

Next, the ligation of the linear fUSE55 phage vector and mutated DNA using T4
DNA ligase was attempted. 1.66 x 10-14 mol individual DNA sequences were used in one
of four ratios (2 : 1 vector : insert; 4 : 1 vector : insert; 4 : 2 vector : insert; or 8 : 2 vector
: insert) in ligation reactions. Two ligation conditions were tested: either samples were
incubated overnight at 0º C, or samples were incubated overnight using a PCR machine
held at 16 °C. The ligation products were purified by ethanol precipitation, but no
product was found after transformation into DH10B cells.

All wash buffers were

checked for ligated product by purification with a Qiagen spin column. No ligated
vectors were detected in any of the samples.

The creation of a fusion VHH domain – phage vector was unsuccessful, and
biopanning studies towards evolving the Llama C VHH domain towards an affinity for
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biotin could not proceed. Historically in the Toone laboratory, the ligation step using
fUSE5 has been problematic – in a project designed to create protein variants of Galectin3, a carbohydrate-binding protein, over 25 separate ligations were completed before a
successful fusion phage vector was constructed.165 A successful ligation event in the
fUSE55 vector would require directional incorporation of the VHH gene into the phage
vector, and perhaps the small size of the gene insert (approximately 384 base pairs) in
comparison with the large size of the phage vector (6125 base pairs) may have hindered a
successful ligation event.165

Also, a number of phage vectors have been designed

specifically for the manipulation of VHH-based libraries, and perhaps one of these vectors
would have provided better results.

2.4 Expression and Purification of Llama VHH Domain with Affinity for
Methotrexate

Concurrent with attempts to generate a VHH domain with affinity for biotin, a VHH
– hapten model system against methotrexate was developed. This model system was
selected because in vivo affinity-matured VHH domains with high affinity for
methotrexate had already been isolated by Alvarez-Rueda and coworkers, and thus the
sequence for the VHH domain with affinity to methotrexate was available.255
Methotrexate and a number of methotrexate analogues are commercially available, and
methotrexate is reasonably soluble in aqueous solution (Figure 37). Studies with this
system began with construction of an expression vector for the VHH domain with affinity
to methotrexate (Llama M) using CDR grafting techniques.
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Figure 37: Methotrexate and mimetic compounds. Left column, from top to
bottom: Methotrexate, folic acid, tetrahydrofolic acid, edatrexate. Right column,
top to bottom: Aminopterin, folinic acid, dihydrofolic acid, 5-methyltetrahydrofolic
acid.
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2.4.1 Construction of Llama Methotrexate Vector: CDR Grafting

CDR grafting, also known as loop grafting, is a commonly used technique in
antibody engineering where the CDR loops binding the antigen of interest are transferred
to the framework regions of an antibody with the desired properties (usually stability and
size).377, 401 CDR grafting techniques were originally used to humanize murine antibodies
for in vivo therapeutic use.402, 403 However, this technique was recently adapted for the
construction of VHH domain genes.357, 404 In some cases, transferring the CDR sequences
from one antibody to the framework regions of another antibody results in a loss of
antigen recognition; usually this problem arises when important residues in the
framework region of the original antibody have not been transferred to the new antibody
structure.359,

377

As such, care must be taken to ensure that all important residues are

transferred to the new construct.

The framework regions of the Llama C construct and the proposed Llama M
construct were functionally conserved, so the CDR grafting strategy was used for
construction of the Llama M gene. The nucleotide sequence of Llama C was analyzed
for potential restriction enzyme sites surrounding the CDR regions. CDR3 was most
amenable region to this strategy; potential restriction sites (BsmBI and Bsu36I) were
identified on both the 5’ and 3’ sides of CDR3 in Llama C, respectively. A series of
primers were developed to overlap and create the Llama M CDR3 nucleotide sequence.
Initial ligation attempts of these primers were unsuccessful; however, after overnight
incubation of the fragments with T4 polynucleotide kinase and subsequent ligation, the
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fragments annealed as expected into the Llama M CDR3 fragment of DNA designed to
replace Llama C CDR3. However, attempts to completely digest Llama C CDR3 from
the gene were unsuccessful.

BsmBI and Bsu36I were used for this purpose, but

subsequent digestion studies indicated Bsu36I only cleaves about 50 % of total vector
DNA, and BsmBI cleaves at another point on the pecan22 expression vector. Issues with
selecting other restriction sites, both for CDR3 and for CDRs 1 and 2, led to the pursuit
of an alternate method to obtain the desired expression vector.

2.4.2 Llama M Gene in Vector from IDT DNA Technologies

A gene encoding the methotrexate-binding VHH domain (Llama M) reported by
Alvarez-Rueda255 was purchased from IDT DNA. The Llama M gene was shipped in the
pIDT-Kan expression vector, and was designed with Sfi I restriction sites surrounding the
gene. The gene was digested from the IDT vector by the Sfi I restriction enzyme and
subsequently ligated into the pecan22 expression vector.251

2.4.3 Optimization of Llama M Expression and Purification Conditions

The Llama M VHH domain gene was expressed in the same manner as previously
used for the Llama C gene. Briefly, the expression vector encoding the Llama M gene
was transformed into Rosetta DE3 cells by chemical transformation. Previously, a three
to four hour incubation period with IPTG had been shown to produce optimal protein
expression within the constraints of the system; these results were consistent for Llama M
protein expression. Purification proceeded as previously described, with osmotic shock
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purification followed by cobalt IMAC chromatography on IMAC Sepharose Fast Flow
resin and gel filtration with Superdex 200 resin. The presence of antibodies was detected
by UV from the AKTA purification and subsequently through SDS-PAGE gel
electrophoresis and Coomassie Blue or silver staining.

Several modifications were made to the initial protocol to improve the yield of
purified protein. First, the temperature for cell incubation before induction was raised to
37 °C in order to allow cells to reach proper density (OD600 = 0.6 to 0.8) after an
overnight incubation. Crude material from osmotic shock was filtered prior to IMAC
chromatography to remove precipitated protein and other contaminants. In addition, the
osmotic shock solution from 12 L of cell growth was purified over the IMAC column in a
single batch, but the solutions from two or three IMAC columns were concentrated
before gel filtration. The antibodies were dialyzed in 1X phosphate buffered saline prior
to gel filtration; this step was used to mitigate the effects of high concentrations of EDTA
on the antibodies. Precipitation and degradation were observed when antibodies were
exposed to the IMAC column eluent buffer (containing 450 mM EDTA) for long periods
of time.

SDS-PAGE electrophoresis and Western blots were completed for the Llama M
protein to demonstrate expression and proper purification. The blot matches both the
expected molecular weight of the protein (approximately 15.5 kDa) and the pattern of
blotting shown by the lysozyme-binding antibodies. Briefly, Hayhurst noted a second
band of slightly smaller molecular weight on a His-tag Western blot due to proteolytic
cleavage of the hexahistidine tag during purification.361,
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The same results were

observed both with this system and previously with the Llama C antibody system. The
Western blot is shown in Figure 38.

Figure 38: Western Blot of purified methotrexate-binding VHH domain (Llama M).
Lane 1: Kaleidoscope markers (BioRad). Lane 2: Pure VHH domain antibody
sample. Higher MW band is dimer of antibody (about 30 kDa); lower bands
correspond to monomer (about 15 kDa).

2.5 Structural Studies by X-Ray Crystallography

Three aspects of the biophysical behavior of the Llama M – methotrexate model
system were considered: structural studies by X-ray crystallography, thermodynamic
analysis of the effects of changes in temperature, salt concentration, and pH by
isothermal titration calorimetry, and secondary structural changes as a function of pH and
temperature by circular dichroism. No X-ray crystal structure of this model system was
available in 2009 when our studies began.
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Llama M Crystallography

The Llama M protein was purified as described previously. Protein concentration
was adjusted to 10 mg/mL in 10 mM Tris buffer, pH 7.5. The Llama M protein is highly
soluble and no precipitation or aggregation was observed. A series of initial conditions
were tested for apo-crystallization of the Llama M protein in which the ratio of well
solution to protein solution was varied (2 : 1 well : protein, 1 : 1 well : protein, and 1 : 2
well : protein). Overall, 2304 conditions were tested using the following commercially
available screens: Qiagen Classics, Qiagen Classics II, Qiagen JCSG Core I, Qiagen
JCSG Core II, Qiagen JCSG Core III, Qiagen JCSG Core IV, Qiagen Ammonium Sulfate
(this screen was also tested at 15 mg/mL protein solution), and Qiagen Peg II screens.
Although several conditions produced protein precipitate and phase separation
phenomena, no diffractable crystals formed.

Screening trays were also produced with 10 mg/mL Llama M protein sample
mixed at a 1 : 1 ratio with methotrexate. 576 Conditions were tested from the Qiagen
Ammonium Sulfate and Qiagen Classics screens. Again, precipitation was observed for
several conditions; however, it was not possible to obtain crystals that diffracted well
using the Llama M hexahistidine-tagged construct.

We theorized that the presence of the hexahistidine tag may have impeded our
crystallization efforts. In previously solved X-ray crystal structures of VHH domains, the
C-terminal end of the VHH domain (including the hexahistidine tag) was intrinsically
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mobile and solvent accessible.222 Thus, samples of VHH domain may not have been
homogeneous in structure.

Interference of the His tag in crystallization efforts for

proteins has been observed in many literature reports.405-407 Typically, when an affinity
tag may be hindering crystallization efforts, the tag is enzymatically cleaved from the
protein construct using any of a variety of available methods (thrombin, Factor Xa,
enterokinase, or TEV protease).

Design of Llama TEV Vector

TEV protease was selected for hexahistidine tag removal in the Llama M
construct for several reasons.

TEV protease has a stringent recognition sequence,

typically the amino acid sequence ENLYFQG, with cleavage occurring between Q and
G. Also, TEV protease is commercially available in high purity in a hexahistidine-tagged
format, which makes subsequent purification steps more facile.

Numerous attempts were made to insert a TEV protease cleavage site into the
Llama M gene using PCR-based techniques; however, these attempts were unsuccessful.
Instead, a new gene was purchased from IDT including the TEV cleavage site as shown
in Figure 39.

The gene was digested from the IDT vector by Sfi I restriction

endonuclease, and then ligated into the pecan22 expression vector as previously
described for the standard Llama M vector.
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Figure 39: Llama TEV Sequence Design. The seven amino acid sequence
ENLYFQG was inserted on the C-terminal end of the VHH domain sequence.

Expression and Purification of Llama TEV Vector
The expression conditions originally developed for the Llama M protein (cell
growth to OD600 = 0.6 to 0.8, expression of protein for three to four hours) provided
optimal growth and expression of the Llama TEV protein.

Llama TEV protein was

purified using IMAC chromatography on IMAC Fast Flow Sepharose resin and then gel
filtration chromatography using Superdex 200 resin. Finally, the hexahistidine tag was
cleaved using AcTEV protease (Invitrogen) and standard manufacturer protocols.

The results from a Western blot assessing initial TEV protease cleavage
conditions for the Llama TEV protein are shown in Figure 40. Significant cleavage was
observed at all time points tested. The protocols were improved to provide homogeneity
in protein sample, and purity was confirmed by SDS-PAGE electrophoresis and Western
blot.
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Figure 40: Llama TEV Cleavage Results from Western Blot. Lane 1: Protein
ladder. Lane 2: Llama TEV sample before cleavage. Lanes 3 – 7: Llama TEV
sample after cleavage over time course (1 – 5 hours, Lanes 3 - 7).

Llama TEV Crystallography Experiments

Crystallization screening trays were made using the purified Llama TEV
construct. Initially, a 10 mg/mL solution of Llama TEV protein in 10 mM Tris buffer,
pH 7.5, was screened with the Qiagen Ammonium Sulfate, Qiagen JCSG Core I, and
Qiagen JSCG Core II screens. A total of 864 conditions were screened, and phase
separation and precipitated protein were observed. A few small crystals formed but no
diffractable crystals were isolated in the initial screens. In 2011 an X-ray structure of a
similar VHH domain was reported by Fanning and Horn and our crystallography efforts
were halted.
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Fanning – Horn VHH Domain X-Ray Crystal Structure

Fanning and Horn constructed a VHH domain with affinity for methotrexate (VHHMTX) by grafting the CDRs from the methotrexate-binding VHH domain developed by
Alvarez-Rueda and coworkers255 onto a VHH domain scaffold for RNAse A. VHH-MTX
was initially expressed as a hexahistidine tagged protein, but the His-tag was cleaved by
TEV protease prior to crystallization attempts. The Llama M/Llama TEV antibody
sequence (Top, Figure 41) is generally conserved in the VHH-MTX sequence (Bottom,
Figure 41). Fanning used a high concentration of VHH-MTX domain (20 mg/mL) in
crystallization efforts.

!
Figure 41: Sequence Alignment of Llama M Gene (top, blue) versus VHH-MTX
sequence from Fanning (purple, bottom).357 CDR regions are shown in bright blue,
and mutated amino acid residues from the Fanning antibody are shown in yellow.

The X-ray crystal structure of VHH-MTX in complex with methotrexate is shown
in Figures 42 and 43 below. The VHH-MTX domain has a unique binding pocket in
which the methotrexate ligand is inserted underneath the CDR1 loop (Figure 42). Also,
the methotrexate ligand contacts a noncanonical CDR4 domain. In initial studies where a
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VHH domain was generated without CDR grafting of CDR4, Fanning and coworkers
observed a 1000-fold decrease in binding affinity between methotrexate and the VHH
domain construct. This decrease in affinity was rationalized by the loss of a hydrogen
bond between methotrexate and the side chain oxygen atom of Asn 76 in the original
construct, as well as the potential !-stacking interactions introduced from the addition of
Tyr 79 to VHH-MTX.

Figure 42: Electrostatic surface plot of VHH-MTX domain in complex with
methotrexate (yellow) from a top view. Generated from PDB Code 3QXV.
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The change in solvent accessible surface area, !ASAtot, for VHH-MTX and
methotrexate upon methotrexate binding was calculated to be 895 Å2. Interestingly, 91
% (576 Å2) of the surface area of the methotrexate ligand was buried in the VHH-MTX –
methotrexate complex. Fanning also calculated that haptens in VHH-hapten complexes
tend to bury more solvent accessible surface area versus haptens bound to conventional
antibodies. This finding is surprising, as typically haptens in conventional antibodies are
bound between the VH and VL domains on a large interface.357
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!
Figure 43: X-ray crystal structure of llama VHH –MTX domain in complex with
methotrexate ligand, PDB Code 3QXV.357

2.6 Thermodynamics of Binding of VHH Domain – Methotrexate System

Concurrently, the thermodynamics of the VHH domain – methotrexate model
system were analyzed. Initial studies were conducted to determine the binding affinity
and other relevant thermodynamic parameters of association, and then changes in
thermodynamic parameters of interaction upon varying pH, salt concentration and
temperature were analyzed.
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Binding Isotherms and Effects of pH Changes on Thermodynamics of Binding Interaction

As previously described, VHH domains are more stable to changes in temperature
and denaturant concentration than are conventional antibodies. However, information
regarding the pH stability and thermodynamics of VHH binding at varied pH levels are
lacking. As VHH domains have been administered orally, these antibodies would seem to
possess stability against changes in pH. However, binding thermodynamics have not
been probed with respect to changes in pH.

The design of calorimetry experiments posed two particular challenges. First,
methotrexate is only weakly soluble in aqueous solution (micromolar).

As such,

methotrexate was stored in a stock solution of neat dimethylsulfoxide (DMSO) and
diluted prior to experimentation in aqueous solution. The same percentage of DMSO
used in the ligand solution was added to the buffer containing the VHH domain prior to
experimentation to decrease enthalpies of dilution. Second, the selection of a buffering
system proved complicated, as no buffer has a buffering range sufficient to span the wide
pH range of interest in these experiments (pH 2 – 10).

We conducted initial

thermodynamic studies using a triple buffer system (50 mM AMPSO, 50 mM sodium
phosphate, 50 mM sodium pyrophosphate) as the buffering ranges of the individual
buffers in the triple buffer system overlap sufficiently to provide buffering over the entire
pH range. However, no significant difference was observed in binding affinity for the
VHH domain – methotrexate interaction between pH 6 and 9, leading to the conclusion
that the triple buffer system was an inappropriate buffer for these experiments, perhaps
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because this system may not be sensitive to pH changes across this range. As such,
single buffers were used to test the thermodynamics of this system. All buffers were
made at 20 mM concentration, and VHH domain samples were dialyzed overnight in the
appropriate buffer before calorimetry.

The observed enthalpy in ITC experiments includes both the enthalpy of binding
for the particular interaction as well as the enthalpic consequence of proton release or
uptake by the buffer upon the formation of the protein – ligand complex. As such, for
each data point the effects of proton transfer must be calculated.

The observed

calorimetric enthalpy can be related to the number of protons transferred and the transfercorrected enthalpy by the following equation:

"H 0 obs = "H 0 b + N"H 0 ion

Equation 43

where !H°obs is the!observed calorimetric enthalpy, !H°b is the enthalpy of binding the
absence of proton transfer, and !H°ion is the enthalpy of buffer ionization. When !H°obs
is plotted against !H°ion, the slope of the resulting line is equivalent to the number of
protons transferred (N) and the y-intercept is the enthalpy of binding in the absence of
proton transfer.143 Where possible, three buffers were selected for each pH point to test
for these proton transfer events. All binding enthalpies are reported after subtraction of
the appropriate dilution enthalpy of ligand and with correction for proton transfer
between solution and protein-ligand complex. Buffers selected for these studies are
shown in Table 4.
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Table 4: Buffers for pH studies of thermodynamics of binding. Ionization heat data from Goldberg et al.408
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Results and Discussion

The thermodynamic parameters for binding of the Llama M VHH domain to
methotrexate over the range pH 3 to pH 10 are shown in Table 5. Titrations were
attempted using maleate buffer at pH 2, but no binding isotherm was detected. The
concentration of protein used (20 µM) in the experiment was sufficient such that
association constants above 105 should have been detected, and the binding affinity for
the pH 2 interaction is presumably below this value. Data at pH 3 and 4 were fit using
the methodology of Turnbull for low c value titrations, although all experiments had a c
value of at least 4.409 To assess the stability of methotrexate over a wide pH range, blank
titrations of methotrexate into buffer were tested at pH 2 (maleate buffer) and pH 10
(borate buffer); in both cases, the titrations appeared as standard titrations (no changes in
baseline or injection height or profile were observed).

The most significant observation is the remarkable retention of binding affinity
across changes in pH values; this observation is highlighted in the free energy versus pH
diagram (Figure 44). Affinities were remarkably consistent within pH levels for each
tested buffer. From pH 3 to pH 7, the binding affinity only increases by a factor of 350,
while from pH 7 to pH 10, the affinity decreases by a factor of 120.

This observation

contrasts directly with observations made for conventional antibodies at low pH levels, at
which the antibodies tend to aggregate and thus cannot bind antigens with high
affinity.410 No evidence of VHH domain aggregation was observed at low pH on a
macroscopic level – solutions were clear after titration, and no aberrant stoichiometries
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were detected. However, further analysis by light scattering or other related techniques is
needed to confirm this conclusion. Also, no reports exist in the literature for VHH domain
aggregation at extreme pH levels, although the lack of reported aggregation phenomena
is not conclusive evidence that aggregation events do not occur. Thus, we theorized that
the observed changes in affinity were a result of changes in protonation state of
methotrexate (Figure 46) and the binding site of the VHH domain as a function of pH.
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Figure 44: Energy Plot of pH vs log Ka for VHH domain – methotrexate binding
interaction.
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Table 5: Thermodynamic parameters of binding for VHH domain - methotrexate interaction at varied pH levels.
!Hb

T!S (kcal
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Entry

pH

n

Ka (M)

!G (kcal mol-1)

(kcal mol-1)

mol-1)

1

3

1.0 ± 0.0

(1.3 ± 0.3) * 105

-7.0 ± 0.3

-1.7 ± 0.1

5.3 ± 0.3

2

4

1.0 ± 0.0

(1.5 ± 0.4) * 105

-7.1 ± 0.4

-1.1 ± 0.5

6.0 ± 0.5

3

5

0.7 ± 0.05

(1.5 ± 0.5) * 106

-8.4 ± 0.5

-2.1 ± 0.1

6.3 ± 0.1

4

6

0.8 ± 0.09

(1.5 ± 0.3) * 106

-8.4 ± 0.3

-2.4 ± 0.2

6.0 ± 0.3

5

7

1.1 ± 0.01

(4.5 ± 0.7) * 107

-10.4 ± 0.7

-5.7 ± 0.03

4.7 ± 0.1

6

8

1.2 ± 0.01

(4.9 ± 0.1) * 106

-9.1 ± 0.1

-4.2 ± 0.06

4.9 ± 0.1

7

9

1.2 ± 0.05

(5.0 ± 1.2) * 105

-7.8 ± 1.2

-3.7 ± 0.3

4.1 ± 0.3

8

10

1.3 ± 0.06

(3.7 ± 0.6) * 105

-7.6 ± 0.6

-3.3 ± 0.2

4.3 ± 0.6
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Ligplot+ analysis of VHH domain binding site interaction with methotrexate

To further interpret our experimental results, a Ligplot+ diagram of methotrexate
bound to the binding interface of the Fanning VHH-MTX construct was made (Figure 45).
Ligplot+ diagrams are generated from PDB files, and provide a two-dimensional
schematic diagram of the interactions between a protein and ligand of interest. In these
diagrams, hydrogen bonds are represented by dashed lines between the involved atoms
and typically are labeled with an estimated interatomic distance corresponding to the
length of the hydrogen bond. Hydrophobic contacts are denoted with a red arc with
spokes aiming towards the contacted ligand atom; ligand atoms contacted by an amino
acid residue in the binding site in a hydrophobic fashion have spokes pointing towards
the residue contacted.411

The residues involved in hydrogen bonding interactions with methotrexate as
shown in the Ligplot+ analysis are all conserved between the Fanning methotrexate
antibody and the Llama M protein.

Six likely hydrogen bonds were identified by

Ligplot+ analysis, and several of these hydrogen bonds may be affected by changing
protonation states in the binding site of the protein as pH is varied.

This analysis is

further complicated by the presence of several ionizable sites on the methotrexate ligand
(Figure 46). Finally, this analysis is based on average pKa values for amino acid residues,
and does not take into account changes upon folding of the protein, as pKa values
determined on the binding face of an interaction (typically by two-dimensional NMR
techniques) can vary significantly.412
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Figure 45: LigPlot+ Analysis of Fanning VHH Domain - Methotrexate Binding
Interaction.357, 411
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Figure 46: Methotrexate pKas as calculated by NMR.413

Ligplot+ analysis indicates the presence of a hydrogen bond between the
guanidinium group on the side chain of Arg 74 (estimated pKa 12.5) and position N1 on
the fused pteridine ring system (pKa 5.7; red nitrogen in Figure 46). At pH levels near
and below the pKa of N1, the fraction of methotrexate molecules with a protonated
position N1 would increase and thus the hydrogen bonding interaction would be
progressively disrupted. Conversely, through pH 10 the side chain of Arg 74 would most
likely be protonated, and thus the proposed hydrogen bonding interaction would remain
intact.

Ser 30 and Ser 31 are implicated in a number of hydrogen bonds with the !carboxy terminus of the methotrexate ligand. The pKa of the !-carboxy terminal
carboxylic acid group is approximately 4.7 (Figure 46, pink), and changes in pH will
affect interactions with the side chain alcohol of Ser 31, and the side chain alcohol of Ser
30. Hydrogen bonds between the side chain alcohols of Ser 30 and Ser 31 and the !carboxy terminus of the methotrexate ligand required the deprotonated carboxylate, and
at neutral pH the side chain alcohol would act as a hydrogen bond donor.

This

interaction would presumably be disrupted at low pH, as the !-carboxy terminus of the
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methotrexate ligand is protonated. A hydrogen bond also exists between the !-carboxy
terminus of the methotrexate ligand and the amine group of Ser 31; at low pH this bond is
potentially disrupted through protonation of the methotrexate ligand, and at high pH the
bond is disrupted through deprotonation of the amine.

The hydrogen bonds between Asn 76 and Tyr 79 and the amino moieties of the
pteridine ring likely do not undergo changes in protonation state over the pH range
considered here. The oxygen of the side chain amide of Asn 76 and the main chain
carboxyl oxygen of Tyr 79 are also involved in the proposed hydrogen bond network. As
neither of these groups will change ionization state over the pH range considered here,
these hydrogen should bonds remain constant.

Several of the amino acid residues implicated in hydrophobic contacts with
methotrexate have ionizable side chains: changes in the protonation state of these
moieties may impact interactions with the methotrexate ligand. Cys 24, Asp 75, and Tyr
79 may all potentially change protonation state over the range 3 to 10. At neutral pH,
Cys 24 should be protonated, but the fraction of deprotonated Cys 24 residues in solution
will increase to nearly 100% as the pH rises to 10. On the other hand, at neutral pH Asp
75 will be deprotonated, but as the pKa of the side chain of asparagine is estimated to be
3.86, at the lowest pH levels tested protonation of this side chain should be expected.
Finally, the pKa value for the side chain of Tyr 79 and Tyr 120 is estimated to be 10.1,
indicating that roughly 50% deprotonation should occur at the high pH range of our
sequence. Elucidation of specific effects of individual residues on the thermodynamics
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of ligand binding would require additional study, most likely through site-directed
mutagenesis of the relevant residues and subsequent thermodynamic analysis.

The Llama M construct binding surface is exquisitely designed to maximize the
affinity for methotrexate at neutral pH. At pH 7, the number of potential hydrogen
bonding interactions is maximized; as pH increases or decreases from this value,
hydrogen bonding interactions are disrupted, lowering the affinity of the interaction. This
phenomenon should be reflected in the maximization of the enthalpic value at neutral pH,
which is indeed observed. It seems reasonable to postulate that the thermodynamic
effects observed upon change in pH level in this system are primarily a result of changes
in the protonation state of the binding interface and methotrexate ligand.

Heat Capacity of VHH Domain Binding Interaction

The change in molar heat capacity upon binding (!Cp) is determined by
measuring the temperature dependence of the enthalpy of interaction according to the
van’t Hoff equation:

Equation 44

where !H°(T) is the enthalpy of binding at temperature T, and !H°(0) is the enthalpy of
binding at 0 K. This equation makes the assumption that !Cp is constant across all
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temperatures. Typically, over temperature ranges of approximately 50 K this assumption
holds, but over large ranges this assumption may not be valid.

The heat capacity change for the VHH domain – methotrexate binding interaction
was assessed by measuring the observed enthalpy of the binding interaction at 15 °C, 25
°C, and 35 °C. Useful binding data was obtained over only this limited range in this
system. Titrations were attempted at 5 °C and 10 °C, but no discernible binding isotherm
was observed for either experiment. Additionally, several titrations were attempted at 45
°C, and a binding isotherm was not observed for any of these experiments. Results from
other laboratories have indicated that VHH domains should be stable at temperatures
above 45 °C; thus, these results are surprising.358, 359

Figure 47: Heat Capacity Plot for VHH domain interaction with methotrexate, 20
mM HEPES buffer, pH 8.0.
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The heat capacity analysis is presented in Figure 47. At pH 8.0, a !Cp of -636 cal
mol-1 K-1 was observed. The large negative value for !Cp in this interaction is consistent
with the large extent of desolvation of the binding interface upon methotrexate binding,
as indicated by the crystal structure and solvent accessible surface area calculations
conducted by Fanning and coworkers.357

To place our observations in context, changes in molar heat capacity for the
binding of several antibody fragments of different origins and affinities were compared to
the observed value in this system (Table 6).

Our value seems in line with other

observations, presumably due to the conserved size and character of the CDR loops in
most antibody fragments. Antigens generally interact with the antibody fragment through
the three canonical CDR loops, and although variations between species in terms of the
size of the CDR loops exist, these variations generally encompass the addition or removal
of only a few amino acid residues, not large-scale structural changes. Notably, the heat
capacity value observed by Fanning and coworkers for the binding of methotrexate to the
VHH-MTX domain construct was -290 ± 20 cal mol-1 K-1. Differences in measured heat
capacity between the Llama M system and the Fanning system may be attributable to
differences in buffer conditions used for ITC measurements (the Fanning data used
phosphate buffered saline at pH 7.4).
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Table 6: Heat Capacity Data from Literature Antibody Fragments.

Antibody
Fragment

!Cp (cal
mol-1 K-1)

Species

Fab
hu4D5414

Murine
(humanized)

Fab 3B62415

Murine

EGFR
extracellular
domain
4-hydroxy-3nitrophenylacetyl
caproic acid

Fv 528
WT416

Murine
(humanized)

EGFR

Antigen

Buffer
Conditions

-415 ± 12

20 mM sodium
phosphate pH 7.5,
100 mM NaCl
5 mM sodium
phosphate pH 8,
200 mM NaCl

-1,440 ± 50

Phosphate buffered
saline

-320 ± 20

VHH
Domain417

Llama

GFP

-239 ± 15

Phosphate buffered
saline

VHHMTX357

Llama

Methotrexate

-290 ± 20

Phosphate buffered
saline

Effects of Salt (NaCl) Concentration on Thermodynamics of Binding Interaction

The effects of changes in sodium chloride concentration on the binding
thermodynamics of the VHH domain – methotrexate interaction were also evaluated
calorimetrically. We were interested in this facet of binding for several reasons. If ionic
strength strongly affects the binding interaction, then careful regulation of this parameter
might be necessary for optimal use of devices and immunopurification protocols based on
these binding moieties. Also, from a basic science perspective, the analysis of the
electrostatic influence of salt concentration on VHH domain binding was of interest.
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The affinity of the Llama M construct to methotrexate was tested at increasing
salt concentrations, from 50 mM to 200 mM, in 20 mM HEPES at pH 8.0. The results of
thermodynamic analysis are summarized in Table 7.

Table 7: Thermodynamic Parameters of Llama M VHH Domain Binding to
Methotrexate in Varying Salt Concentrations. Binding measurements were made in
20 mM HEPES, pH 8.0. nb: No binding observed.
Entry
1
2
3
4

[NaCl]
0
50 mM
100 mM
200 mM

n
1.2 ± 0.01
0.9 ± 0.07
1.1 ± 0.05
nb

Ka (M)
(4.86 ± 0.6)* 106
(1.28 ± 0.4)* 105
(7.82 ± 1.5)* 105
nb

!H
(kcal mol-1)
-1.2 ± 0.03
-3.8 ± 0.4
-3.4 ± 0.3
nb

!G
(kcal mol-1)
-9.1 ± 0.3
-7.0 ± 0.2
-8.0 ± 0.7
nb

T!S (kcal
mol-1)
7.9 ± 0.1
3.2 ± 0.3
4.7 ± 0.3
nb

A 10-fold decrease in binding affinity was observed as salt concentrations were
increased from 0 to 100 mM. No binding interaction was observed at 200 mM salt using
20 µM VHH domain and 200 µM methotrexate, indicating that if a complex forms, the
binding affinity is lower than 104 M-1. The enthalpic contribution to the overall free
energy increased with increasing salt concentration and appears to reach a plateau
between 50 and 100 mM salt concentration.

A number of examples in the literature demonstrate the same general trend for
affinity as a function of salt concentration as does the VHH domain – methotrexate
system. In both experimental and in silico cases, the affinity constant of a protein protein interaction has been observed to decrease as salt concentration increases,418-423
demonstrating that the binding free energy can be affected by the ionic strength of the
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buffer. For example, the binding affinity of the !-lactamase (TEM-1) - protein inhibitor
(BLIP) interaction decreases by an order of magnitude as the salt concentration is
increased from zero to 0.5 M.424 The decrease in affinity for these interactions may be
attributed to the weakening of electrostatic interactions between the methotrexate ligand
and the binding surface of the VHH domain as salt concentration increases.

2.7 Secondary Structural Studies: Circular Dichroism

Finally, pH and temperature effects on the secondary structure of the Llama M
VHH domain were explored using circular dichroism spectroscopy as a complement to
thermodynamic studies. Previous studies had indicated a high thermal stability for llama
VHH domains and a two-state unfolding model; however, these studies considered only
the effects of temperature on the antibody secondary structure.358,

359

Two sets of

experiments were designed. First, the circular dichroism spectra of apo-VHH domain at
pH 3 – 10 were compared. Temperature was also varied, albeit over a small range (15 –
35 °C), and the secondary structure changes of the VHH domain were analyzed as a
function of pH at each temperature.

In these experiments, a 5 mM acetate-phosphate-borate triple buffer system was
used to effectively buffer the aqueous solution containing the VHH domain from pH 3 to
pH 10. Circular dichroism requires the use of buffers that do not absorb in the far-UV
range to preclude artifacts in the data; at low concentrations, acetate, phosphate, and
borate buffers fit this criterion. Each experiment was completed in duplicate, and the
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data were averaged. Background scans of the buffer alone were obtained and subtracted
from experimental data. Data plots were constructed using Excel.

Effects of Changes in pH on Secondary Structure

The effects of pH changes on the secondary structure of the Llama M VHH domain
were analyzed. Figures 48 – 50 show the CD signal plots obtained from experiments
ranging from pH 3 to pH 10. From pH 3 to pH 5, little change is observed in the
observed CD signal, indicating that changes in secondary structure are negligible over
this pH range. Most strikingly, the minimal mean ellipticity observed in the typical !sheet region (typically with a minimum around 200 nm and a maximum below 200 nm)
is similar for all pH points on Figure 48 (pH 3 – pH 5); as the VHH domain is
predominantly composed of overlapping !-sheets, this observation lends further support
to the hypothesis that secondary structure is a function of pH, at least over this range.

From pH 5 to pH 8 (Figure 49), again little change is seen in the CD signal,
indicative of secondary structural stability in this more neutral pH range.

This

observation is unsurprising. The in vivo maturation process in camelids should select for
antibodies with stability at neutral pH, which would seem to preclude major changes in
secondary structure of the protein. More significant changes are observed in the CD
signal of the VHH domain over the pH range 8 to 10, although these changes are still not
large.
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Figure 48: Circular dichroism plot of signal from Llama M VHH domain in solution
as a result of pH changes, from pH 3 to pH 5.

Figure 49: Circular dichroism plot of signal from Llama M VHH domain in solution
as a result of pH changes, from pH 5 to pH 8.
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Figure 50: Circular dichroism plot of signal from Llama M VHH domain in solution
as a result of pH changes, from pH 8 to pH 10.
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Effects of Changes in pH and Changes in Temperature on Secondary Structure

The effect of temperature on secondary structure was also evaluated from pH 3 to
pH 10, at least over a small temperature range (15 °C to 35 °C). CD signal plots were
remarkably similar at all pH points tested (pH 3, pH 8 and pH 10 are shown in Figures 51
– 53, but results were similar for all tested pH levels). Thus, even at low (pH 3) or high
(pH 10) pH levels, changes in secondary structure based on temperature or pH appear to
be minimal.

Figure 51: Circular dichroism plot of signal of Llama M VHH domain in solution at
pH 3 from 15 °C to 35 °C.
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Figure 52: Circular dichroism plot of signal of Llama M VHH domain in solution at
pH 8 from 15 °C to 35 °C.

Figure 53: Circular dichroism plot of signal of Llama M VHH domain in solution at
pH 10, from 15 °C to 35 °C.
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Together, these studies demonstrate that pH has no more than a minor effect on
the secondary structure of the Llama M VHH domain.

Given this result, it seems

reasonable that changes in affinity as a result of changes in pH are most likely the result
of changes in the protonation state of the binding surface and methotrexate ligand, and
not changes in the secondary structure of the protein. The two major structural features
of the VHH domain are the intramolecular disulfide bonds and the overlapping !-sheet
structure. As changes in pH in this range (pH 3 – 10) appear to not substantially affect
the structure of disulfide bonds in the protein, the !-sheet structure of the VHH domain
should remain intact, consistent with our observations in these studies. Also, Ka values in
the range of 105 even at low pH levels would likely not have been observed if major
structural changes were occurring in the antibody, as the orientation of the CDR loops
likely would have changed.

2.8 Conclusions and Future Work

VHH domains demonstrate remarkable stability and unique binding properties, and
these studies have added to a body of work that helps rationalize the observation that VHH
domains function effectively as antigen binding agents in vivo. Early attempts to develop
a model system with either lysozyme or biotin as the antigen of interest were not
successful, but a model system using methotrexate as the antigen was successfully
developed. Initial efforts to crystallize the VHH domain – methotrexate system were
unsuccessful, although in 2011 the Horn group published the structure of a nearly
identical VHH domain in complex with methotrexate. The structural information gleaned
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from these studies helped rationalize the thermodynamic parameters for binding obtained
from isothermal titration calorimetry. We observed high affinity interactions at neutral
pH and retention of at least some affinity at more extreme pH levels. The observed
changes in heat capacity and the effect of salt concentration are consistent with literature
reports with similar systems. In addition, no evidence of pH-induced destabilization of
secondary VHH structure was observed, even when accompanied by variation in
temperature.

A number of future thermodynamic studies could be conducted using this model
system. Further exploration of the heat capacity of this system, including the heat
capacity at different pH values, could provide interesting information about any potential
changes in solvation state with changes in pH. Also, site-directed mutagenesis studies of
the amino acid residues postulated to contact the methotrexate ligand would provide a
clearer picture of the nature and importance of hydrogen bonding and van der Waals
interactions in the binding site. Finally, study of the pH-dependent unfolding of the VHH
domain by circular dichroism could provide useful information about VHH domain
stability and structure.

Several other studies could be envisioned utilizing the atomic force microscope
(AFM) technology developed in the Toone laboratory. Potentially, AFM could be used
to prove the unfolding of the VHH domain as a function of force.

Finally, the VHH

domain could be used as a binding motif for multivalent thermodynamic studies utilizing
AFM. In this application, VHH domains with varied specificities would be attached to a
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binding scaffold, and the binding scaffold would attach to a surface of interest. The
antigenic binding partners would be attached to the cantilever tip, and the force required
to rupture the non-covalent interaction would then be correlated to a binding constant.
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3. The Molecular Origin of the Cluster Glycoside Effect

3.1 Introduction

Non-covalent interactions between proteins and carbohydrates regulate myriad
biological pathways.

These same interactions are essential to many pathogenic

recognition processes and the initiation and progression of various disease states. As a
result, protein – carbohydrate interactions have been studied extensively in an effort to
elucidate potential therapeutic targets and treatment strategies.

However, the

development of carbohydrate-based therapeutics has been difficult for two major reasons.
First, cost-effective large-scale syntheses of relevant, effective carbohydrate-based
compounds are difficult to effect, given the functional group and stereochemical
complexity of the relevant targets.425,

426

Second, as has been previously described,

protein – carbohydrate interactions exhibit inherently weak affinities. These affinities
may be a result of an evolutionary limit; perhaps the strength of these interactions is
optimized for their tasks in nature. On the other hand, the structures of carbohydrates
may impose inherent limitations to the affinity of protein – carbohydrate interactions.

One hypothesis regarding nature’s solution to the problem of weak affinity,
described in Chapter 1, involves the evolution of multivalent interactions. Still, given the
structures of the multivalent proteins involved and the dearth of high-resolution
molecular data regarding multivalent protein-carbohydrate interaction, the molecular
basis of affinity enhancements (the cluster glycoside effect) remains unclear. Here, we
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describe our efforts to elucidate the molecular basis of the cluster glycoside effect. First,
we describe some of the myriad roles of carbohydrates in nature and the molecular basis
for protein – carbohydrate interaction. Next, we describe the cluster glycoside effect and
a model system for conditional multivalency, in which aggregation and carbohydrate
binding can be modulated deliberately and independently. Our results using this system
add to a growing body of evidence suggesting that the cluster glycoside effect is the
result of intermolecular binding motifs characterized by cross-linking, aggregation and
precipitation.

3.1.1 Carbohydrates as Recognition Elements in Biology

As the primary products of photosynthesis, it is perhaps not surprising that
carbohydrates are the most abundant class of biological molecules in nature, serving vital
roles across all phyla in both structure and energy storage. In the context of biological
recognition, carbohydrates serve as rich stores of chemical information due to their
structural complexity. In their simplest forms, carbohydrates have chemical formulae of
hydrated carbon - CX(H2O)Y.426,

427

Carbohydrates can exist as mono-, oligo- or

polysaccharide forms, and as glycoconjugates, containing protein, lipid or peptide
components.428

Monosaccharides (simple carbohydrates) are the building blocks of all other
carbohydrate – based structures. Figure 54 shows examples of monosaccharide sugars
commonly found attached to proteins (glycosylation). Each monosaccharides can exist in
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either the D or L stereoconfiguration, although for most monosaccharides the D
configuration predominates in nature. Monosaccharides can often switch from an acyclic
(open-chain) form to a cyclic form through the nucleophilic attack of one of the hydroxyl
groups of the monosaccharide to the carbonyl group of the sugar. For example, hexose
(six carbon) monosaccharides can form furanose (five-membered) and pyranose (sixmembered) hemiacetal cyclic forms that interconvert through this process of mutarotation
(i.e. reversible hemiacetal formation). Hemiacetal formation involves the formation of a
new stereogenic center or anomeric carbon, and thus each cyclic form can form two
isomers or anomers: ! (hydroxyl group attached to anomeric carbon is in axial position)
or " (hydroxyl group attached to anomeric carbon is equatorial), depending on the
stereochemical consequence of hemiacetal formation.426, 429

Figure 54: Common Monosaccharide Sugars.
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Monosaccharides can be assembled into oligosaccharides (containing two to
roughly ten monosaccharides) and polysaccharides (greater than roughly ten
monosaccharides) through the formation of glycosidic bonds, which again use the !/"
anomeric nomenclature to distinguish stereochemistry. The diversity of carbohydratebased recognition epitopes increases exponentially as monosaccharides are assembled
into these more complex structures. Figure 55 shows a subset of the most common
disaccharide structures. Also, carbohydrates can be modified into compounds such as
sugar acids, sugar phosphate esters, deoxy sugars, and amino sugars.

Polysaccharides are long chains of carbohydrates assembled together by
glycosidic bonds.

A number of important biological functions are filled by

polysaccharides including energy storage (starch, polymer of glucose found in plants;
glycogen, polymer of glucose found in animals) and structural stability (cellulose, found
in cell walls of plants and other organisms; chitin, found in arthropod exoskeletons and
some fungi cell walls).426, 428
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Figure 55: Common Disaccharides Sucrose, Maltose and Lactose.

Glycoconjugates contain components other than monosaccharides, and include
several important sets of biological compounds. One critical class of glycoconjugates are
glycoproteins: proteins covalently bound to carbohydrate units that exhibit enormous
diversity in structure and function.428,

430

In nature, oligosaccharides (or glycans) are

generally N- or O-linked to amino acid side chains on proteins or to lipids. Proteoglycans
are a subclass of glycoproteins in which the carbohydrate motif is longer and contains
amino sugars; by weight, proteoglycans consist of more carbohydrates than
glycoproteins.431, 432 Interestingly, more than half of proteins found in nature are either
co- or post-translationally modified by N- or O-linked saccharide units.433

Other important groups of glycoconjugates include peptidoglycans, glycolipids,
and lipopolysaccharides. The biosynthetic pathways of peptidoglycans – branched or
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linear carbohydrates cross-linked to oligopeptides – are common antibiotic targets, as
these compounds are integral parts of the bacterial cell wall. Glycolipids are lipid
moieties with covalently attached carbohydrates, and are involved in cell signaling and
other biological regulatory functions. Classes of glycolipids include glycosphingolipids
(containing

the

amino

glycophosphatidylinositols,

alcohol
which

sphingosine),
function

as

glyceroglycolipids,
signaling

agents.

and
Finally,

lipopolysaccharides (present in the outer cell wall of gram-negative bacteria) stabilize the
membrane structure and are implicated in immune responses as endotoxins.428, 430

3.1.2 Protein - Carbohydrate Interactions

Myriad events in biological systems are driven by interactions between proteins
and carbohydrates. For example, the interaction between the heparin pentasaccharide and
antithrombin III provides crucial control in the coagulation cascade (Figure 56).
Specifically, antithrombin III inactivates three proteases in the coagulation cascade:
thrombin, Factor IXa, and Factor Xa.

Antithrombin-induced inhibition of protease

activity for all three enzymes increases substantially in the presence of heparin.
However, the mechanisms of inhibition differ for the three proteases. In the cases of
Factor IXa and Factor Xa, antithrombin III undergoes a conformational change that
promotes inhibitory activity. The mechanism for thrombin inhibition proceeds in a
different manner, as a ternary complex is formed between antithrombin III, thrombin and
heparin.

A representative group of biological processes regulated by protein –

carbohydrate interactions are shown in Table 8.434-438
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Figure 56: Crystal Structure of Antithrombin III Complexed to Heparin
Pentasaccharide, PDB Code 1AZX.434

Carbohydrate – binding proteins on the surface of several pathogens also
recognize and bind to cell surface oligosaccharides in the initiation of pathogenic events.
One important example of this motif is the interaction of influenza hemagglutinin (HA)
with N-acetylneuraminic acid (Figure 57). The viral hemagglutinin is a homotrimeric
integral membrane protein with three binding sites for sialic acids, in particular N174

acetylneuraminic acid. HA proteins on the surface of the influenza virus recognize sialic
acid-containing receptors on the host cell membrane, triggering fusion of viral and host
cell membranes.439, 440 A selection of other diseases regulated by protein - carbohydrate
interactions is listed in Table 9.

Figure 57: Crystal Structure of Hemagglutinin Precursor from 1918 Influenza
Virus, PDB Code 1RD8.439
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Table 8: Examples of Biological Processes Regulated by Protein - Carbohydrate Interactions
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Biological Phenomenon

Carbohydrate

Protein

Function

Anticoagulation435-438

Heparin

Antithrombin III (ATIII)

Inhibition of coagulation cascade

Cell Cycle Regulation441

!-galactosides

Galectin-3

Regulates cell growth, adhesion

Embryonic Development442

O-fucose glycan

Notch1

Regulates embryogenesis

Erythrocyte Clearance443

Desialylated glycoproteins on
erythrocyte

C-type lectin on hepatocyte

Clearance of erythrocytes from bloodstream

N-acetylglucosamine on oocyte

Galactosyltransferase on sperm

Recognition between sperm and oocyte

Sialyl LewisX on endothelial cell

L-selectin or P-selectin on
neutrophil

Chronic and acute inflammation, atherosclerosis

Sialyl LewisX on neutrophil

E-selectin on endothelial cell

Chronic and acute inflammation, atherosclerosis

Dipalmitoylphosphatidylcholine

Surfactant Protein A (SP-A)

Surfactant turnover and homeostasis

Phosphatidylinositol, glucosylceramide

Surfactant Protein D (SP-D)

Surfactant turnover and homeostasis

Lymphocyte Regulation453

N-glycan linked 6-sulfo sialyl LewisX

L-selectin

Lymphocyte homing and recruitment

Phagocytosis454, 455

Mannose (on fixed chain antibody
coating bacterium)

Mannose receptor on macrophage

Phagocytosis

Signal Transduction456

GM3 / De-NAc-GM3

EGF Receptor

Regulates tyrosine phosphorylation upon receptor
activation

Tumor Metastasis457

Sialyl LewisX on vascular surface

P-selectin

Platelet involvement in tumor metastasis

Fertilization444, 445
Inflammation446-448

Lung Integrity449-452
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Table 9: Examples of Diseases Mediated by Protein - Carbohydrate Interactions.
Disease or Agent

Carbohydrate/Glyco Compound

Adhesin or Protein

Site of Interaction

Botulism458, 459

GT1b, GQ1b and other ceramides

Botulinum toxins A-F

Surface of host cell

Cholera460, 461

GM1

N-methylphenylalanine pili of cholera toxin

Intestinal epithelium

Chlamydia (c. trachomatis)462-464

Heparin sulfate-like GAG

Heparin-binding protein

Extracellular matrix

Enteric bacteria (E.coli)

D-mannose

Type-I fimbriae on E.coli

Oral epithelium465, 466

Gal(!1,4)Gal

PapG adhesin, FimH adhesin

Urinary tract epithelium467, 468

N-acetylneuraminic acid

Hemagglutinin

Bronchial epithelium

Gonorrhea470

Glucosamine-galactose (CD66)

Pili from N. gonorrhoeae

Genital mucosa

HIV471, 472

Galactosylceramide

gp120 from HIV virus

Viral surface

Leishmaniasis473

Heparin

Heparin-binding protein

Surface of host cell

Meningitis474, 475

CD66 on neutrophils, epithelial cells

Pili from N. menigitidis

Surface of host cell

Mononucleosis476, 477

CD21 of B-lymphocyte

gp350, gp3 of lymphocryptovirus

Surface of virus, host cell

Pertussis478, 479

NeuAc(!2,6)Gal

Filamentous hemagglutinin on pertussis toxin

Respiratory epithelium

Tetanus480, 481

GD1b / GT1b

Tetanus toxin

Surface of host cell

Ulcers (Helicobacter pylori)482

Lewis B blood group antigen

Laminin-binding protein

Surface of host cell

Influenza

171, 469
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3.1.3 Molecular Basis of Affinity in Protein-Carbohydrate Systems

Given the prevalence of protein – carbohydrate interaction in human disease, it
seems plausible that species designed to interrupt pathogenic recognition might serve as
an effective class of therapeutic agent. The development of such strategies requires a
molecular understanding of the nature of these interactions. X-ray crystal structures of a
number of protein – carbohydrate complexes have been solved at high resolution,
providing important details about structural motifs in protein – carbohydrate binding.

Quiocho and colleagues conducted an extensive study of several periplasmic
binding proteins involved in the active transport of various monosaccharides and
observed several conserved structural features.483-488 These proteins exhibit dissociation
constants for monosaccharide binding partners in the low micromolar range, and ligand
binding induces significant conformational changes in the proteins.

Two important

examples, the D-glucose/galactose receptor protein and the L-arabinose binding protein,
are shown in Figure 58. Members of this class of protein have an ellipsoidal shape
consisting of two globular domains linked by a hinge region. Binding sites exist in the
hinge between the two domains and closure of the hinge removes carbohydrate ligands
from solvent upon binding.
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Figure 58: X-Ray Crystal Structures of D-glucose/galactose receptor protein
complexed with galactose (left, PDB Code 1GLG)486 and L-arabinose binding
protein complexed with arabinose (right, PDB Code 1ABE).487

Quiocho offered several general observations from analysis of the atomic features
of these structures.

First, three types of complex hydrogen bonds were regularly

observed in the protein – carbohydrate complexes: bidentate, cooperative and network.
This observation is not surprising, as the polar hydroxyl groups on carbohydrates can act
as both hydrogen bond acceptors and donors. Bidentate hydrogen bonds arise when two
adjacent carbohydrate hydroxyl groups form hydrogen bonds to a planar polar side chain
residue on the binding site of the protein (Asn, Asp, Arg, Glu, Gln), and carbohydrate –
binding proteins in this class tend to have many of these residues in the binding site. A
bidentate hydrogen bond can be seen in Figure 59 between oxygens 3 and 4 of arabinose
and the side chain amide group of Asn 232.
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Figure 59: Ligplot+ Analysis of Interaction between Arabinose Binding Protein and Arabinose. Based on PDB file 1ABE.
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When hydrogen bonds form, a redistribution of electrons in the hydrogen bonding
partners alters further hydrogen binding in the system. The hydrogen bond donor has
increased electron density in the lone pair region, which occurs further hydrogen bond
acceptance. The hydrogen bond acceptor has reduced electron density on its remaining
lone pair region, which encourages hydrogen bond donation but discourages the
acceptance of addition hydrogen bonds.

Thus, hydrogen bonds can be seen as

cooperative: the acceptance of a hydrogen bond encourages the donation of another
hydrogen bond. In cooperative hydrogen bonds in carbohydrates, carbohydrate hydroxyl
groups act simultaneously as both a hydrogen bond donor and acceptor:

where NH is a hydrogen bond donor from the protein, n = 1 or 2, OHc is a non-anomeric
sugar hydroxyl group, and O=C is a carboxylate or carbonyl acceptor.489 A cooperative
hydrogen bond group of arabinose, and the side chain carbonyl oxygen of Asn 232 in
Figure 59.

Bidentate and cooperative hydrogen bonds can exist as part of intricate networks,
providing both affinity and specificity between protein and carbohydrate.

Water

molecules can also be integrally involved in these networks, acting as extensions of the
protein structure.483, 489-492
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Besides hydrogen bonding, the desolvation of hydrophobic surfaces can play a
major role in the affinity and specificity of protein – carbohydrate binding in certain
proteins.

Monosaccharides display roughly 50 % non-polar surface area, and

hydrophobic regions of aromatic amino acid residues and monosaccharides can
participate in these interactions. In some protein – carbohydrate structures, a tryptophan
residue has been observed interacting with the !-face of the pyranoside. Additional
structural features have been observed to contribute to protein – carbohydrate binding in
some cases, including divalent cation-bridged binding motifs and water-mediated
extended binding sites, in which the organization of water molecules in the active site is
extended into bulk solvent.483, 489-492

Lemieux offered an alternative mechanistic rationale as the basis of affinity in
protein – carbohydrate interactions.493-496 These proposals cited hydrophobicity as the
primary molecular driving force for association, as the sequestration of the hydrophobic
portions of the binding pocket and carbohydrate moiety from the aqueous solvent should
be thermodynamically favorable. This model did not propose a substantial role for polar
interactions during the binding process, but revision of these ideas in light of additional
experimental results produced the “polar gate” hypothesis. Lemieux postulated that key
hydrated polar residues in a protein-binding site effectively functioned as a “gate,”
protecting the hydrophobic surface from the effects of solvent. Binding interactions were
then driven by interactions between polar residues in the binding site and the key
hydroxyl groups of the carbohydrate, therein “unlocking” the polar gate. To support this
hypothesis, Lemieux and collaborators studied the thermodynamics and structure of
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interaction between lectin IV of Griffonia simplicifolia (GS-IV) and a series of Lewisb
blood antigen analogs in which the polar hydroxyl groups of the Lewisb blood antigen
were sequentially deleted (Figure 60). Most of the hydroxyl groups examined could be
deleted without significant changes in binding affinity, but in a couple of cases the
removal of a hydroxyl group resulted in catastrophic changes in binding affinity.497

A further revision of Lemieux’s ideas highlighted the importance of solvent
perturbation in protein – carbohydrate binding. Both the surface of the carbohydrate and
the protein are strongly hydrated with water molecules organized into regions of
perturbed water prior to binding. The organization of these water molecules is perturbed
because of the directionality of hydrogen bonds. Upon association, the perturbed water
molecules are released into bulk solvent, thereby driving the molecular interaction.493
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Figure 60: X-ray crystal structure of the Griffonia simplicifolia lectin complexed
with human Lewisb tetrasaccharide (PDB Code 1GSL).497

A number of explanations have been developed to rationalize structural
observations of interactions between proteins and carbohydrates. However, there still
exists a fundamental gap between the structural data collected in these systems and a
rationalization of the thermodynamic basis for the observed selective binding of
carbohydrate epitopes. Further study is needed to elucidate the relationship between
structure and specificity in these systems.
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3.2 Carbohydrate-Binding Proteins: Lectins

As we have seen, carbohydrate-binding proteins function in a wide variety of
biological contexts.

Lectins are a major class of glycan-binding proteins and were

discovered over 100 years ago.498 These proteins play important roles in biological
recognition, and have high specificity for their target ligands (glycoconjugates on cell
surfaces and extracellular matrices. Lectins are further delineated into classes based on
structural similarities and evolutionary relationships. No universal classification scheme
currently exists for lectins, but the features of the major consensus classes are shown in
Table 10.499-502
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Table 10: Features of the Most Common Classes of Lectins.499-502
Lectin
class

Bacterial

C-type

Cereal
(Plant)

Galectins
(S-type)

I-type

L-type

Legume
(Plant)

P-type

Viral

Calcium
dependence Valency

Carbohydrate
specificity

Members

Defining features

>20

Either adhesins
(bacterial surface;
facilitate adhesion) or
toxins (secreted)

Variable

Multivalent

Variable

<20

Calcium dependent;
C-type lectin fold;
includes selectins and
collectins

Yes (most)

Functionally
multimeric?

Variable

>5

2 subunits, 2 binding
sites per subunit,
disulfide bonds

Multivalent

Primarily amino
sugars
(GlcNAc/NeuAc)

15

Primary structural
homology in CRD;
specificity

No

Multivalent

!-galactosides;
sequence motif
poly-N-acetyllactosamines

>5

1+ immunoglobulinlike fold; includes
Siglec proteins

No

Multivalent

Siglecs: Sialic
acids; others

>20

Legume seed lectins,
other; classic lectin
fold with 4 loops

Yes

Multivalent

Variable

>100

2 or 4 subunits, 1
binding site per
subunit

Yes (also
Mn2+)

Multivalent

Variable

2

Mannose-6-phosphate
receptors

Variable

Multivalent

Man-6-P or highmannose-type-Nglycans

>20

Mediate adhesion of
organism to host
cell/tissue

Variable

Multivalent

Variable; sialic
acids

No
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3.3 Galectins

The galectin family of lectins (formerly known as S-type lectins) holds particular
interest for our consideration of the molecular basis of the cluster glycoside effect.
Galectins typically consist of approximately 130 amino acid residues and selectively
recognize !-galactoside ligands, although the affinity of these interactions tends to be
weak. Galectins are soluble proteins in aqueous solution. This family of lectins is
evolutionarily conserved from nematodes to mammals, and currently fifteen galectins
have been identified in mammals.499

Galectins are classified into three main groups. The first class of galectins are
proteins with a single CRD that associate to form homodimers. This class includes
Galectin-1, Galectin-2, Galectin-5, Galectin-7, Galectin-10, Galectin-11, Galectin-13,
Galectin-14, and Galectin-15. A second class is the “tandem-repeat” galectins, which
encode at least two CRDs within a single polypeptide. The CRDs are linked by a small
peptide domain ranging in size from five to 50 amino acids in length. Galectins in this
class include Galectin-4, Galectin-6, Galectin-8, Galectin-9, and Galectin-12.499

The third class of galectins is the chimeric galectins, most commonly found in
invertebrates. Galectin-3 (G3) is the only chimeric galectin found in vertebrates, and this
protein serves as our model for conditional multivalency, discussed below. G3, with a
molecular weight of 35 kDa, has only a single carbohydrate recognition domain (CRD)
that selectively binds !-galactosides.499 This protein is unique amongst lectins in that the
N-terminal domain consists of a disordered, collagen-like region rich in proline, glycine,
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and tyrosine residues. This region may contribute to self-aggregative properties observed
for G3. The N-terminal domain also contains a 12 amino acid signal sequence and a
phosphorylation site.503 The G3 CRD is located in the C-terminal domain and contains
the canonical galectin fold: 12 !-sheets folded into a 140 amino acid !-sandwich.503-506
The carbohydrate binding site, contained in the CRD, is a shallow cleft composed of !
strands 3 to 6 (S3 – S4).507 No complete crystal structures of G3 have been published,
presumably due to the disorder of the N-terminal domain. However, ultra-high resolution
crystal structures of both apo and complexed forms of the human CRD have been solved
(Figure 61).508

The human CRD shares over 90 % sequence identity with murine

CRD,509 which we used as our model system for conditional multivalency.
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Figure 61: Human Apo G3 Carbohydrate Recognition Domain (top, PDB file
3ZSL); G3 Carbohydrate Recognition Domain complexed with lactose (bottom,
PDB file 3ZSJ). 508
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In recent years, the biological roles of G3 have been elucidated by several groups.
G3 interacts with a wide range of molecules in the cell and can be localized in the
nucleus or cytosol in a number of cell types at various stages of development.510 G3 is
also secreted into the extracellular matrix through a non-classical pathway.511-513 The
phosphorylation state of G3 has been shown to modulate ligand binding.514 G3 is also
implicated in anti-apoptotic signaling in a number of cell types,515, 516 the regulation of
the cell cycle and gene expression,517, 518, and intracellular trafficking of glycoproteins.519
Additional roles for G3 include pre-mRNA splicing510 and the regulation of inflammatory
responses.520 G3 is also actively involved in immune regulation, including the regulation
of differentiation in B cells,521 and the induction of apoptosis in a number of immune cell
lines.522-527

The expression of G3 is altered in numerous types of tumors.518, 528, 529 G3 inhibits
apoptosis in a range of tumor cell types, and p53-induced apoptosis requires the
suppression of G3.518, 529-531 In addition, G3 has been implicated in tumor progression,532534

metastasis,528,

529

and invasiveness.535-537

G3 has demonstrated a role in the

progression of prostate cancer538 and the development of lung tumors539 in mouse
models. Small molecule inhibitors for G3 have been developed to enhance cell apoptosis
in several cancer lines with some success, and other potential therapeutics are under
investigation.540, 541
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3.4 Intermolecular Additivity in Ligand Binding

Multivalency in ligand binding has been considered in a wide range of biological
systems, yet no unambiguous conclusions regarding the molecular basis of the
phenomenon exist. Another complicating feature of multivalent binding is the potential
for intermolecular binding modes, in which a single multivalent ligand cross-links two or
more protein receptors. Figure 62 shows binding pathways for both intramolecular and
intermolecular multivalent interactions.

Multivalency has been studied extensively in the context of protein-carbohydrate
binding.

These interactions tend to have weak monovalent binding affinities, and

Nature’s solution to this dilemma has been the evolution of myriad multivalent protein
architectures. We now review these examples of additivity in ligand binding more
thoroughly.
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Figure 62: Putative Intramolecular and Intermolecular Multivalent Binding
Pathways.
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3.4.1 Intermolecular Examples of Additivity: Cluster Glycoside Effect

Protein - carbohydrate interactions are responsible for a number of biological
recognition events and many pathogenic phenomena. Designing compounds to inhibit
pathogenic protein - carbohydrate interactions could result in a non-cytotoxic class of
therapeutics suitable for in vivo use.437, 461, 469, 542-546 A number of fundamental challenges
must be overcome before carbohydrate therapeutics could be effective for treatment, most
importantly the weak inherent affinity of most monovalent protein – carbohydrate
interactions (Ka = 103 - 106).136 Nature compensates for the weak affinity of monovalent
carbohydrate – based interactions through the assembly of oligomeric protein
architectures, thereby utilizing multivalency to increase the overall affinity of the
interaction. This phenomenon, termed the cluster glycoside effect, is defined as “an
affinity enhancement over and beyond what would be expected from the concentration
increase of the determinant sugar in a multivalent ligand.”

542, 547

Many groups have

attempted to elucidate the molecular basis of the effect, and we now review a few of
these examples.136, 547, 548

The cluster glycoside effect was first described in 1995. Lee et al. constructed a
series of monovalent and multivalent carbohydrate ligands based on the carbohydrate
epitope of asialoorsomucoid (ASOR) to target two proteins: human hepatic protein
(HHP) and asialoglycoprotein binding protein. Both protein – carbohydrate systems
demonstrated increased inhibition of 50 % of the binding (IC50) by more than a thousandfold versus the monovalent ligand.542, 547 Table 11 shows a selection of representative
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data for apparent affinity enhancements in other systems demonstrating the cluster
glycoside effect.
Table 11: Cluster Glycoside Effect Affinity Enhancements in Selected Systems.
Carbohydrate
Epitope

Protein

Assay

Maximum enhancement
(corrected for valence)

!-Man 549,550

Concanavalin A

ITC

1.3

"-lactose551

Galectin-3

ELLA

5

Sialyl LewisX 552

P-selectin

ELISA

5

!-Man553

Dioclea lectin

ITC

13

Sialyl LewisX 554

E-selectin

ELISA

90

!-Man555

E.coli Type 1 Fimbriae

HIA

260

Vancomycin556

N-Ac-L-Lys-Ala-D-Ala
tripeptide

SPR

1000

!-Man557

2G12 (anti-HIV
antibody)

ELISA

2100

Diacetylchitobiose558

Wheat germ agglutinin

ELISA

2800

"-lactose (rigid
scaffold)559

Galectin-3

ELISA

4300

GlcNAc560

Wheat germ agglutinin

ELISA

6400

"-lactose561

Viscum album lectin

ELLA

10345

!-sialic acid562

Hemagglutinin

HIA

750000

Pk trisaccharide563

Shiga-like toxin-1 Bsubunit

ELISA

880000

Note: maximum enhancement values in this table are valency-corrected, or measured on a per mole of
saccharide basis.
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Nearly all multivalent ligands exhibit some enhancement of affinity versus a
monovalent reference compound, but the magnitudes of the enhancements vary widely.
There is some evidence that the magnitude of the reported cluster glycoside effect may be
tied to the experimental methodology.136

Several mechanisms have been proposed to rationalize the observed phenomena.
One potential explanation is an intramolecular binding model, similar to the classical
chelate model. In this model, protein – carbohydrate complex formation would progress
with a minimal entropic penalty in the intramolecular second step (Figure 62 above).
However, to promote intramolecular binding, the linker length between the carbohydrate
epitopes must be sufficient to bridge the distance between binding sites.

In many

reported cases using synthetic ligands, the linker is too short to span binding sites, and
intramolecular binding motifs are not possible.136

The cluster glycoside effect may also arise from intramolecular binding. A subset
of the AB5 family of bacterial toxins, including the cholera toxin, the E. coli heat-labile
toxin, and the shiga and shiga-like toxins (SLT), have a conserved molecular architecture
that is particularly well-suited to chelate-type binding. Each of these toxins consists of
five subunit repeats, and the binding sites of all subunits are oriented along the same
axis.564 If a multivalent ligand with linkers of sufficient length to span sites could be
constructed, intramolecular binding could be achieved.
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Figure 63: Pentavalent ligand for E.coli heat-labile enterotoxin designed by Fan
and coworkers. Right: scaffold for pentavalent ligand.565
However, data demonstrating affinity enhancement as an unambiguous result of
intramolecular association are lacking. For example, a pentavalent ligand synthesized for
the E. coli heat labile toxin showed an affinity enhancement of 104 on a valence-corrected
basis (per mole of saccharide basis; Figure 63). Although the authors discounted the
possibility of intermolecular association, two features of the experiment are troubling.
First, the distance between binding subunits in this toxin is 45 Å – a long distance for a
chelate-type ligand to effectively span.

Also, the authors tested for aggregative

phenomena via dynamic light scattering but first filtered biological solutions, thus
potentially removing aggregate samples.565 The Toone laboratory has also analyzed the
interaction between the B – subunit of the SLT and a series of multivalent ligands.
Interestingly, the mode of binding was correlated to the nature of the linker domain, with
hydrophobicity in the linker encouraging a chelate-type motif.

In addition, it was

observed that changes in affinity were dependent on protein concentration, suggesting an
aggregative mode of binding.136,

566

Bundle and coworkers constructed a decavalent

ligand (STARFISH) that bound SLT with a remarkable 106 affinity enhancement on a
valence-corrected basis. The crystal structure of this interaction is shown in Figure 64,
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demonstrating both intramolecular binding between the subunits and intermolecular
binding, resulting in formation of a dimeric structure.563

Figure 64: X-ray crystal structure of shiga-like toxin (SLT) and decavalent
carbohydrate STARFISH ligand interaction (top), PDB Code 1QNU; STARFISH
scaffold and carbohydrate binding motif (bottom).563
The top left panel shows half of the SLT-1 –STARFISH complex, displaying the orientation of the five
subunits. The top right panel shows a dimer of SLT-1 B-units tethered in an intermolecular fashion by the
STARFISH ligand. The bottom left structure is the scaffold of the STARFISH ligand. The bottom right
structure shows the bivalent binding motif (R group) that attaches to the scaffold.
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A growing number of observations support the notion that apparent affinity
increases exhibited in multivalent protein – carbohydrate interactions are a consequence
of intermolecular binding, in which multivalent ligands cross-link proteins, producing
insoluble aggregates.

Brewer and coworkers extensively studied the interactions of

several lectins with multivalent ligands. Cross-linked aggregates of a highly ordered
nature were observed in these systems.567-572 Brewer also reported the crystal structure of
soybean agglutinin cross-linked by biantennary blood group analogs.573

The Toone laboratory has investigated multivalent binding in a number of protein
– carbohydrate based systems, including the interaction of concanavalin A (ConA) with a
series of multivalent mannosylated ligands. Crystallographic results support aggregation
as the model of binding in this system, as crystal structures of ConA bound to bivalent
ligands demonstrate tetrameric, cross-linked clusters (Figure 65).550, 566, 574
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Figure 65: Crystal Packing of Concanavalin A in complex with bivalent ligand,
PDB Code 1QGL.550

Despite intense investigation, the molecular basis of the cluster glycoside effect
remains unclear. To further probe this concept, we next discuss the development of a
model system for “conditional multivalency:” a proteinaceous system in which
aggregation and carbohydrate binding can be modulated independently.
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3.5 G3 As A Model of Conditional Multivalency: Origins of the Cluster
Glycoside Effect

G3 is an attractive model system for our studies due to the behavior of the unique
N-terminal collagen-like domain. Although precipitation studies have indicated that fulllength G3 exists as a monomeric protein in both the absence and presence of monovalent
lactose, G3 exhibits aggregative behavior in the presence of multivalent ligands.575-577
Purified N-terminal domains of G3 aggregate spontaneously, which may explain the
aggregative behavior observed for G3 during multivalent ligand binding.575 Although
only full-length protein shows hemagglutination activity, full-length G3 and
proteolytically degraded CRD domains bind !-galactosides with equivalent affinities.
Additional evidence for G3 self-association has been provided from cross-linking575, 576
and gel electrophoresis578 studies, although attempts to purify these oligomers by gel
filtration chromatography failed.575, 576

Several studies by Brewer and coworkers provided important insight into the
putative mechanism of G3 aggregation in multivalent interactions.546,

548, 553, 579-581

Heterogeneous cross-linked complexes of G3 with bivalent LacNAc (biantennary
pentasaccharide) ligands were observed in both electron microscopy and quantitative
precipitation studies.546 A model was proposed to rationalize the precipitation of G3 in
the presence of bivalent ligands (Figure 66) in which two monomeric forms of full-length
G3 existed in an equilibrium relationship. The G3 conformation in which the N-terminal
domain was closely associated with the CRD was thought to be favored over the
conformation in which the N-terminal domain extended freely into aqueous solution.
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However, monomer conformation 2 existed in equilibrium with a soluble pentamer, and
the addition of bivalent ligand to the solution facilitated cross-linking between
pentameric structures, leading to insoluble aggregates. The lower panel of Figure 66
shows isolated CRDs with no potential to form cross-linked aggregates.
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Figure 66: Model for Aggregation and Precipitation in G3 Modulated by Bivalent
Ligands. Based on work presented in Ahmad et al.546
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We have noted literature reports in which aggregation of G3 was observed in the
presence of multivalent ligands, purportedly driven by the dimerization of G3 through the
N-terminal collagen-like repeat domains.575-577 The N-terminal domain can be cleaved
from the rest of the protein, including the C-terminal CRD, through treatment with
collagenase. Thus, ligand binding and any putative intermolecular interactions of the
protein can be controlled independently, making G3 a model of conditional multivalency.
If intermolecular aggregation is the molecular basis for increases in affinity with
multivalent ligands, that enhanced affinity should be observed upon interaction between
full-length G3 and multivalent ligands. On the other hand, binding of isolated CRD
should show neither aggregation nor an increase in apparent binding affinity. To test this
hypothesis, we developed a series of multivalent ligands for G3 (Figure 67) and
determined their thermodynamic binding parameters using isothermal titration
calorimetry.582

3.6 Multivalent Ligands1

Two series of mono-, bi- and trivalent dendrimers were synthesized, differing in
linker length.

A semi-rigid amide-functionalized core moiety was modified with one,

two, or three arms (with lengths of either three or six carbons) ending in lactose epitopes.
These ligands are based on scaffolds originally described by Neenan and Miller583-585 and

1

This work was completed in collaboration with Drs. James A. Parise and Andrea E. Luteran. Dr. Parise completed
synthesis of the multivalent ligands. Dr. Luteran designed the protein purification protocols, purified protein and
completed calorimetry experiments, and conducted data analysis. The author of this dissertation purified protein,
completed caloriemtry experiments, and conducted data analysis.
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in previous reports from the Toone laboratory.550, 574 The dendrimeric ligands used for
calorimetric analysis are shown in Figure 67. Ligand synthetic schemes are shown below
in Figures 68 - 70.586

n=1, MVP 1 75%
n=2, MVH 2 75%

n=1, BVP 3 26%
n=2, BVH 4 40%

n=1, TVP 5 14%
n=2, TVH 6 37%

Figure 67: Dendritic Lactosyl Ligands for G3 Conditional Multivalency Analysis.
Ligands are identified by their respective linker lengths. MVP: Monovalent Propyl
(n = 1). MVH: Monovalent Hexyl (n = 2). BVP: Bivalent Propyl (n = 1). BVH:
Bivalent Hexyl (n = 2). TVP: Trivalent Propyl (n = 1). TVH: Trivalent Hexyl (n =
2).
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Figure 68: G3 Dendrimeric Core Synthetic Scheme.
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Figure 69: G3 Dendrimeric Multivalent Ligand Synthesis.
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Figure 70: G3 Ligand Deprotection Scheme.

3.7 Protein Purification

Due to the low affinity of the various lactosyl ligands for G3 and the G3 CRD,
full-length G3 was purified from 12 L of cell growth by FPLC using an AKTA
chromatography workstation. G3 was purified using His-Bind resin using a 5 mM to 500
mM imidazole gradient in 20 mM Tris-HCl, and 500 mM NaCl at pH 8.0 at a flow rate of
4 mL min-1. Absorbance was monitored at 280 nm to detect fractions containing protein,
and the concentration of the protein was measured by the method of Edelhoch.587 The
CRD domain was isolated from 18 L of cell growth. After insoluble particles were
cleared from the lysis product by centrifugation, the N-terminal domain of crude full
length G3 was digested by collagenase D (37º C, 2 hour incubation). The CRD was then
purified by AKTA FPLC using lactosyl sepharose resin and a gradient of 0 mM to 200
mM free lactose in G3 calorimetry buffer (20 mM HEPES, 1 mM EDTA, 1 mM !ME,
pH 8.0). For both purification procedures, absorbance was monitored at 280 nm to detect
fractions containing protein, and the concentration of the protein was measured by the
method of Edelhoch.587 Purity was assessed by the presence of a single band on an SDSPAGE gel.
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3.8 Results and Discussion

Calorimetry Results

All ITC experiments were conducted on a Microcal VP-ITC. The sample cell
contained protein samples in G3 calorimetry buffer. All protein-ligand interactions were
tested at a concentration ratio of approximately 1 (protein) : 10 (ligand) to ensure
complete saturation of the protein. Concentrations of full-length G3 varied from 0.1 mM
to 0.83 mM; concentrations of CRD varied from 0.1 mM to 1.0 mM, both depending on
ligand affinity. All injections (30 – 120 per experiment, depending on observed heats)
were performed with 7.5 minute spacing to allow the power baseline to reestablish
evenly. Figure 71 shows a representative thermogram from these titrations.

Results from calorimetric analysis of the ligands in Figure 67 titrated against fulllength G3 and CRD are shown in Table 12a and b. It was observed that both full length
G3 and CRD bound !-methyl lactose, a monovalent galactoside, with the same binding
affinity (entries 1 and 8). Additionally, it was noted that thermodynamic parameters for
the interactions of full length G3 with both !-methyl lactoside and monovalent propyl
ligand (MVP) are very similar (entries 1 and 5, respectively).

In the full-length G3 binding series (Table 12a), an increase in affinity was
observed for the bivalent and trivalent propyl and hexyl ligands (entries 3, 4, 6 and 7)
versus the monovalent ligands (entries 2 and 5). However, the magnitudes of affinity
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enhancement differed between the ligand series: the bivalent and trivalent propyl ligands
demonstrated similar affinities when bound to full length G3 (entries 6-7) and a less than
two-fold affinity enhancement over monovalent ligand. This trend is not observed with
the bivalent and trivalent hexyl ligands (entries 3-4), and a three-fold affinity
enhancement is observed for the bivalent ligand (entry 3) and a 20-fold enhancement is
observed for the trivalent ligand (entry 4). This binding affinity enhancement is not
observed for any ligands tested against the CRD (entries 10, 11, 13 and 14).
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Figure 71: Representative Thermogram from Titration of G3 CRD with Trivalent
Propyl Lactose (TVP5).
Thermogram (top) and binding isotherm (bottom) showing addition of 7.03 mM trivalent propyl lactose
(syringe) into 0.70 mM G3 CRD in 20 mM HEPES, 1 mM EDTA, 1 mM !ME pH 8.0 at 25˚C. Curve was
fit using Origin 5.0 software. The following parameters were determined using the OneSites model:
association constant K = 2.7 x 103 M-1, "H = -7.9 ± 0.5 kcal mol-1, n = 0.7 ± 0.03.
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Table 12a: Thermodynamic Results from Calorimetric Analysis of Full Length G3 Interaction with Various Ligands.
Ka

!H

T!S

!G

211

Entry

Protein

Ligand

(103 x M-1)

(kcal mol-1)

(kcal mol-1) (kcal mol-1)

1

G3

!-MeLac

7.7 ± 0.1

-13.2 ± 0.3

-7.9 ± 0.1

2

MVH Lac 2

2.0 ± 0.1

-12.4 ± 0.1

3

BVH Lac 4

6.7 ± 0.2

4

TVH Lac 6

5

n

Aggregation

-5.3 ± 0.1

0.8 ± 0.03

-

-8.0 ± 0.1

-4.5 ± 0.1

1.0 ± 0.01

-

-12.8 ± 0.2

-7.6 ± 0.1

-5.2 ± 0.1

1.0 ± 0.00

+

39.1 ± 0.2

-10.7 ± 0.2

-4.4 ± 0.1

-6.2 ± 0.1

1.0 ± 0.01

+

MVP Lac 1

8.7 ± 0.1

-10.5 ± 0.1

-5.1 ± 0.1

-5.4 ± 0.1

1.1 ± 0.01

-

6

BVP Lac 3

14.9 ± 0.1

-11.3 ± 0.3

-5.6 ± 0.1

-5.7 ± 0.1

1.1 ± 0.02

+

7

TVP Lac 5

12.2 ± 0.1

-11.3 ± 0.1

-5.7 ± 0.1

-5.6 ± 0.1

1.1 ± 0.01

+
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Table 12b: Thermodynamic Parameters from Calorimetric Evaluation of CRD Interaction with Various Ligands.
Ka

!H

T!S

!G

212

Entry

Protein

Ligand

(103 x M-1)

(kcal mol-1)

(kcal mol-1)

(kcal mol-1)

n

Aggregation

8

CRD

!-MeLac

7.5 ± 0.1

-11.4 ± 0.3

-6.1 ± 0.1

-5.3 ± 0.1

0.8 ± 0.03

-

9

MVH Lac 2

2.2 ± 0.6

-1.2 ± 0.1

3.4 ± 0.1

-4.6 ± 0.1

1.0 ± 0.00

-

10

BVH Lac 4

2.9 ± 0.1

-2.9 ± 0.1

1.9 ± 0.1

-4.8 ± 0.1

1.0 ± 0.00

-

11

TVH Lac 6

4.2 ± 0.4

-8.6 ± 0.7

-3.7 ± 0.1

-4.9 ± 0.1

0.7 ± 0.05

-

12

MVP Lac 1

2.6 ± 0.1

-10.6 ± 0.5

-5.9 ± 0.1

-4.7 ± 0.1

0.9 ± 0.04

-

13

BVP Lac 3

2.5 ± 0.1

-9.1 ± 0.5

-4.5 ± 0.1

-4.6 ± 0.1

0.9 ± 0.01

-

14

TVP Lac 5

2.7 ± 0.1

-7.9 ± 0.5

-3.2 ± 0.1

-4.7 ± 0.1

0.7 ± 0.03

-
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Aggregation and Precipitation

We were alert to the possibility of aggregation in full – length G3 titrations with
multivalent ligands, an event that would be expected if the interactions between Nterminal collagen-like domains are the cause of the observed multivalency effects during
binding. The results shown below in Figure 72 demonstrate the presence of aggregation
after titration of the full length G3 protein against TVH ligand. As noted in Table 12a,
evidence of aggregation was apparent during titration of bivalent and trivalent ligands
from both the propyl and hexyl series (entries 3, 4, 6 and 7) upon removal of the proteinligand mixture from the calorimeter.

More specifically, post-titration samples were

white, milky and insoluble in all cases. Importantly, turbidity was not observed after
titration with either !-MeLac or monovalent ligands against full length G3, and was not
observed for any ligand in the CRD series.

Figure 72: Samples of full-length G3. Left: Sample before titration with G3. Right:
Sample after titration with TVH ligand - aggregation is observed.
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Discussion

As expected, when full-length G3 was titrated against multivalent ligands (BVH,
BVP, TVH, TVP), an increase in apparent affinity was observed versus either MVH or
MVP – an apparent demonstration of the cluster glycoside effect. Affinity increases were
not observed for titration of these multivalent ligands against the CRD, supporting the
hypothesis that affinity enhancements are the result of oligomerization of the N-terminal
domain of G3, leading to aggregation and precipitation. Interestingly, the trivalent hexyl
ligand showed an increase in affinity over the bivalent hexyl ligand against full-length
G3, while the bivalent propyl and trivalent propyl ligands showed equivalent affinities.
Previous work in our laboratory with concanavalin A showed no increase in affinity for a
trivalent versus bivalent ligand due to the structural orientation of the third mannose
epitope. In a crystal structure of the complexed protein, the trivalent ligand only showed
density for two epitopes in binding; the third was precluded from binding by its
orientation.550,

566, 574

A similar effect – enforcement of binding orientation by crystal

packing – may be responsible for the results observed with the propyl series of ligands;
more experimentation such as X-ray crystallography structures would be necessary to
verify this hypothesis. Incorporation of a hexyl linker may provide sufficient freedom to
allow binding of a third protein by the third lactose epitope.
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Lastly, the similarity in thermodynamic parameters for the titration of both !methyl lactose and monovalent propyl ligand (MVP) against full length G3 demonstrates
that the aromatic core of the ligands and the linkers are not responsible for the differences
in observed thermodynamic parameters. The aggregation results shown in Table 12a and
b and Figure 72 support our hypothesis that aggregation drives enhancements in affinity
in this system. Since full-length G3 can oligomerize through the N-terminal domain and
form quaternary structures, our results indicate that these protein-protein interactions are
most likely responsible for the observed aggregation and enhanced affinity.546, 577

Our thermodynamic and precipitation data are consistent with the notion that
intermolecular, aggregative binding modes (through protein – protein interaction of the
N-terminal domains of full-length G3) are most likely responsible for the affinity
enhancements observed in our experiments.

Full-length G3 is hypothesized to be

primarily monomeric in solution; in this case, only one binding site per molecule G3 is
available and thus intramolecular binding modes would be precluded.

Also, if the

pentameric aggregative model proposed by Brewer is accurate, the ligands used in this
study have linkers that are too short to participate in intramolecular binding. However,
more information would be needed about the structure of the G3 oligomer motif with
these ligands before ruling out the possibility of an intramolecular binding mode. In
particular, information about a hypothetical dimeric structure of G3 would be useful, as if
the binding sites were in close enough proximity, a bivalent ligand could theoretically
span two sites.
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3.9 Conclusions

The cluster glycoside effect has been demonstrated in a large number of protein –
carbohydrate binding systems, but the molecular basis for the apparent enhancements in
affinity is not clear. The monomeric carbohydrate – binding protein Galectin-3 was
selected as a model system for conditional multivalency for two reasons. First, the
disordered N-terminal domain has previously been implicated in aggregative events in
solution. Second, the N-terminal domain can be enzymatically cleaved from full-length
Galectin-3, leaving a carbohydrate recognition domain (CRD) incapable of aggregation
and precipitation. We completed a thorough investigation of the thermodynamics of
binding between multivalent ligands and both the full-length and truncated proteins.
Enhanced affinities were observed for multivalent interactions with full-length G3 but not
for interactions with the CRD. In addition, aggregation and precipitation was observed
only in multivalent binding events with full-length G3.

Although multivalent binding

can occur through an intramolecular (chelate-type) binding mode, these results are some
of the most conclusive evidence available that the cluster glycoside effect is driven
through intermolecular protein - protein interactions by aggregation and precipitation.
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4. Additivity in a Proteinaceous System: Fragment-Based
Ligand Discovery for Src SH2 Domain

4.1 Introduction

Although the thermodynamics of multivalency have been considered in a wide
range of biological systems, no unambiguous conclusions regarding the molecular basis
of additivity exist. In the previous chapter, the cluster glycoside effect was discussed in
the context of additivity; we now turn our attention to examples of intramolecular
additivity. Intramolecular multivalent binding, or “chelate-type” modes of binding, have
traditionally been considered to be driven entropically, but work from the Toone
laboratory on the binding of metal chelates suggests that multivalent association in this
instance is driven enthalpically, through the relief of repulsive charge-charge interactions
in the unbound state, and entropically opposed.165, 588 A number of laboratories have also
explored the thermodynamic origins of additivity in fragment-based drug design through
the development of a proteinaceous model system and various small molecule ligands.
This chapter describes the historical background of intramolecular examples of additivity
and current efforts in the development of an appropriate proteinaceous model system for
additivity in ligand binding.
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4.1.1 Intramolecular Additivity: the Chelate Effect

Schwarzenbach first coined the term “chelate effect” in 1952, although examples
of metal – ligand cooperativity had been observed previously.589, 590 The term was used
to describe the high affinity commonly observed for metal – ligand complexes with
multidentate ligands (ligands that form more than one bond with the central metal atom)
compared to affinities for complexes containing the corresponding monovalent ligands.

Schwarzenbach postulated that the chelate effect was entropically driven, as the
loss of translational entropy would be less for a multivalent chelate ligand than for the
equivalent number of monovalent ligands.591, 592 A number of researchers expanded the
theory of entropically-driven chelation to include rotational effects, including
Sidgwick,593 Calvin and Bailes,594 Burkin,595 and Spike and Parry596, 597. This entropic
model of chelate binding has served as the dominant postulate until Williams and
coworkers proposed an enthalpically driven model of chelation.598-600 In this model, the
driving force behind chelation is the relief of Coulombic repulsive interactions between
ligands in the chelate molecule.

The Toone laboratory conducted a comprehensive analysis of the binding of
divalent calcium to ethylenediamine-N,N,N’,N’-tetraacetic acid (EDTA) and several
conceptual fragments of this arch-typical chelate. Binding of the metal – ligand pairs was
examined calorimetrically and fit to a Jencksian model of multivalency (Equation 33,
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Chapter 1). For this system, the chelate effect was driven enthalpically, not entropically
– in fact, multivalency provides a large unfavorable entropic contribution to the
interaction energy. The relief of Coulombic repulsive interactions in the unbound state
upon metal chelation was suggested as a basis for this observation, consistent with the
model proposed by Williams.588

This conclusion was further supported by the

thermodynamic studies of binding between the same set of EDTA fragments and divalent
barium ions in the Toone laboratory, in which the process of chelation was also driven
enthalpically.165

Although metal chelates mimic the multiple binding sites of many proteins, the
relevance of these systems to the binding of neutral ligands by protein receptors is
unclear, and we thus turned to a system closer in character to those of relevance to drug
discovery.

4.1.2 Fragment-Based Drug Design: History and Theory

Fragment-based drug design, arguably the most important application of
intramolecular additivity, was initially developed as a strategy in the 1990s.

In a

fragment-based design process the active site of a protein is considered as multiple
“binding sites” within the overall active site. The approach takes advantage of the
concept of additivity: in some cases, larger increases in binding affinity are observed for
linkage ligands than would be expected from simply considering the affinities of the
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constituent fragments.601 Through a variety of methods, small molecules (referred to as
fragments) with affinity for each conceptual binding site are identified. These ligand
fragments are then physically tethered into a linkage ligand; such ligands frequently show
affinities beyond what would be expected from a simple additive effect of binding
energies.

Figure 73: Fragment-Based Drug Design Schematic showing a putative
screening process. The binding pockets of the active site of the protein are screened
against a library of small molecules. Molecules demonstrating affinity for a binding
pocket are then physically tethered to form the linkage ligand.

A recent review from Murray and coworkers at Astex Pharmaceuticals
highlighted several critical concepts relevant to fragment-based drug design.602 First, the
selection of a suitable library is critical to the identification of fragment leads. Because
individual fragments will be tethered to produce the complete ligand, relatively small
libraries – on the order of hundreds of compounds – are required to sample a large
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chemical space. Small fragment libraries, typically comprising members with molecular
weights less than roughly 200, survey a large fraction of chemical landscape, since the
number

of

conceptual

molecules

increases

exponentially

through

linkage.

Mathematically, since two or three fragments are typically combined to form the final
optimized ligand, in effect screening a fragment library containing N compounds
provides the same breadth of screening N2 to N3 compounds in a traditional library.601-603

The overarching goal of fragment-based drug design is to rapidly produce
therapeutic compounds that exhibit appropriate physicochemical properties.

In

pharmaceutical development, compounds are generally designed to follow Lipinski’s rule
of five.604 Recent work in fragment-based drug design has led to a modified rule of three
for fragments:

molecular weight less than 300 daltons, an octanol-water partition

coefficient (P) of less than three, the number of hydrogen bond donors and acceptors in
the fragment should both be less than three, and the number of rotatable bonds should be
less than three.605, 606 In addition, for the interaction between a “drug-like” compound of
larger size and a protein, the probability of steric in an otherwise favorable protein –
ligand interaction is higher than the interaction between a protein and fragment, allowing
for facile recombination of fragments into a linkage ligand.

Ligand efficiency is another key concept fragment-based drug design practitioners
consider in the creation of lead compounds for further study. Hopkins defined ligand
efficiency as:
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LE =

"#G RT ln(IC50 )
=
HAC
HAC

Equation 45

!
where !G is the free energy of binding between the protein and ligand of interest, HAC is
the number of heavy atoms in a ligand, and the IC50 is the measured potency of the ligand
for the protein.607

Ligand efficiency thus measures the normalized potency of

compounds during the optimization process. Ligand efficiency is a widely used concept
in drug discovery, and more efficient compounds tend to be smaller, and thus have
improved absorption, distribution, metabolism, excretion, and toxicity properties.605, 606,
608

Finally, effective fragments must form ‘high quality’ interactions with the active
site of the protein of interest. It is important to note that in this context ‘high quality’ is
not synonymous with high in affinity; rather the fragment must interact with the protein
in specific interactions that generally provide enthalpic benefit to the interaction.
Hydrophilic, hydrogen bonding fragments are preferable to hydrophobic fragments, since
hydrogen bonding tends to lead to enthalpically driven binding. Since one of the goals of
fragment-based drug design is to avoid hydrophobicity in the linkage ligand (log P < 3), a
search that begins with hydrophilic fragments that form high-quality interactions with the
binding pocket makes this aim more easily achieved.602, 603, 609 In general, the position
and orientation of fragments within the binding site are conserved in the linkage ligands,
although exceptions to this observation certainly exist. In the development of inhibitors
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for the protein pteridine reductase-1 for treatment of human African trypanosomiasis,610
significant changes in the orientation and binding mode of the linkage ligand relative to
the original orientation of the ligand fragments were observed.

Thus far, we have considered only the advantages of fragment-based drug design
for lead compound generation.

However, fragment-based drug design also presents

challenges. A significant issue is the process of combining the identified fragments into a
complete linkage ligand.

Structural information regarding the binding mode of the

fragment in the active pocket of a protein is necessary to permit efficacious linkage. In
many examples, proteins undergo conformational movement upon ligand binding, further
complicating linkage. Thus, for example, in 25 fragment screens conducted at Astex, 12
of the proteins studied demonstrated protein movement greater than 5 Å after ligand
binding.602

The second major challenge in fragment-based drug design surrounds the
methodology used to detect and study protein – ligand binding events, since fragments
typically have low affinities (~mM or less) and structural information about the nature of
the binding event is required.
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Fragment-Based Drug Design Screening Techniques

Fragment-based drug design relies on the rapid identification of fragments with
high quality interactions with the binding pocket and at least modest affinity for the
protein target.

Compared to high-throughput screening, the number of screened

fragments that provide a “hit” is generally much higher – computer-based studies have
indicated that an inverse relationship exists between molecular complexity and the
probability of a fragment possessing good complementarity for a portion of the protein
binding pocket.611 Because many potentially useful fragments can be identified from a
smaller library, fragment-based lead discovery programs can take advantage of
biophysical techniques such as X-ray crystallography, NMR, SPR and ITC to gain a great
deal of structural and/or thermodynamic information about the fragments under
investigation. Because of the numbers of compounds involved, such techniques are
typically precluded in traditional screening efforts.

The first examples of fragment-based lead discovery relied on structure-activity
relationships derived from NMR-based screening (SAR by NMR).612,
technique, changes in the

15

613

In this

N-labeled NMR protein spectra are monitored for changes

upon ligand binding in the active pocket. This technique can be used to rapidly screen
thousands of low molecular weight fragments for weak binding to the target protein
(millimolar dissociation constant). However, the requirement for labeled protein can be
cumbersome or expensive, and screening requires large quantities of protein. In limited
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cases (generally using target proteins of less than 20 kDa molecular weight), the ligand
can be detected directly using NMR, providing information about where the ligand is
bound within the active site.614, 615

X-ray crystallography and SPR have also been used to provide primary binding
information for fragment-based lead discovery, and as confirmation of ‘hits’ obtained by
other techniques.

X-ray crystallography provides detailed structural information

regarding the protein – ligand interaction, and allows for effective lead optimization.
With the development of modern techniques such as robotic crystal manipulation and
molecular replacement software, the time required for co-crystallization of protein –
ligand complexes has been reduced significantly.616-619 SPR has been utilized most
commonly as a primary screening technique, and both affinity and kinetic information are
obtained directly using this technique.

Obviously SPR cannot provide structural

information about the bound complex, and is thus more appropriately used as a screening
technique.603, 620, 621

Successful examples of fragment-based drug design

A number of pharmaceutical companies and academic laboratories have
successfully used fragment-based drug design in the development of therapeutic small
compounds. A representative selection of these successes is presented in Table 13, along
with the respective methods of fragment screening. The first reported example of this
225

technique involved the design of fragment – based inhibitors for stromelysin-1 (MMP3).612 Another early example was the development of inhibitors for the Factor Xa serine
protease, implicated in the coagulation cascade. The lead compound (LY-517717) was
the first fragment-based drug design candidate to proceed to a clinical trial.622 A number
of recent developments have proven significant as well. Vemurafenib, a fragment-based
pharmaceutical compound developed by Plexxikon and Roche, was approved by the FDA
for the treatment of late-stage melanoma through the interruption of the BRaf/MEK/ERK signaling pathway in patients with a V600E mutation of the B-Raf
protein.621, 623 In 2012, two separate reports were published with novel inhibitors of Kras, a notoriously difficult protein to target using standard drug discovery methodologies.
Finally, a new class of beta-site amyloid precursor protein cleaving enzyme 1 (BACE-1)
inhibitors was published in 2012 (Figure 74); previously, inhibitors of this protein had
only reached Phase I clinical trials.624
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Table 13: Examples of Fragment-Based Drug Design Targets and Furthest Progression of Clinical Development.
Target Protein

Condition

Screening Method(s)

Furthest Stage of Development

Cyclin-dependent kinases 618, 625

Cancer (gene expression and
cell regulation)

X-ray crystallography

Multiple Phase II clinical trials

623

Late-stage melanoma

Library screening, X-ray crystallography

FDA approved (August 2011)

Hsp90 molecular chaperone626-629

Cancer (multiple types)

NMR screening, X-ray crystallography

Phase II clinical trials

Beta-site amyloid precursor protein
cleaving enzyme 1 (BACE1)624

Alzheimer's

2D NMR, X-ray crystallography

Phase I clinical trials

Cancer, arthritis

NMR screening, X-ray crystallography

Phase I clinical trials

Thrombosis

Computational studies, X-ray crystallography

Phase II clinical trials

Aurora kinase631

Cancer

Library screening, X-ray crystallography

Phase I (solid tumor) and Phase I/II
(leukemia) trials

Src SH2 domain619, 632

Cancer, osteosarcoma

SPR, X-ray crystallography

Novel inhibitors discovered (2001, 2002)

Phosphodiesterase633, 634

Cardiovascular disease

Library screening, X-ray crystallography;
Enthalpy array

Novel inhibitors discovered (2005, 2012)

Peroxisome proliferator-activated
receptor 635

Diabetes

Library screening, X-ray crystallography

Phase II clinical trials

B-cell CLL/lymphoma 2 (BCL-2)
or BCL-XL636, 637

Lung cancer, lymphocytic
leukemia

NMR screening

Phase I and Phase I clinical trials

K-Ras

Cancer (pancreatic, colon,
lung carcinomas)638

NMR (HSQC with 15N-labeled protein)

Novel inhibitors discovered (2012)

Cancer (pancreatic, colon,
lung carcinomas)639

NMR-based saturation transfer difference assay,
X-ray crystallography

Novel inhibitors discovered (2012)

B-Raf kinase (V600E mutation)

Matrix metalloproteinases

621,

612, 630

Factor Xa622
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Figure 74: X-ray crystal structure of a spiro-pyrrolidine inhibitor of !-secretase
(BACE1) discovered through fragment-based drug design, PDB Code 3UDP.624

4.1.3 Previous Work: Stromelysin - 1

One of the first proteinaceous systems used for consideration of additivity in
protein binding was the matrix metalloproteinase (MMP) stromelysin-1.640,
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641

MMPs

have been implicated in a number of human diseases,642-652 and a variety of efforts have
been made to develop specific, high affinity inhibitors of these proteins.653-656 Fragmentbased approaches have been used to develop inhibitors of several MMPs, including
stromelysin-1.612, 657-664 As such, a number of linkage ligands are known and available
for this study. Structurally, MMPs contain both a hydrophobic binding pocket and a
catalytic zinc ion within the active site. Most MMP inhibitors include a hydroxamic acid
functionality that chelates the active site zinc ion, and a hydrophobic moiety designed to
bind at one or more of the P1, S1, or S1’ binding pockets.665

Figure 75: Diagram of Stromelysin-1 Binding Pocket, showing Zn2+ metal and the
P1, S1, and S1' subpockets.665

A set of fragment ligands based on the high affinity compound CGS 27023 was
synthesized. (Figure 76). Using the nomenclature of Li et al., the fragments expected to
bind in the P1 (blue), S2’ (red) and S1 (purple) sites have been colored.666
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Figure 76: CGS 27023 and Fragment Ligands for Additivity Analysis.

Fragments designed to bind in one or more of the binding pockets were prepared,
and the thermodynamic consequences of tethering these fragments were studied by ITC.
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Table 14: Thermodynamics of Interaction between CGS 27023, CGS Fragments
and Stromelysin – 1.667
Compound

Occupied Pockets
S

!G

P

S

(kcal

!H

(kcal

T!S

(kcal

!Cp

Z
mol-1)

mol-1)

mol-1)

mol-1 K-1)

S1’

P1

S1

Zn2+

CGS 27023

X

X

X

X

-11.1±0.1

-9.0±0.3

2.1±0.3

-73±7

1

X

X

X

-10.2±0.1

-7.5±0.4

2.7±0.4

-75±2

X

X

-4.8±0.1

-2.9±1.1

1.9±1.1

-51±15

X

X

-10.6±0.2

-10.7±0.4

-0.1±0.4

-69±10

X

X

-5.2±0.1

-7.4±0.4

-2.2±0.4

n.d

X

-8.9±0.1

-13.6±0.3

-4.7±0.3

-60±12

-4.6±0.3

-1.0±0.6

3.6±0.6

-69±10

-4.6±0.2

-0.9±0.5

3.7±0.4

-50±5

-5.2±0.2

-2.4±0.3

2.8±0.3

-45±3

X

-2.9±0.1

-3.1±0.3

-0.2±0.3

0

X

-2.4±0.3

-2.2±0.1

0.2±0.1

-67±24

2
3

X
X

4
5

X

6

X

X

7

X

X

8

X

9
10

X

X

(cal

Observed increases in binding affinity were enthalpic in origin, and binding free
energies were, in fact, opposed entropically.

The favorability of interaction was

determined solely by the magnitude of the enthalpy. In both sets of data, there was very
little variation in heat capacity regardless of ligand analyzed.667
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Table 15: Additivity Analysis of CGS 27023 ligand set.667
Parent

Fragment 1

Fragment 2

!Gi (kcal mol-1)

!Hi (kcal mol-1)

T!Si (kcal mol-1)

CGS 27023

7

10

-3.6

-5.2

-1.6

1

8

10

-2.1

-2.2

-0.1

3

7

9

-3.0

-7.7

-4.7

5

8

9

-1.3

-9

-7.7

Remarkably, the thermodynamic conclusions from this study are identical to the
conclusions reached in the additivity study of the Ca(II) – EDTA system of metal
chelation, namely that additivity in ligand binding is effected enthalpically, rather than
entropically. The four ligands subject to additivity analysis bound stromelysin – 1 with
high affinity (!Gbind " 9 kcal mol-1), and each demonstrated binding affinities at least 1
kcal mol-1 greater than the simple sum of the constituent fragments. This favorable
interaction energy is the hallmark of cooperativity, and the combination of fragments
produced higher binding free energies than the sum of the constituents. As was the case
with the Ca(II) – EDTA system, the cooperativity observed is the result of large,
favorable interaction enthalpies, and interaction entropies were unfavorable for all
linkage ligands examined.
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4.1.4 Interfacial Mobility Model

Although the conclusions reached for the thermodynamic basis of additivity in
ligand binding were the same for the Ca(II) – EDTA and stromelysin – 1 model systems,
the rationalization based on ionic repulsion in the unbound state used to explain the metal
chelate additivity results is clearly not appropriate for proteinaceous systems and neutral
ligands. Instead, these results were rationalized using the interfacial mobility model, first
proposed by Williams and further developed by Whitesides and coworkers.668-671 The
interfacial mobility model proposes that high affinity between a protein and ligand results
from tight interactions between the interacting surfaces of the binding partners, producing
highly localized interactions. As interactions between the binding site and ligand reduce
molecular motion, enthalpic interactions between the ligand and protein are
maximized.672,673 Since the restriction in molecular motion simultaneously enhances
enthalpic interaction energies and reduces the entropy, this model may explain the
enthalpy-entropy compensation observed in many biological systems.674

The results from the stromelysin-1 studies can be rationalized using this model.
To achieve the high affinities observed for the linkage ligands in this system, the
interactions between the protein and ligand binding surfaces must be extremely tight.
These interactions are localized but have the consequence of restricting freedom of
movement, and the protein becomes more rigid in the binding region. In the stromelysin
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– 1 system, this model would explain the observation that enthalpy is driving the
interaction, as tight binding maximizes interactions between the protein and ligand.667

4.1.5 Proposed Double Displacement Isothermal Titration Calorimetry
Experiments

The results from the previously reviewed systems indicate that additivity in
intramolecular binding is enthalpically driven. Potentially, the affinity enhancements
observed could be the result of cooperativity between the binding subpockets of the
active site of a protein.

Alternately, the formation of a single covalent bond (the

“linkage” of two fragments into a linkage ligand) could induce significant changes in
protein conformation, resulting in a high affinity interaction between the protein and
linkage ligand.

A double displacement titration can be envisioned, in which the

molecular basis of cooperativity in the interaction would be directly measured.

The thermodynamic cycle for this experiment is shown in Figure 77. In this
cycle, two low-affinity fragments A and B bind in separate regions of the binding pocket.
These ligands can then be physically tethered, as described above, to create high affinity
ligand AB; in this construct, the fully complexed species P-A-B is assumed to exist in the
same conformation as the protein - linkage ligand complex, although structural analysis is
required to verify this supposition. The binding of fragment A may influence the binding
of fragment B and this effect can be measured as the cooperativity of the second binding
site. A second type of cooperative interaction is possible in this system – the physical
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linkage of fragments A and B may influence the overall affinity of the ligand. This
parameter is defined as Kex.675

Figure 77: Thermodynamic cycle for proposed double displacement titrations.667

The goal of this experiment is to unambiguously assign values to the cooperativity
terms for the protein and ligand (KAB and Kex), as any path that begins and ends at
common vertices must be equivalent numerically. By comparing the paths for sequential
binding of A and B (red path) versus the binding of the linked ligand AB (blue path) with
receptor P, the following equation is provided:
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Equation 46

This equation can be rewritten as:
Equation 47

If cooperativity can be solely ascribed to thermodynamic linkage between the
protein binding sites for fragments A and B, the following relationships hold:

Equations 48 and 49

and

If Kex differs from the value predicted, the extent to which the value differs can be
attributed to the cooperativity of the ligand and linkage between binding sites. Thus, this
methodology allows for the probing of the molecular basis of cooperativity, and may
provide valuable information regarding the origin of high affinity in these systems.

In the conceptual displacement of fragments A and B by the linkage ligand AB,
the binding constant and free energy of this displacement contain Jencksian interaction
energies solely attributable to the composition of the ligand. These parameters, along
with the corresponding enthalpy and entropy, can be calorimetrically measured through a
displacement titration of the fragments A and B by the linkage ligand AB. The complete
system can be described by a series of equilibria between the various ligand – fragment
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and ligand – linkage ligand complexes; the complete derivation is available elsewhere.667,
676-679

The expression for the apparent equilibrium constant for the exchange of

fragments A and B by linkage ligand AB in the binding site of receptor P (Kex) can be
written as:

K ex =

K AB
1+ K A [A] + K B [B] + K A K B [A][B]

Equation 50

Similarly, the!apparent enthalpy (!Hex) for the exchange can be derived as:

"H ex = "H AB #

"H A K A [A] "H B K B [B]
#
1+ K A [A]
1+ K B [B]

Equation 51

!
These expressions
provide the means to reduce data from double displacement

experiments, and thus determine the degree of cooperativity derived from the ligand of
interest. The derivations of these expressions rely on two key assumptions. First, the
concentration of [P-AB] must be known. An exact solution to this issue has been derived
for single displacement experiments according to the method of Sigurksjold,676 but in this
series of experiments this limitation will be avoided by saturating the protein P with
fragments A and B at concentrations ten times higher than the dissociation constant of the
interaction prior to calorimetric analysis. Also, the assumption has been made that no
cooperativity exists between fragments A and B; this assumption can be tested
empirically and adjusted values for KA and KB can be used if necessary.
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To effectively use this thermodynamic cycle in probing the molecular basis of
cooperativity, several conditions must be met. Experimentally, the system must possess
fragments and linkage ligands with affinites for the protein receptor that can be
determined calorimetrically. Preferably, these values would be determined by direct
calorimetry rather than displacement experiments, as the propagation of errors from
displacement experiments introduces large uncertainties into the final calculated values.
Also, data reduction protocols appropriate for the analysis of double displacement
experiments must be in place.

Initial studies using stromelysin-1 gave compelling

preliminary data indicating significant and measurable thermodynamic activity.
However, the weak affinity and low solubility of the stromelysin-1 fragments resulted in
large errors in data analysis.667 As such, the development of a new model system was
necessary to attempt these experiments with higher accuracy.

Figure 78: Schematic of Proposed Double Displacement Experiment. The active
site of the protein is saturated with two fragments. During an ITC experiment, the
linkage ligand is titrated into the solution, thereby displacing the weakly bound
fragments from the active site.
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4.1.6 A Model System: The Src SH2 Domain

The SH2 domain of the human Src non-receptor tyrosine kinase (hereafter
referred to as Src SH2 domain) was selected as the new model system for these studies
for several reasons. First, the Src SH2 domain can be overexpressed reliably in bacterial
cells.680,

681

Second, the protein domain has been studied extensively in both

pharmaceutical and academic laboratories due to its biological importance, described
below. Third, high affinity ligand fragments have been developed for the Src SH2
domain. Finally, the layout of the binding pocket, which has been described as a “twopronged plug two holed-socket,” is perfectly suited to these studies.682 We now review
the features of the Src family of tyrosine kinases, SH2 domains, and the Src SH2 domain
in particular.

Src family of tyrosine kinases

The Src family of tyrosine kinase enzymes contains nine members: Src, Yes, Fgr,
Yrk, Fyn, Lyn, Hck, Lck, and Blk.683 Src family kinases modify cellular cytosolic,
nuclear, and membrane proteins through phosphorylation of tyrosine residues.

The

structure of Src family tyrosine kinases is largely conserved. These kinases have an Nterminal signaling sequence (unique for each family member) that also tethers the protein
to the cell membrane. The SH3 domain binds proline-rich ligands, while the SH2 domain
recognizes and binds phosphorylated tyrosine-containing peptide sequences on binding
partners. A linker domain separates the SH2 domain and the catalytic kinase domain, and
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the linker associates with the SH3 domain in an intramolecular fashion. The catalytic
kinase domain contains an N-terminal lobe and a C-terminal lobe and two conserved
tyrosine residues (Tyr 416 and Tyr 527 at C-terminal tail of protein).684, 685

Figure 79: Conserved structure of Src-family tyrosine kinases, including a unique
domain, a SH3 domain, a SH2 domain, and a tyrosine kinase domain.

pp60c-Src nonreceptor tyrosine kinase (Src)

In 1910, Peyton Rous demonstrated that oncogenesis was induced in healthy
Plymouth chickens after injection of tumor tissue,686, 687 and a year later Rous showed
that the tumors were transmissible from chicken to chicken by the injection of cell-free,
finely filtered and homogenized extract from chicken sarcomas.688 The conclusion from
these observations was that a viral agent present in the tumor caused tumorigenesis in the
injected chickens, although more than 50 years passed before the viral agent, now known
as the Rous sarcoma virus, was identified by J. Michael Bishop and Harold Varmus. The
viral oncogene v-Src was identified as the gene responsible for cellular transformation in
the development of Rous’ transmittable chicken sarcomas, and it was found that this gene
was an intronless version of a proto-oncogenic cellular gene, c-Src.689 These discoveries
earned Nobel Prizes for Rous (Physiology or Medicine, 1966), Bishop, and Varmus
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(Physiology or Medicine, 1989), and demonstrated the potential importance of the c-Src
(hereafter referred to as Src) protein in cancer biology.685, 690

The Src protein is a nonreceptor tyrosine-specific kinase found in humans and
other species.

Structurally, this 536 amino acid protein contains a 14-carbon

myristoylated N-terminal domain, an SH3 domain, an SH2 domain, an SH2 domain –
kinase linker region, a catalytic kinase region, and a short C-terminal regulatory peptide
sequence (also known as the tail). Myristoylation is required for Src activity in cells, and
allows for the attachment of the protein to the cell membrane.

Src is expressed

ubiquitously in cells, and ordinarily is in an inactive state. The Src protein switches
between inactive and active states through phosphorylation of the protein or through
interaction with other proteins. Src possesses two conserved phosphorylation sites: Tyr
416 and Tyr 527. The auto-phosphorylation of Tyr 416 by the kinase domain displaces
this residue from the binding pocket and allows substrate access, thereby activating
functional Src. Conversely, the phosphorylation of Tyr 527 serves to inactivate Src, as
PTyr 527 interacts with the SH2 domain and folds Src into an inactive conformation.
The phosphorylation state of Tyr 527 can be regulated by various cellular proteins. For
example, CSK kinase phosphorylates Tyr 527 of Src, while SHP-1 phosphorylase serves
to dephosphorylate Tyr 527.

Src can also phosphorylate many proteins active in

signaling cascades for functions such as integrin signaling or growth regulation. These
cascades are often controlled through the precise regulation of phosphorylation and
dephosphorylation of signaling proteins in sequence.684, 691, 692
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Figure 80: X-ray crystal structure of the c-Src tyrosine kinase in inactive
conformation, from PDB Code 2SRC.693

In activated form, Src kinase is involved in a wide range of cellular functions
including the cell signaling pathways for cellular proliferation, survival, migration, and
angiogenesis.680,

694

For example, stimulation of the epidermal growth factor receptor

activates Src, and Src is also activated in the nucleus of the cell during the G2/M
transition in the cell cycle. Src is expressed at high levels in osteoclasts and regulates the
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osteoclast-mediated resorption of bone by regulating the function of cytochrome C
oxidase (Cox).691 The Src-induced phosphorylation of Cox is necessary for production of
sufficient ATP to maintain osteoclast activity.

If the balance between phosphorylation and dephosphorylation is disrupted, Src
activity in cells can be altered drastically. Alternately, mutations in Src or the regulatory
proteins for Src can cause abnormally high Src activity in cells. Src mutations are present
in some types of osteoporosis and breast cancer. Colon, lung, pancreatic, neural, ovarian,
gastric and breast cancers exhibit elevated levels of Src activity.695-697

SH2 domains and Src SH2 domain

SH2 (Src Homology 2) domains were originally recognized as conserved domains
in the Src and Fps proteins, but have since been found in many intracellular signaling
proteins. Currently, 120 distinct SH2 domains have been discovered in 115 total human
proteins.691

SH2 domains generally consist of approximately 100 amino acids, and

structurally contain a central anti-parallel !-sheet surrounded by two "-helices.

SH2 domains bind phosphotyrosine-containing recognition sequences and
peptides; this class of proteins is the largest known class of phosphotyrosine recognition
domains.

Generally, the phosphopeptide binds at a right angle to the SH2 !-sheet

structure (Figure 80). The binding interface of the SH2 domain has two distinct pockets:
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one pocket interacts with the N-terminal phosphotyrosine residue, while the other pocket
recognizes a C-terminal hydrophobic residue. The specificity of each SH2 domain is
determined by the identity of the hydrophobic residue. For the Src SH2 domain, the
hydrophobic binding pocket preferentially recognizes isoleucine, and the native
recognition sequence is pYEEI (Figure 81).683-685, 691, 692, 698

Figure 81: Ligand Binding Pocket of Src SH2 Domain in complex with AcpYEEIE-OH ligand, PDB Code 1HCS.699
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SH2 domains possess some conserved residues, although most conserved residues
either contribute to the hydrophobic core of the protein or are involved in
phosphotyrosine recognition. In the Src SH2 domain, Arg 175 is conserved, and this
residue coordinates the phosphate oxygens of phosphotyrosine. Thus, Arg 175 is critical
for high affinity binding interactions between the phosphopeptide and Src SH2.
Unsurprisingly, the region of the binding interface responsible for recognition of Cterminal hydrophobic residues (and thus the region responsible for specificity in SH2
domain binding) is variable.

These domains must possess low affinity for

unphosphorylated sites to prevent non-specific binding interactions, and must also be able
to discriminate between recognition sequences containing phosphorylated sites to provide
specificity. Studies have been conducted to determine the relevance of intermediary
glutamate residues to high affinity binding; no strong interactions were detected between
glutamate and the protein.

Instead, glutamate residues appear to orient the

phosphotyrosine and hydrophobic moieties into their respective binding pockets.684, 691, 700

Figure 82: Native Src SH2 domain ligand: Ac-pYEEI.
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SH2 domains play important regulatory roles in intracellular signaling, but the full
extent of their involvement may not yet be fully understood, due to the complexity of
signaling cascades.691 In vivo, phosphorylation of a substrate by a kinase serves as a
switch in signaling pathways, thereby triggering recruitment of an SH2 domain to the
phosphorylated substrate. Thus, the SH2 domain can be localized to particular sites using
tyrosine phosphorylation. Interestingly, kinases and SH2 domains emerged concurrently
in eukaryotic evolution, and only a single SH2 domain has been discovered in yeast (no
SH2 domains exist in prokaryotes).684, 685, 691

Src SH2 domain inhibitors

Although many questions remain to be answered regarding the role of Src in
oncogenesis and cellular regulation, the prominent roles discovered for Src in
intracellular signaling pathways and cancer are more than sufficient to encourage the
development of Src inhibitors. Interestingly, the truncation of the SH2 domain in Src
does not affect the kinase activity of the protein, but does prevent the formation of
signaling complexes through recruitment of other intracellular proteins. Thus, the Src
SH2 domain may be a useful therapeutic target for a broad range of diseases (cancer,
osteoporosis, immune and cardiovascular disorders).698

Several features of SH2 domain antagonist compounds must be considered in the
design of effective inhibitors. First, ligands constructed using a peptidic scaffold (similar
to that of the native binding sequence) may undergo rapid elimination from plasma,
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degradation in vivo, high first pass metabolism, and show low oral bioavailability.698
Another key element of a compound binding to an SH2 domain is the presence of a
phosphotyrosine residue, and these groups are unstable in cells due to the ubiquitous
presence of endogenous phosphatases.701 Third, in some cases SH2 domains can have
widely varying specificities for compounds of interest, and thus may act as nonspecific
binders.698 Still, at least some ligands with efficacious binding properties have been
constructed, and selected examples of these ligands are shown in Figure 83.

247

Figure 83: Representative Src SH2 Domain Inhibitors.
A: Native Src SH2 domain recognition sequence.702 B: Dipeptide ligand containing long aliphatic chains for binding
hydrophobic pocket.703, 704 C: Dipeptide antagonist.705 D: Src SH2 domain antagonist; binding orientation of
phenylphosphate group is different from phosphotyrosine side chain of native ligand.706 E: Caprolactam-based
ligands.619, 707, 708 F: 1,2,4-oxadiazole ligand.709, 710 G: Ligand based on tetrasubstituted imidazole scaffold.694 H:
Ligand with nonhydrolyzable phosphotyrosine analog (carboxylic acid) and aldehyde moiety to form hemithioacetal in
Src SH2 binding pocket.711-713
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Despite the considerable effort invested in the development of Src SH2 domain
inhibitors, none has entered clinical trials, either for osteoporosis or for cancer. In fact,
the challenges resulting from the strict requirement for a charged phosphomimetic group
combined with specificity issues have lead most pharmaceutical companies to abandon
development of Src SH2 domain inhibitors.692 Still, the breadth of chemical information
obtained from the extensive studies of the Src SH2 domain and potential therapeutic
ligands makes these domains excellent choices as model systems in biophysical studies.

The goals of the work described in this chapter were multifold. First, we sought
to develop a Src SH2-based model system for intramolecular additivity in ligand binding.
This aim involved the expression and purification of the Src SH2 domain reliably at high
levels and purity. The synthesis of appropriate fragment-based ligands was paramount
for success. Two initial ligand series were proposed: a series based on the native peptide
sequence (Ac-pYEEI), and a series proposed from the modular non-peptidic nanomolar
inhibitors for Src SH2 designed by Deprez and coworkers (Compound E above is a
representative linkage ligand).15 Next, crystallographic analysis of the binding of the
linkage ligands and fragments into the binding pocket of the Src SH2 domain would be
pursued, to determine if the fragments and linkage ligands shared molecular contacts and
orientations. Finally, if all of these aims were successfully accomplished, calorimetric
analysis of the linkage ligands and fragments could be completed, including the proposed
double displacement experiments.
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4.2 Protein Expression and Purification

4.2.1 Expression protocols

An expression vector encoding human Src residues 145 – 251 (the SH2 domain)
was obtained from Stephen F. Martin (University of Texas at Austin), and expression
protocols were modified from the literature procedure.680, 714 Briefly, a colony of BL21
(DE3) E.coli cells containing the Src SH2 domain expression vector was added to a 100
mL flask of Luria-Bertani broth (LB) and grown overnight at 30 °C, and then culture
flasks containing two liters of LB broth were inoculated with 10 mL of the overnight
culture. Cells were grown at 30 °C until the optical density at 600 nm (OD600) reached
0.6 to 0.8.

Optimization of expression: refinement of induction conditions

A literature search revealed that different laboratories had used a variety of
expression conditions for similar Src SH2 vectors despite the fact that the vector (and the
gene expressed) was very similar. Waksman et al. grew cells at 37 °C and induced for
three hours with 0.5 mM IPTG before collecting cells, but initial trials with these
conditions gave lower yields of protein than was achieved with the original expression
conditions (30 °C, 0.1 mM IPTG, overnight induction).715

We thus conducted an

extensive growth and induction study, varying temperature (30 °C versus 37 °C), IPTG
250

concentration (0.1 mM, 0.5 mM and 1 mM) and protein induction time (zero hours to
overnight). The resulting crude and cleared crude lysates were analyzed by a BCA
protein assay according to manufacturer’s specifications, and all samples with increase in
protein expression versus the zero time point were analyzed by SDS-PAGE. The optimal
conditions were determined to be overnight induction of protein expression with 0.5 mM
IPTG induction at 30 °C.

Figure 84: Results from Induction Conditions Study. Samples were run on a 12%
SDS-PAGE gel. The best conditions were determined – 0.5 mM IPTG, overnight
induction.

4.2.2 Purification of Src SH2 Domain

Src SH2 domain protein was initially purified using a protocol based on the
previously published work of Lynch.680 Literature reports indicated that bacterial cell
lysis was performed by both sonication and French press disruption; lysis of 12 L of cell
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growth (approximately 35 – 40 mL of cells) by sonication provided the best yields of
soluble protein. The calculated isoelectric point of the Src SH2 domain is approximately
9.24, and protein was purified using SP Sepharose cation-exchange resin by AKTA
FPLC with a 1 M NaCl gradient at pH 7.0. Fractions containing Src protein were pooled
and further purified using phosphotyrosine affinity resin.716 The resulting fractions were
extensively dialyzed and concentrated. Src SH2 protein was frozen in 50% glycerol and
stored at -80°C indefinitely.

2D gel electrophoresis:

Analysis of efficacy of phosphotyrosine affinity resin in

purification

A significant decrease in yield occurred between cation exchange and the
phosphotyrosine affinity resin purification steps. To investigate the cause of this loss, a
series of 2D electrophoresis experiments on fractions isolated from phosphotyrosine
column chromatography were carried out. Figure 85 below shows the result from the
phosphotyrosine resin flow through. The results indicate that a significant amount of Src
SH2 protein does not bind, and thus a new purification protocol was developed.
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Figure 85: 2D Electrophoresis gel of phosphotyrosine affinity resin column
flowthrough. Red box shows Src SH2 protein from this fraction; this protein did
not adhere to the column effectively.

Use of gel filtration chromatography: efficacy and scale

Many groups have used gel filtration for Src SH2 purification, and this
methodology was adapted to follow the cation exchange chromatographic step. Figure
86 shows the results of a representative purification; the last six lanes demonstrate the
purification of Src SH2 protein from 24L cell growth.
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Figure 86: SDS-PAGE gel results from gel filtration purification of Src SH2
domain. Lanes 10 - 15 are pure Src SH2 protein isolated from Sephadex 26/60-S100
column size exclusion chromatography.

4.3 Ligand Synthesis – Caprolactam Series

Several factors were considered in the design of appropriate ligands and small
molecule fragments for our studies. Solubility in aqueous solution was of paramount
importance in ligand design - previous studies with the stromelysin-1 model system were
made more challenging because of the limited aqueous solubility of several fragments.667
All fragments required at least modest affinity (> millimolar KD) for ITC analysis; for
double displacement experiments, fragment binding affinities should be significantly
higher. Lastly, it was critical to design the linkage ligand series such that fragments
conserved the atoms and functional groups present in the linkage ligand.
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Caprolactam-based series of ligands

Figure 87 shows the initial set of Src linkage ligands.707 Ligands 11-14 have been
previously synthesized and characterized;619 ligands 15 and 16 were designed to test the
effect of linker length on interactions in the active site.

A partial synthesis of the

proposed fragments was completed, as shown in Figure 88, based on the literature
protocol.
scheme

The synthesis of both fragments and linkage ligands follows the general
of

Boc-protection

of

the

caprolactam,717

followed

by

alkylation,718

deprotection718 and coupling632 to a phosphotyrosine residue.719 Potential fragmentations
for each linkage ligand are shown in Figure 89.

Figure 87: Initial proposed Src SH2 linkage ligands. Based on ligands from
Deprez et al.619, 707
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Figure 88: Synthetic scheme for caprolactam-based ligands.619, 707

Linkage Ligand 11:

Linkage Ligand 12:

1
1
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Linkage Ligand 13:

Linkage Ligand 14:

Linkage Ligand 15:

Linkage Ligand 16:

Figure 89: Proposed fragmentation schemes for Linkage Ligands 11 - 16.

Several of the caprolactam – aryl moieties shown in Figure 88 were synthesized
as described in Deprez et al.619, 707 These fragments were not soluble in aqueous solution
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even after vigorous stirring and sonication. However, these fragments were successfully
dissolved in 10% dimethylsulfoxide (DMSO). Based on literature reports regarding the
potential detrimental effects of DMSO on protein structure and function, this ligand
series was abandoned in favor of a more soluble series.720-722

4.4 Ligand Synthesis – Peptide Series

A second series of fragments and linkage ligands was designed based on the
natural substrate of Src SH2, Ac-pYEEI, shown in Figure 90. The linkage ligand was
synthesized using known methodologies.723 Fragments 17, 19, and 26 are commercially
available. Fragments 22 and 24 were synthesized through a one-step phosphorylation of
the corresponding phenol.719 The remaining fragments were synthesized by standard
solid- and solution-phase peptide synthesis techniques, using literature protocols.701, 703,
724, 725
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Figure 90: Peptide-based linkage ligand and fragment pairs. Proposed fragment
pairs: 17 and 18; 19 and 20; 21 and 22; 23 and 24; 25 and 26.

Binding affinity data from both SPR and scintillation proximity assays (SPA) are
available for at least some of the compounds shown above (Table 16). Although these
measurements lack the thermodynamic detail necessary for the analysis of additivity,
initial values could guide the experimental design for calorimetric analysis.
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Table 16: Estimated Binding Affinities for Peptide-Based Ligands from SPR
and SPA assays.
Protein
Src SH2

Ligand
17
18
19
20

IC50 (!M)
N/A
701
18
N/A
701
73
703
200
N/A
725
1.0
N/A
632
2500
N/A
3000-300 632
707
2000
701
2.1
619
6.5
724
2.19

21
22
23
24
25
26
Linkage

4.5 X-Ray Crystallography: Co-Crystals for Peptide Series

The next objective was the production of x-ray co-crystal structures of the Src
SH2 domain with the fragments outlined for the peptide series. Several strategies were
attempted to achieve this aim. No apo structure of the Src SH2 domain has been
published, and extensive efforts were made to develop high-resolution apo crystals for a
soaking strategy. Co-crystallization with ligand fragments and the Src SH2 domain was
also attempted.
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4.5.1 Apo Crystallization Strategy

Although the apo crystallization of the Src SH2 domain was an interesting aim in
itself, the aim was pursued primarily to develop a soaking strategy for co-crystallization
of the proposed ligand fragment pairs. In theory, the soaking of these fragment pairs into
high-resolution apo crystals would be more straightforward than the screening and
development of five separate co-crystal structures.

First attempts:

Dialysis crystallization (Lesuisse) and hanging drop crystallization

(Waksman)

Src SH2 crystals were prepared according to the dialysis procedure of Lesuisse et
al.619

Briefly, Src SH2 was concentrated to approximately 50 mg/mL in 20 mM

potassium phosphate, pH 7.4, 5 mM DTT. The concentrated protein solution was placed
into a 5 !L dialysis button covered with dialysis membrane (3500 molecular weight cut
off). The button was placed in a reservoir containing 100 mM citrate buffer (pH 5.5) and
DTT (10 mM) for an overnight incubation. The dialysis button was then transferred to
another reservoir with water and DTT (10 mM) overnight. Tests were conducted using
both 10 mM and 100 mM citrate buffer; the use of 100 mM citrate buffer produced small
microcrystals. Unfortunately, these microcrystals failed to produce diffractable crystals
and the methodology was abandoned.
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Apo-crystallization was pursued using a variation of the hanging drop method of
Waksman et al.715 Microcrystals suitable for seeding were produced using 100 mM
HEPES, 43 or 50% MPD, 10% PEG 4000, and 0.05 M MgCl2. According to the protocol
of Waksman, seeding should lead to fully diffractible crystals; in our hands microcrystals
formed but shattered before growth to diffractible crystals occurred.

A series of

cryoprotectant and buffer screenings were conducted to determine optimal crystallization
conditions, but none of these conditions avoided crystal shattering.

Gel Filtration and Src Calorimetry and Crystallography Buffer

Src SH2 protein was purified using cation exchange chromatography and
phosphotyrosine resin chromatography as described above. The development of the
cation exchange/gel filtration purification protocol greatly increased protein yields and
purity, facilitating crystal screening.

Literature review also suggested plausible

calorimetry and crystallography buffers.

A buffer that could be used for both

crystallography and ITC was preferrable; buffers containing DTT were excluded due to
interference with ITC experiments. Eventually, the conditions of Lubman et al. were
selected based on demonstrated utility in both crystallographic and calorimetric work: 20
mM HEPES pH 7.5, 100 mM NaCl, 1 mM !-mercaptoethanol, and 1 mM EDTA.702, 726,
727

Apo crystal screening results are shown in Table 17.
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Table 17: Apo Crystallization Screening Trays using Qiagen and Hampton
commercial screens.
Condition

Screen

[Src SH2]

1

Peg

40 mg/mL

2

Peg II

40 mg/mL

3

Peg II

40 mg/mL

4

Core I

60 mg/mL

5

Core II

60 mg/mL

6

Core III

60 mg/mL

7

Core IV

60 mg/mL

8

Classics

35 mg/mL

9

Classics II

35 mg/mL

10

MPDs

35 mg/mL

11

PACT

35 mg/mL

12

ProComplex

35 mg/mL

13

MES Additive

60 mg/mL

14

MES Detergent

60 mg/mL

15

NaOAc Additive

60 mg/mL

16

NaOAc Detergent

60 mg/mL

17

MPDs

55 mg/mL

18

Peg II

55 mg/mL

Other Conditions
5 mM DTT

Due to the high aqueous solubility of the Src SH2 domain, high concentrations of
protein had been used in previously published co-crystal structures of the Src SH2
domain and phosphopeptide ligands. Crystals produced from these screening conditions
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were screened using X-ray crystallography. Crystals determined to be protein (through
producing discernible diffraction patterns by X-ray crystallography) were optimized
through the variation of pH, buffer concentration, salt concentration (if appropriate), and
cryoprotectant concentration in sitting drop trays. Details of optimization are provided in
Table 18. Conditions listed with an asterisk were created using 5 mM !-mercaptoethanol
in the Src calorimetry and crystallography buffer (instead of the standard 1 mM).
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Table 18: Apo-Src SH2 Optimization Trays. AmSO4: ammonium sulfate.
Tray

Constant

Varied

Varied

[Src SH2]

1

N/A

0.1M - 0.4 M CaOAc

10% - 35 % Peg 3350

40 mg/mL

2

0.2 M CaOAc

pH 6.7 - pH 8.5

10% - 35 % Peg 3350

40 mg/mL

3*

N/A

0.1M - 0.4 M CaOAc

10% - 35 % Peg 3350

40 mg/mL

4*

0.2 M CaOAc

pH 6.7 - pH 8.5

10% - 35 % Peg 3350

40 mg/mL

5

0.1 M MES, pH 6.5

0.1M - 0.4 M AmSO4

10% - 35% Peg 5000 MME

40 mg/mL

6

0.2 M AmSO4

0.05M - 0.2M MES, pH 6.5

10% - 35% Peg 5000 MME

40 mg/mL

7*

0.1 M MES, pH 6.5

0.1M - 0.4 M AmSO4

10% - 35% Peg 5000 MME

40 mg/mL

8*

0.2 M AmSO4

0.05M - 0.2M MES, pH 6.5

10% - 35% Peg 5000 MME

40 mg/mL

9

N/A

0.05M - 0.3M Tris HCl

6% - 21% Peg 20000

40 mg/mL

10

0.1 M Tris HCl

pH 7.5 – 9

6% - 21% Peg 20000

40 mg/mL

11*

N/A

0.05M - 0.3M Tris HCl

6% - 21% Peg 20000

40 mg/mL

12*

0.1 M Tris HCl

pH 7.5 – 9

6% - 21% Peg 20000

40 mg/mL

13

0.1 M HEPES pH 7.5

0.05M - 0.2M NaOAc

7% - 30% Peg 4000

40 mg/mL

14

0.1 M NaOAc

0.05M - 0.3M HEPES

7% - 30% Peg 4000

40 mg/mL

15*

0.1 M HEPES pH 7.5

0.05M - 0.2M NaOAc

7% - 30% Peg 4000

40 mg/mL

16*

0.1 M NaOAc

0.05M - 0.3M HEPES

7% - 30% Peg 4000

40 mg/mL

17*

0.4 M AmSO4

0.025M - 0.1M MES

15% - 30% Peg 5000 MME

60 mg/mL

18

0.4 M AmSO4

0.1M MES, pH 5.5-7

15% - 30% Peg 5000 MME

60 mg/mL

19

0.1M NaOAc

0.1M HEPES, pH 6.8-8

7% - 32% Peg 4000

60 mg/mL

20

10% Peg 5000 MME

0.2M - 0.4 M AmSO4

0.1 M MES - constant

60 mg/mL

21

7% Peg 4000

0.1M NaOAc

0.1 M HEPES pH 7.5

60 mg/mL

22*

N/A

0.05M - 0.3M Tris HCl

5% - 20% Peg 8000

60 mg/mL

23

N/A

0.05M - 0.3M Tris HCl

5% - 20% Peg 8000

60 mg/mL

24*

0.1M Tris HCl

pH 7.5- 9.08

5% - 20% Peg 8000

60 mg/mL
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25*

0.1M Tris HCl

pH 7.5- 9.08

5% - 20% Peg 8000

60 mg/mL

26*

N/A

0.05M - 0.3M Tris HCl

5% - 20% Peg 8000

60 mg/mL

27

N/A

0.05M - 0.3M Tris HCl

5% - 20% Peg 8000

60 mg/mL

28

0.1M Tris HCl

pH 7.5- 9.08

5% - 20% Peg 8000

60 mg/mL

29*

0.1M Tris HCl

pH 7.5- 9.08

5% - 20% Peg 8000

60 mg/mL

In total, 14,400 crystalization conditions were screened. Even with this extensive
effort, the best apo-Src SH2 crystal diffracted to only 6 – 8 Å. Typically, these crystals
showed rod morphologies and took two to four weeks to form. The conditions producing
the highest resolution apo crystals were:

0.2 M ammonium sulfate, 0.1 M MES pH 6.5, 15% Peg 5000 monomethylether
0.1 M sodium acetate, 0.1 M HEPES pH 7.5, 15% Peg 4000
0.1 M Tris-HCl pH 8.5, 8% Peg 8000

Although these conditions produced low-resolution crystals, fragment-soaking
protocols were attempted in the hopes that ligand binding would enhance resolution.
Briefly, sitting drop trays of apo-crystals were prepared using the conditions described
above, and fragment pairs dissolved in mother liquors were added to the wells after
formation of apo-crystals. Unfortunately, no enhancement in resolution was observable
utilizing this strategy, and apo-protein based strategies were abandoned in favor of cocrystallization.
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4.5.2 Co-Crystallization of Ligand Fragments

As apo crystallization strategies were unsuccessful in producing diffractable cocrystals, the crystallization of the Src SH2 domain in the presence of the five proposed
peptidic fragment pairs (Section 4.4) was attempted.

Fragment Pair 1

Figure 91: Fragment Pair 1 for co-crystallization: Ligands 23 and 24.

Screening was conducted using co-complexes of fragment pair 1 (ligands 23 and
24) and the Src SH2 domain. Co-complexes were formed by four-hour pre-incubation of
fragment pair 1 with 55 mg/mL Src SH2 protein at 1:1, 1:2 and 1:5 protein:ligand ratios.
Screening trays are shown below.
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Table 19: Screening Crystallization Trays for fragment pair 1 using Qiagen
commercial screens.
Screen

Src SH2 Concentration

Core II + fragment

55 mg/mL

Core IV + fragment

55 mg/mL

Core III + fragment

55 mg/mL

Peg + fragments

55 mg/mL

Peg II + fragment

55 mg/mL

Core I + fragment

55 mg/mL

One set of conditions gave small crystals, and was subsequently optimized:
0.05M lithium sulfate, 0.05M sodium sulfate, 0.05M Tris-HCl pH 8.5, 30% w/v PEG
400. 144 unique optimization conditions were tested with 55 mg/mL Src SH2 protein.
Concentrations of PEG 400 (10% - 35%), Li2SO4 (0.0125 M – 0.1 M), Na2SO4 (0.0125
M – 0.1 M), and Tris-HCl (0.0125 M – 0.1 M) were varied. Although one larger crystal
was obtained, the diffraction of this crystal (8 – 9 Å) was not high enough to warrant
further examination.
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Fragment Pair 2

Figure 92: Fragment Pair 2 for co-crystallization; ligands 17 and 18.

As described above for fragment pair 1, fragment pair 2 was screened with the Src
SH2 domain for co-crystallization conditions using several commercial screens, using
protein to ligand ratios of 1 : 1, 1 : 2 and 1 : 5. The commercial screens utilized are listed
below.

Table 20: Fragment Pair 2 Screening Conditions using Qiagen commercial screens.
Screen

Src SH2 Concentration

Core III + fragments

35 mg/mL

Core IV + fragments

35 mg/mL

PACT + fragments

35 mg/mL

Cryos + fragments

35 mg/mL

MPDs + fragments

35 mg/mL

Core II + fragments

35 mg/mL
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A number of co-crystals formed in these experiments demonstrated appreciable xray diffraction and were sent to the SERCAT Synchrotron (Argonne National
Laboratory) for additional screening and data collection. An example of the crystals
obtained is shown in Figure 93, from the F10 MPD Qiagen screening condition (Table
21). Most crystals were rod-like, matching the crystal morphology of the most successful
apo crystals.

Figure 93: Picture of rod-like co-crystal between fragment pair 2 and Src SH2
domain, F10 MPD condition.

270

Table 21: Results of co-crystallization screening for fragment pair 2.

Screen

Condition

Morphology of
crystal

Estimated inhouse
resolution (Å)

Cryos

0.085 M tri-sodium citrate
pH 5.6, 29.75% (v/v) tertbutanol, 15% (v/v) glycerol

Rod

7

Cryos

0.19 M calcium chloride,
0.095 M HEPES sodium salt
pH 7.5, 26.6% (v/v) PEG
400, 5% (v/v) glycerol

Rod

8-9

G4

Cryos

0.18 M magnesium chloride,
0.09 M HEPES sodium salt
pH 7.5, 27% (v/v) PEG 400,
10% v/v glycerol

Rod

4-5

B7

MPD

0.2 M ammonium nitrate,
40% (v/v) MPD

Plate

7; 8-9

F10

MPD

0.1 M HEPES pH 7.0, 65%
(v/v) MPD

Rod

8-9

F11

MPD

0.1 M Tris pH 8.0, 65%
(v/v) MPD

Rod

6-7

G11

MPD

0.02 M calcium chloride,
0.1 M sodium acetate pH
4.6, 20% (w/v) MPD

Hexagon

4-5

H5

MPD

0.1 M imidazole-HCl pH
8.0, 35% (w/v) MPD

Rod (2)

7-8; >8

Well

B12

G2
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Figure 94: X-ray scattering from G4 MPD co-crystal of fragment pair 2 and
Src SH2 domain, BM line, SERCAT synchrotron (Argonne National Laboratory).
Estimated resolution: 3.25 Å. C2 space group.

Significant resolution enhancement was observed using synchrotron radiation
relative to that obtained in-house. The best data was obtained for the crystal from the G4
MPD condition; the X-ray diffraction pattern for this crystal is shown in Figure 94. The
crystal demonstrated a C2 space group and data was scaled to 3.25 Å resolution.
Unfortunately, the resolution for this co-crystal was insufficient to unambiguously
confirm the orientation of the fragments in the binding pocket of the Src SH2 domain. It
should be noted that these crystals were isolated from the original screening trays after
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four months of incubation.

Repeated attempts to optimize these conditions were

unsuccessful.

Fragment Pairs 3 – 5

Finally, the remaining fragment pairs (25 and 26, 19 and 20, and 21 and 22) were
screened for co-crystallization with the Src SH2 domain using the Qiagen Cryos and
MPD commercial screens.

Microcrystals were observed, but no crystals with the

requisite resolution for data analysis were obtained.
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Figure 95: Fragment pairs 3 - 5: Ligands 25 and 26 (top), 19 and 20 (middle), and
21 and 22 (bottom).

4.6 Calorimetry

We attempted direct titrations with fragments 17 and 26 at high concentrations of
protein (1 mM Src SH2 domain), but these fragments appear to be low-affinity and as
such did not demonstrate binding isotherms. Although the c values were approximately 1
for these titration, no visible signal beyond heat of dilution was observed. Based on the
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lack of success with the crystallography aim of this model system, the development of
new model systems was pursued rather than a calorimetric analysis of this system.

4.7 Conclusions

Currently, the Toone laboratory is working to elucidate the nature and origins of
additivity in protein – ligand binding in a number of intermolecular and intramolecular
systems. Although intramolecular binding pathways have usually been considered to be
driven entropically, but work from the Toone laboratory on the binding of small molecule
metal chelates and proteinaceous model systems based on fragment-based drug design
principles has indicated that multivalent association in these systems is enthalpically
favored and entropically opposed. However, general conclusions regarding the origins of
intramolecular additivity in ligand binding are lacking, and the work described in this
chapter outlines the attempts to develop a new model system for thermodynamic and
structural analysis.

The Src SH2 domain was successfully expressed and purified, and optimizations
were made to both expression and purification protocols to maximize protein yields.
Two series of ligands were originally envisioned, but solubility concerns eliminated the
non-peptidic series from consideration. The peptidic series of ligands was advanced to
crystallographic trials.

Extensive apo-crystallization attempts were unsuccessful in

producing an atomic-resolution structure, and despite optimization trials, co275

crystallization of the peptidic ligands with the Src SH2 domain also did not achieve the
necessary resolution to provide structural data.

4.8 Future Work

Future work on this project will involve the development of new model systems
for intramolecular additivity in ligand binding. With these new systems, we hope to
generalize our previous thermodynamic observations, and attempt double displacement
titrations using fragments with high affinity for their cognate proteins.

4.8.1 Grb2 SH2 Domain
The next model of additivity to be probed is the Grb2 SH2 domain.

Grb2

(Growth-Factor Receptor bound protein 2) binds the epidermal growth factor receptor
and has two SH3 domains flanking one SH2 domain.681, 728 Like the Src SH2 domain,
the Grb2 SH2 domain possesses a conserved SH2 domain structure with a central !-sheet
and two surrounding "-helices. The SH2 domain of Grb2 has been overexpressed in
bacterial cells, and literature reports of fragment-based inhibitors are available.728 The
apo-structure of the Grb2 SH2 domain has been solved, potentially facilitating the
soaking of ligands into the binding pocket of the protein.729 Also, currently 42 structures
of human Grb2 SH2 domain have been solved, either as the apo-protein or in complex
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with a phosphopeptide-based ligand. The crystallization of this domain hopefully will be
more facile than that of the Src SH2 domain.

Preliminary work has been completed towards the development of this model
system. A construct containing Grb2-SH2 was generated based on the work of Martin
and coworkers.730 Briefly, the nucleic acid sequence encoding residues 53-163 of the
full-length Grb2 protein (the SH2 domain) was amplified using PCR and ligated into the
pET42b vector containing a glutathione-S-transferase (GST) affinity tag. The GSTGrb2-SH2 construct is readily expressed in E.coli cells.

Upon lysis, the crude

supernatant will be partially purified using glutathione affinity chromatography.731
Following fusion cleavage, the Grb2-SH2 domain will be further purified by gel filtration
techniques.732
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Figure 96: Top: Grb2 SH2 Native Ligand. Middle: Linkage Ligands for Grb2
SH2 Domain. Bottom: Proposed fragments for Grb2 SH2 domain.728
The native ligand of the Grb2 SH2 domain, proposed linkage ligands, and
proposed fragments are shown in Figure 96. Linkage ligand synthesis involves a six-step
synthesis of the terminal !-amino acid followed by a series of peptide couplings.728 The
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Grb2 SH2 domain shows a remarkable sensitivity to ligand stereochemistry. Furet et al.
described a pair of diastereomeric ligands displaying a 5000-fold difference in affinity
(middle ligands, Figure 96).728 Whether the decreased affinity is a result of decreased
fragment binding or ligand linkage is unclear;728 further exploration of this observation
will provide valuable insight into cooperativity and the nature of additivity in protein –
ligand binding.
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Figure 97: X-ray crystal structure of Grb2 SH2 domain dimer in complex with maminobenzyloxycarbonyl-pY-(!Me)pY-N-NH2 ligand derived from the
hp52Shc239–241 sequence, PDB Code 1JYQ.729
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4.8.2 FK506 Binding Protein (FKBP or FKBP12)

FK-binding protein (also known as FKBP or FKBP12) is the soluble protein
receptor for the immunosuppressant FK506 (tacrolimus). FK506 was first isolated from
Streptomyces tsukubaensis in Japan in 1988 and is currently FDA approved for use as an
immunosuppressant in organ transplantation.

The FKBP/FK-506 complex inhibits

calcineurin, IL-2 transcription and T-lymphocyte production, all processes of therapeutic
interest.733 A large number of ligands have been prepared as agonists and antagonists of
FKBP, as immunosuppressives in organ transplant, and as neuroprotective and
neuroregenerative agents for the treatment of Alzheimer’s and Parkinson’s disease.733, 734

FKBP is a stable protein and has been expressed under a variety of conditions and
vectors, making it useful for our studies. It should also be effective for our studies
because it has a relatively low molecular mass (11.8 kDa) and is readily soluble in
aqueous solutions.735,

736

FKBP structures have been determined both by X-ray

diffraction and NMR, both as the apo-protein and in complexed form.737 The FKBP
active site comprises two distinct pockets separated by approximately 7Å, and several
linkage ligands have been reported in the literature.737 This synthetic work will aid us
greatly in the construction of appropriate ligands.
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Figure 98: Top: X-ray crystal structure of apo-FK binding protein (FKBP), PDB
Code 1FKK. Bottom: X-ray crystal structure of FK-binding protein in complex
with rapamycin, PDB Code 1FKL.737

Two series of linkage ligands reported by Overhand and coworkers will be
synthesized (Figures 100 and 101). Although both linkage ligands apparently orient their
putative interaction domains similarly within the respective binding pockets, significant
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differences in affinity are observed as a function of linker composition. We will prepare
both fragments and intact ligands, evaluate thermodynamic parameters for binding, and
conduct additivity analyses as described above.

Figure 99: Synthesis of proline-derived fragment-based FKBP inhibitor and
appropriate fragments.736
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Figure 100: Sample fragments and linkage ligand for pipecolinic acid-derived
fragment-based FKBP inhibitor.736
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5. Experimental Procedures and Protocols

5.1 General Information

Chemicals were obtained from Sigma-Aldrich or Fluka except where noted.
Ampicillin was obtained from EMD Chemicals. Pfu Turbo polymerase, T4 DNA ligase,
Mutazyme error-prone polymerase BL21(DE3), BL21 Gold and XL-10 Gold E.coli
competent cells were purchased from Stratagene.

Electrocompetent DH10B E.coli

competent cells and DH5! E.coli competent cells were obtained from Invitrogen.
fUSE55 DNA and K91/kan E.coli cells were kindly provided by Dr. George P. Smith,
University of Missouri. Collagenase D was purchased from Roche. Rosetta (DE3)
Competent cells were purchased from Novagen.

DNA was isolated using Qiagen

Miniprep, Midiprep, and Maxiprep kits according to manufacturer’s instructions.
Restriction enzymes and ligase enzyme were obtained from New England Biolabs.
Galectin-3 DNA was kindly provided by Professor John L. Wang, Department of
Biochemistry, Michigan State University.

Src-SH2 DNA was kindly provided by

Professor Stephen R. Martin, University of Texas (Austin). Llama A and Llama C DNA
was kindly provided by Dr. Andrew Hayhurst at the Southwest Foundation for
Biomedical Research (San Antonio, Texas). Protein concentrations were determined by
the method of Edelhoch.587 His Bind Resin® was obtained from Novagen. Sepharose
Fast Flow IMAC Resin was obtained from GE Healthcare. Superdex 200 Resin was
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obtained from GE Healthcare. pET20b, pET28b and pET42b vectors were obtained from
Invitrogen. DNA sequencing was completed by the Duke DNA Analysis facility.

Electrospray mass spectra were completed using an Agilent Technologies 1100
LCMSD Trap.

NMR spectra were collected on a Varian 300 MHz Mercury

spectrometer. Ultraviolet-visible (UV-VIS) spectra were collected in 1 cm path quartz
cuvettes using a Hewlett-Packard 1100 spectrophotometer.

5.2 Camelid-Derived Single Domain Antibodies

Small scale llama antibody expression: Lysozyme-binding antibodies

Llama epitope A or epitope C DNA encoding His-tagged single domain antibody
fragments against lysozyme was transformed by electroporation into Rosetta (DE3) e.coli
competent cells. A starter culture of either epitope was incubated in 3 mL of TB plus 2%
glucose, 200 !g mL-1 ampicillin and 30 !g mL-1 chloramphenicol at 30ºC for 6 hours.
The starter culture was poured into 50 mL TB with 2% glucose, 200 !g mL-1 ampicillin
and 30 !g mL-1 chloramphenicol and incubated at 25ºC overnight. The culture was then
poured into 450 mL of glucose free TB with 200 !g mL-1 ampicillin and 30 !g mL-1
chloramphenicol and incubated with shaking at 25ºC for three hours. Protein expression
was induced by bringing the final concentration of IPTG to 1 mM and shaking at 25ºC
for three hours. Cells were centrifuged (5000 x g, 15 minutes, 4ºC) and resuspended in
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14 mL of 100 mM Tris, 15% w/v sucrose pH 7.5. 1.4 mL of 0.5 mg/mL lysozyme in the
Tris-sucrose solution was added, and the solutions were swirled on a rotary shaker at a
rate of 1-2 cycles per second on ice. 28 mL of 1 mM EDTA pH 8.0 was slowly added
and let sit for 15 minutes. 2 mL of 0.5M MgCl2 was added and swirled for 15 minutes.
Spheroplasts were pelleted by centrifugation (3500 rpm, 30 minutes, 4ºC).

The

supernatant was decanted and one-tenth volume of 10X IMAC buffer (0.2M Na2HPO4,
5M NaCl, 0.1M imidazole, 1% Tween-20 pH7.5) was added and mixed.

IMAC

Sepharose 6 Fast Flow Resin was added to the supernatant and shook gently for an hour
on ice. Resin was pelleted by centrifugation (3500 rpm, 5 minutes, 4ºC) and supernatant
was resuspended in 50 mL 1X IMAC buffer, and then repelleted. The centrifugation and
washing step was repeated once. The resin and 2 mL of supernatant were added to a
BioRad PolyPrep disposable column. Antibodies were eluted over a 1 mM to 450 mM
gradient of EDTA in 1X IMAC buffer. Antibodies were concentrated to 200 uL in
Amicon Ultra 15 centrifugal tubes (MW cutoff 10,000). Presence of antibodies was
detected through SDS-PAGE gel electrophoresis and subsequent silver staining. Samples
are further purified using gel filtration.

Large scale llama antibody expression: lysozyme antibodies

Llama epitope A or epitope C DNA encoding His-tagged single domain antibody
fragments against lysozyme was transformed by electroporation into Rosetta (DE3) e.coli
competent cells. A starter culture of either epitope was incubated in 300 mL of TB plus
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2% glucose, 200 !g mL-1 ampicillin and 30 !g mL-1 chloramphenicol overnight at 30ºC.
50 mL of the starter culture was poured into 2L of TB with 200 !g mL-1 ampicillin and
30 !g mL-1 chloramphenicol and incubated for a total of 36 hours at 30ºC. Protein
expression was induced by bringing the final concentration of IPTG to 1 mM and shaking
at 25ºC for three hours.

Cells were centrifuged (5000 x g, 15 minutes, 4ºC) and

resuspended in 14 mL per liter of cell growth of 100 mM Tris, 15% w/v sucrose pH 7.5.
1.4 mL of 0.5 mg/mL lysozyme per liter of cell growth in the Tris-sucrose solution was
added, and the solutions were swirled on a rotary shaker at a rate of 1-2 cycles per second
on ice. 28 mL of 1 mM EDTA pH 8.0 per liter of cell growth was slowly added and let
sit for 15 minutes. 2 mL of 0.5M MgCl2 per liter of cell growth was added and swirled
for 15 minutes. Spheroplasts were pelleted by centrifugation (4000 rpm, 20 minutes,
4ºC). The supernatant was decanted and one-tenth volume of 10X IMAC buffer (0.2M
Na2HPO4, 5M NaCl, 0.1M imidazole, 1% Tween-20 pH7.5) was added and mixed. The
supernatant (osmotic shockate) was poured over IMAC Sepharose 6 Fast Flow Resin
charged with 50 mM CoCl2*6H2O. Antibodies were eluted over a 1 mM to 450 mM
gradient of EDTA in 1X IMAC buffer. Antibodies were concentrated to 2-3 mL with an
Amicon YM-3 stirring cell under 40 psi of nitrogen. Samples were further purified by
gel filtration using Superdex 200 resin with a 1 mL/min flow rate by AKTA FPLC into
1x PBS pH 7.4.

Presence of antibodies was detected through SDS-PAGE gel

electrophoresis and subsequent silver staining.

General protocol for induction assays
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BCA assays (Pierce) were performed in a 96-well flat bottom microtiter plate. All
protein samples were diluted in 0.1 N NaOH to yield a final sample volume of 100 µL,
and all samples were analyzed in triplicate. A bovine serum albumin standard curve was
created by adding amounts of BSA (1 mg/mL) ranging from 1 µL to 15 µL to wells in a
96 well plate. 1 µL of protein sample was added to each well. A working solution of
10.7 mL of Reagent A and 240 uL of Reagent B was created, and samples were incubated
with 100 µL of working solution at 37 °C for 1 – 2 hours. The absorbance of the samples
at 562 nm was read by standard UV/Vis spectroscopy. The BSA standard curve was
generated by linear regression and the linear fit was used to determine the concentration
of protein in each sample.

Llama C ITC: biotin

ITC data was collected on a VP-ITC titration microcalorimeter (Microcal, Inc.,
Northampton, MA); details of instruments and data reduction have been reported
previously.738 The cell volume of the calorimeter is 1.4346 mL.

All protein and ligand

solutions were degassed under vacuum prior to the titration experiments. Biotin was
purchased from Aldrich and used without further purification. Samples consisted of
llama antibody protein (16 uM) in 20 mM HEPES pH 8.0 with buffer as the reference.
After cell equilibrium was reached, a solution (0.16 mM) of biotin in the same buffer was
injected using an injection schedule of 30 injections, 10 uL volume, 20 s duration, 400
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sec interval. All measurements were made at 25 °C. Data analysis was carried out using
the ORIGIN software from MicroCal. All binding enthalpies are reported after
subtraction of the appropriate enthalpy of ligand dilution.

Amplification of Llama A and Llama C genes by standard PCR

Primers were designed to amplify the Llama A and Llama C genes; primers
contained a TATA sequence, a SfiI restriction site, and a 10 bp overlap with the gene for
sequencing. The primers were:
Forward primer, Llama A: 5’-TATAGGCCATCTAGGCCAAGGTGAAAC-3’
Forward primer, Llama C: 5’-TATAGGCCATCTAGGCCCAGGTGAAAC-3’
Reverse primer: 5’-TATAGGCCATATAGGCCTGGTTGTGGT-3’
PCR was performed using Platinum Taq DNA polymerase and accompanying
reagents according to manufacturer protocols (Invitrogen). PCR product was analyzed on
2 % agarose gel. PCR protocol is provided below.

Sequencing Llama A and Llama C PCR-amplified genes

The Llama A and Llama C genes were PCR-amplified as described previously,
and analyzed on a 2 % agarose gel. The band for the llama antibody gene at 384 bp was
excised and purified by gel extraction using the Qiagen QIAQuick Gel Extraction Kit.
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The concentration of the resulting DNA sample was analyzed at 260 nm. DNA samples
were delivered to the Duke University DNA Analysis Facility for sequencing.

Sequencing Llama A and Llama C genes directly from vector

New primers were designed for the pecan22 vector and the Llama C gene to
facilitate DNA sequencing directly from the pecan22 expression vector. The forward
primer was based on the periplasmic expression tag (pelB) and the reverse primer was
based on the sequence of the C-terminal His-tag in the pecan22 vector. The primers
were:
Forward: 5’-TATAATGAAATACCTATTGCCTACGGCAGC-3’
Reverse: 5’-TATAACTAATGATGGTGATGATGGTGATCG-3’
Sample preparation and sequencing was performed as described previously..

Reproduction of fUSE55 phage DNA

fUSE55 phage DNA was reproduced by transformation into chemically
competent Invitrogen DH10B MaxEfficiency competent cells and plated on
LB/agar/tetracycline plates. A single colony was selected and incubated in 200 mL
LB/tetracycline media overnight with shaking at 37 °C, then maxiprepped using a Qiagen
Plasmid Maxiprep Kit.
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Preparation of starved K91/kan cells

Starved K91/kan cells were prepared according to the protocol of Pratt.739 10 µL
of phage-containing supernatant was mixed with 10 µL K91 starved cells and incubated
for ten minutes at 25 °C.

100 µL of Luria-Bertani broth (LB) supplemented with

tetracycline (0.2 µg mL-1) was added to the infectious sample and incubated for one hour
at 37 °C with shaking. The infectious sample was then plated onto LB/agar/tetracycline
plates (40 µg mL-1) and kanamycin (100 µg mL-1) and incubated at 37 °C for 16 hours.
Colonies indicated the presence of infectious phage in the original solution.

Creation of library of variants: error-prone PCR

Primers were designed for error-prone PCR of the Llama C gene in which the five
variable base pairs in the Sfi1 restriction site were complementary to the Sfi1 sites on
either side of the Llama C gene in the expression vector. The forward primer was: 5’TATAGGCCGACGTGGCCCAGGTGAAAC-3’ and the reverse primer was 5’TATAGGCCCCAGAGGCCTGGTTGTGGT-3’.

Reagents

(Mutazyme

II®

DNA

polymerase and reaction buffers) and PCR procedure from the Stratagene® Genemorph®
II Random Mutagenesis Kit were used. A PCR protocol was created with the goal of
reaching a medium mutation rate (4.5 – 9 mutations per kilobase.) Concentrations of
DNA samples were calculated using UV/Vis at 260 nm before use in error-prone PCR.
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These concentrations were used to calculate the volume of DNA that should be added.
PCR protocol is given in the table in the text.

Ligation of variants into phage vector

The ligation of the antibody library created by error-prone PCR into the fUSE55
phage vector was attempted. First, the library and the fUSE55 phage vector were Sfi1
digested separately according to manufacturer protocol. Then, 1.66 x 10-14 mol of
individual DNA sequences in 2:1, 4:1, 4:2, and 8:2 ratios of vector to insert were ligated
overnight in either an ice bucket or a PCR machine at 16°C. Product was purified by
ethanol precipitation. To test ligation, products were transformed into Invitrogen DH10B
MaxEfficiency Competent Cells or DH5! Electrocompetent Cells and plated on
LB/tetracycline plates. All wash buffers were examined for presence of any ligated
product by purification with a Qiagen spin column.

CDR grafting: selective cut and paste of CDRs using T4 polynucleotide kinase

To phosphorylate free ends of selected small oligonucleotide fragments, T4
polynucleotide kinase (New England Biolabs) was incubated according to manufacturer’s
specifications with the oligonucleotides overnight. Ligation proceeded uneventfully.

Methotrexate-binding antibody vector assembly
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A gene encoding the methotrexate-binding antibody reported by Alvarez-Rueda255
was purchased from IDT DNA. The gene was digested by SfiI restriction enzyme and
subsequently ligated into the pECAN22 expression vector using T4 DNA ligase.251 The
vector was sequenced directly to confirm successful ligation.

Large scale llama antibody expression: methotrexate binding antibodies

Llama DNA encoding His-tagged single domain antibody fragments against
methotrexate was transformed by electroporation into Rosetta (DE3) E.coli competent
cells. A starter culture was incubated in 300 mL of TB plus 2% glucose, 200 !g mL-1
ampicillin and 30 !g mL-1 chloramphenicol overnight at 30ºC. 50 mL of the starter
culture was poured into 2L of TB with 200 !g mL-1 ampicillin and 30 !g mL-1
chloramphenicol and incubated overnight at 37ºC. Protein expression was induced by
bringing the final concentration of IPTG to 1 mM and shaking at 25ºC for three hours.
Cells were centrifuged (5000 x g, 15 minutes, 4ºC) and resuspended in 14 mL per liter of
cell growth of 100 mM Tris, 15% w/v sucrose pH 7.5. 1.4 mL of 0.5 mg/mL lysozyme
per liter of cell growth in the Tris-sucrose solution was added, and the solutions were
swirled on a rotary shaker at a rate of 1-2 cycles per second on ice. 28 mL of 1 mM
EDTA pH 8.0 per liter of cell growth was slowly added and let sit for 15 minutes. 2 mL
of 0.5M MgCl2 per liter of cell growth was added and swirled for 15 minutes.
Spheroplasts were pelleted by centrifugation (4000 rpm, 20 minutes, 4ºC).
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The

supernatant was decanted and one-tenth volume of 10X IMAC buffer (0.2M Na2HPO4,
5M NaCl, 0.1M imidazole, 1% Tween-20 pH 7.5) was added and mixed.

The

supernatant (osmotic shockate) was poured over IMAC Sepharose 6 Fast Flow Resin
charged with 50 mM CoCl2*6H2O. Antibodies were eluted over a 1 mM to 450 mM
gradient of EDTA in 1X IMAC buffer. Antibodies were concentrated to 2-3 mL with an
Amicon YM-3 stirring cell under 40 psi of nitrogen. Samples were further purified by
gel filtration using Superdex 200 resin with a 1 mL/min flow rate by AKTA FPLC into
20 mM HEPES, pH 8.0. Presence of antibodies was detected through SDS-PAGE gel
electrophoresis and subsequent silver staining.

Llama M Crystallography

Crystals of Llama M VHH domain were grown at 25 °C in a series of screening
plates using a Phoenix automated plate assembler. Concentrations of protein and buffer
conditions were as described in the text (10 – 15 ml mL-1, 10 mM Tris pH 7.50.) Trays
were analyzed for crystallization using a microscope and the in-house X-ray diffraction
system (a Rigaku MicroMax-007 micro focus rotating anode generator with VariMax HR
(high-resolution) optics and a sled-mounted RAXIS IV++ image plate detector. Crystals
are mounted in the beam on an inverse phi axis and cryo-cooled by an X-stream 2000
cryogenic system.)

Solutions were obtained from Qiagen or produced by hand using

chemicals from Sigma or Fluka.
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Llama TEV Vector Construction

A gene encoding the methotrexate-binding antibody reported by Alvarez-Rueda255
including the TEV protease restriction site (amino acid residues ENLYFQG) was
purchased from IDT DNA. The gene was digested by SfiI restriction enzyme and
subsequently ligated into the pECAN22 expression vector using T4 DNA ligase.251 The
vector was sequenced directly to confirm successful ligation.

Llama TEV Crystallography

Crystals of Llama TEV VHH domain were grown at 25 °C in a series of screening
plates using a Phoenix automated plate assembler. Concentrations of protein and buffer
conditions were as described in the text (10 ml mL-1, 10 mM Tris pH 7.50.) Trays were
analyzed for crystallization using a microscope and the in-house X-ray diffraction system
(a Rigaku MicroMax-007 micro focus rotating anode generator with VariMax HR (highresolution) optics and a sled-mounted RAXIS IV++ image plate detector. Crystals are
mounted in the beam on an inverse phi axis and cryo-cooled by an X-stream 2000
cryogenic system.)

Solutions were obtained from Qiagen or produced by hand using

chemicals from Sigma or Fluka.

Llama Calorimetry
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ITC data was collected on a VP-ITC titration microcalorimeter (Microcal, Inc.,
Northampton, MA); details of instruments and data reduction have been reported
previously.738 The cell volume of the calorimeter is 1.4346 mL.

All protein and ligand

solutions were degassed under vacuum prior to the titration experiments. Methotrexate
USP was purchased from Aldrich and used without further purification. Samples
consisted of llama antibody protein (5-15 uM) in 20 mM HEPES pH 8.0 with buffer as
the reference.

After cell equilibrium was reached, a solution (100-200 uM) of

methotrexate in the same buffer was injected using an injection schedule of 30-90
injections, 3-10 uL volume, 6-20 s duration, 400 sec interval. All measurements were
made at 25 °C.

Data analysis was carried out using the ORIGIN software from

MicroCal. All binding enthalpies are reported after subtraction of the appropriate
enthalpy of ligand dilution. Heat capacity measurements were made by varying the
equilibrium temperature of the VP-ITC. Proton transfer measurements were made by
varying the buffer used in the experiment.

Circular Dichroism Protocol: pH and temperature variations

The concentration of purified llama single-domain antibody stock solution was
determined by the Edelhoch assay587 to be 152 uM. Each circular dichroism experiment
was conducted with 5.8 µM antibody in 5 mM acetate, 5 mM sodium phosphate, 5 mM
borate (triple buffer system) adjusted from pH 3 to pH 10. Samples were run on an Aviv
Model 202 CD spectropolarimeter using a Hellma CD cuvette with a path length of 0.1
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mm. For each pH point, samples were equilibrated in appropriate buffer overnight before
running the sample. A baseline and a sample data plot were collected for each pH point.
Samples were equilibrated to 25 °C before analysis.

Scans were run with duplicate

samples, and each samples was tested in duplicate. Each sample was analyzed from 350190 nm in 1 nm intervals with 6 second scans at each nm point. Ellipticity and dynode
voltage were recorded, and any data points with a dynode voltage above 500 were
discarded. For data points with temperature variation, the sample cell was equilibrated
for ten minutes in the instrument before scans were run. Overlay plots were created from
raw data using Excel, after subtraction of the baseline plot.

5.3 Origins of Conditional Multivalency: Galectin – 3

Multivalent Dendrimeric Ligand synthesis

Ligand synthesis was completed by Dr. James A. Parise and is detailed
elsewhere.586

Expression of G3

A starter culture was created by inoculation of 100 mL of Terrific Broth (TB)
supplemented with kanamycin (50 !g mL-1) with a single colony of BL21(DE3) E. coli
harboring the appropriate G3 expression plasmid and subsequent incubation at 37 ºC
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overnight with shaking. 10 mL of the starter culture was used to inoculate 2 L of TB
supplemented with kanamycin (50 !g mL-1). The inoculate was incubated at 37 ºC with
shaking until the optical density at 600 nm (OD600) reached 0.4 to 0.6. Protein expression
was induced by adding IPTG to a final concentration of 1 mM.

The protein was

expressed in cells for three hours at 37 ºC with shaking and then cells were harvested by
centrifugation (5000 x g, 10 min) at 4ºC. Pellets were stored at -20 ºC.

Purification of Full Length G3

After a freeze-thaw cycle, G3 growth from 12 L TB media was resuspended in 1X
Bind Buffer (20 mM Tris-HCl, 500 mM NaCl, 5 mM imidazole) and was lysed by
sonication (3 min total, 10 sec on, 5 sec off, 30% amplitude). The lysate was cleared by
centrifugation (16,000 x g, 45 min) at 4 ºC. The resulting supernatant was applied to His
Bind Resin® (Novagen). G3 was purified on an AKTA FPLC using a 5 mM to 500 mM
imidazole gradient in 20 mM Tris-HCl, and 500 mM NaCl at pH 8.0 at a flow rate of 4
mL min-1. 5 mL fractions of eluate were collected while absorbance was monitored at
280 nm. Fractions containing full length G3 were pooled and dialyzed (4x, 4 L) against
G3 calorimetry buffer (20 mM HEPES, 1 mM EDTA, 1 mM "ME pH 8.0) and
concentrated to a final volume of 3 mL using an Amicon stirred cell fitted with a YM-10
membrane under 40 psi nitrogen.

The concentration of pure full length G3 was

determined by the method of Edelhoch.587 Purity of the sample was determined by SDSPAGE analysis on a 12% Tris-HCl acrylamide gel (200V, 50 min).
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Purification of G3 CRD

After a freeze-thaw cycle, G3 growth from 6 L TB media was resuspended in 20
mM HEPES, pH 8.0 and lysed by sonication (3 min total, 10 sec on, 5 sec off, 30%
amplitude). The lysate was cleared by centrifugation (16,000 x g, 45 min) at 4 ºC. The
N-terminal domain of crude full length G3 was digested by collagenase D (37º C, 2 hour
incubation). The CRD was then purified by AKTA FPLC using lactosyl sepharose resin
(100 mL settled bed volume) with a flow rate of 4 mL min-1. The column was washed
with 1 L G3 calorimetry buffer (20 mM HEPES, 1 mM EDTA, 1 mM !ME, pH 8.0) and
CRD was eluted with 150 mL G3 calorimetry buffer supplemented with 200 mM lactose.
5 mL fractions of eluate were collected while absorbance was monitored at 280 nm. This
purification was carried out 3 times in total, yielding pure CRD from 18 L total growth.
The fractions containing pure CRD were pooled, dialyzed against G3 calorimetry buffer
(4x, 4L) and concentrated using an Amicon stirred cell fitted with a YM-3 filter under 40
psi nitrogen to a final volume of 3 mL. The concentration of pure CRD was determined
by the method of Edelhoch.587 Purity of the sample was determined by SDS-PAGE
analysis on a 12% Tris-HCl acrylamide gel (200V, 50 min).

Isothermal Titration Calorimetry: Full-Length G3 and CRD

All ITC experiments were conducted on a Microcal VP-ITC. The sample cell
contained protein samples in G3 calorimetry buffer. All protein-ligand interactions were
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tested at a concentration ratio of approximately 1 (protein): 10 (ligand) to ensure
complete saturation of the protein at the end of the titration. Concentrations of full-length
G3 varied from 0.1 mM to 0.83 mM depending on the affinity of the ligand for the
protein. Concentrations of CRD varied from 0.1 mM to 1.0 mM, again depending on
ligand affinity. All injections were performed with 7.5 minute spacing to allow the
power baseline to reestablish evenly. . Data analysis was carried out using the ORIGIN
software from MicroCal. All binding enthalpies are reported after subtraction of the
appropriate enthalpy of ligand dilution.

5.4 Fragment-Based Drug Design: Src SH2 Domain

Src SH2 Growth

A pT7 expression vector encoding human Src residues 145-251 was transformed
via electroporation into BL21(DE3) E.coli and incubated in 100 mL of Luria-Bertani
broth (LB) supplemented with ampicillin (100 !g mL-1) at 30 ºC overnight with shaking.
10 mL of the overnight culture was used to inoculate 2 L of LB supplemented with
ampicillin (100 !g mL-1). The inoculate was incubated at 30 ºC with shaking until the
optical density at 600 nm (OD600) reached 0.6 to 0.8. Protein expression was induced by
adding IPTG to a final concentration of 0.1 mM. The protein was expressed in cells
overnight at 30 ºC with shaking. Cells were harvested by centrifugation (5000 x g, 10
min) at 4 ºC. Pellets were stored at -20 ºC.
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Src SH2 purification protocol: phosphotyrosine resin

After a freeze-thaw cycle, growth from 12 L Src SH2 was resuspended in Src
resuspension buffer (50 mM potassium phosphate, 250 mM NaCl, 5 mM DTT, 2 mM
EDTA, 1 mM PMSF, pH 7.0) and lysed by sonication (3 min total, 10 sec on, 5 sec off,
30% amplitude). The lysate was cleared by centrifugation (16,000 x g, 45 min) at 4 ºC.
The protein was purified over SP Sepharose cation-exchange resin by AKTA FPLC. The
column was equilibrated with 50 mM potassium phosphate, 5 mM DTT, 0.02% NaN3,
pH 7.0 and then loaded with bacterial lysate. Src protein was eluted with a 1M NaCl
gradient over 600 mL with a flow rate of 4 mL min-1. Absorbance was monitored at 280
nm while collecting 5 mL samples. The resulting fractions containing Src protein were
pooled and further purified using phosphotyrosine affinity resin.716 Protein was loaded
onto the resin and eluted using a chaotropic agent (3M NaSCN). The resulting fractions
were dialyzed (4x, 4L) against phosphate buffered saline and then concentrated using an
Amicon stirred cell with a YM-3 filter under 40 psi to 10 mL. Protein concentration was
determined by the method of Edelhoch.28 Purity of the sample was determined by SDSPAGE analysis on a 12% Tris-HCl acrylamide gel (200V, 50 min).
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Src SH2 purification: gel filtration column

After a freeze-thaw cycle, growth from 12 L Src SH2 was resuspended in Src
resuspension buffer (50 mM potassium phosphate, 250 mM NaCl, 5 mM DTT, 2 mM
EDTA, 1 mM PMSF, pH 7.0) and lysed by sonication (3 min total, 10 sec on, 5 sec off,
30% amplitude). The lysate was cleared by centrifugation (15,000 x g, 1 hr) at 4 ºC. The
protein was purified over SP Sepharose cation-exchange resin by AKTA FPLC. The
column was equilibrated with 50 mM potassium phosphate, 5 mM DTT, 0.02% NaN3,
pH 7.0 and then loaded with bacterial lysate. Src protein was eluted with a 1M NaCl
gradient over 600 mL with a flow rate of 4 mL min-1. Absorbance was monitored at 280
nm while collecting 5 mL samples. The resulting fractions containing Src protein were
pooled and concentrated using an Amicon stirred cell with a YM-3 filter under 40 psi to 3
mL. Src SH2 protein was further purified using a Sephadex 26/60 S-100 column with a
flow rate of 1 mL/minute. Protein was eluted in 1x Src calorimetry buffer (20 mM
HEPES, pH 7.5, 100 mM NaCl, 1 mM !-Me, 1 mM EDTA) and extensively dialyzed
before use. Protein concentration was determined by the method of Edelhoch.28 Purity of
the sample was determined by SDS-PAGE analysis on a 12% Tris-HCl acrylamide gel
(200V, 50 min).

Ligand synthesis: Caprolactam series
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The initial proposed Src linkage ligands are shown in the text.707 Ligands 11-14
have been previously synthesized and characterized along with fragments;619 literature
protocols were followed and spectroscopic data matched previous reports. A partial
synthesis of the proposed fragments was completed, as shown in the text. The synthesis
of both fragments and linkage ligands follows the general scheme of Boc-protection of
the caprolactam717, followed by alkylation718, deprotection718 and coupling632 to a
phosphotyrosine residue.719

Ligand synthesis: peptide series

A second series of fragment and linkage ligands was designed based on the
natural substrate of Src SH2, Ac-pYEEI, shown in the text. The linkage ligand was
synthesized using known methodologies.723 Fragments 17, 19, and 26 are commercially
available. Fragments 22 and 24 were synthesized through a one-step phosphorylation of
the corresponding phenol.719 The remaining fragments were synthesized by standard
solid- and solution-phase peptide synthesis techniques; all compounds were known in the
literature, and spectroscopic data matched literature reports.701, 703, 724, 725

Apo-Crystals: Dialysis

Src SH2 crystals were prepared according to the procedure of Lesuisse et al.619
Briefly, Src SH2 was concentrated to approximately 50 mg/mL and placed into a 5 !L
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dialysis button covered with dialysis membrane (MWCO 3500). The button was placed
in a reservoir containing 100 mM citrate buffer (pH 5.5) and DTT (10 mM) overnight.
The dialysis button was then transferred to another reservoir with water and DTT (10
mM) overnight.

Apo-Crystals: Waksman protocol

Apo-crystallization was pursued using a variation of the hanging drop method of
Waksman et al.715 Microcrystals suitable for seeding were produced using 100 mM
HEPES, 43 or 50% MPD, 10% PEG 4000, and 0.05 M MgCl2.
Apo-Crystals: Automated Screening, Soak crystallization

Crystals of Src SH2 domain were grown at 25 °C in a series of screening plates
using a Phoenix RE robot automated plate assembler. Optimization trays were produced
by hanging drop crystallization in 1x Src calorimetry buffer. Samples were analyzed for
crystallization using a microscope and the in-house X-ray diffraction system (a Rigaku
MicroMax-007 micro focus rotating anode generator with VariMax HR (high-resolution)
optics and a sled-mounted RAXIS IV++ image plate detector. Crystals are mounted in
the beam on an inverse phi axis and cryo-cooled by an X-stream 2000 cryogenic system.)
Optimization trays were produced by sitting drop crystallization in 1x Src calorimetry
buffer. Solutions were obtained from Qiagen or produced by hand using chemicals from
Sigma or Fluka.
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For soak crystallization, optimization trays of the best apo conditions were made
following the protocol described above:
0.2 M ammonium sulfate, 0.1 M MES pH 6.5, 15% Peg 5000 monomethylether
0.1 M sodium acetate, 0.1 M HEPES pH 7.5, 15% Peg 4000
0.1 M Tris-HCl pH 8.5, 8% Peg 8000
Relevant fragment pairs were dissolved in the mother liquor and 2 µL samples
were pipetted into wells with preformed crystals. Crystals were screened as previously
described.

Crystallography: co-crystallization protocols

Prior to screening, Src SH2 domain (35-55 mg/mL) and fragment pairs dissolved
in 1x Src calorimetry buffer were incubated at 25 °C for four hours at a in the following
ratios of protein to ligand: 1:1, 1:2, 1:5. Crystals of Src SH2 domain were grown at 25
°C in a series of screening plates using a Phoenix RE robot automated plate assembler.
Optimization trays were produced by hanging drop crystallization in 1x Src calorimetry
buffer. Samples were analyzed for crystallization using a microscope and the in-house
X-ray diffraction system (a Rigaku MicroMax-007 micro focus rotating anode generator
with VariMax HR (high-resolution) optics and a sled-mounted RAXIS IV++ image plate
detector. Crystals are mounted in the beam on an inverse phi axis and cryo-cooled by an
X-stream 2000 cryogenic system.)

Optimization trays were produced by sitting drop
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crystallization in 1x Src calorimetry buffer. Solutions were obtained from Qiagen or
produced by hand using chemicals from Sigma or Fluka.

Src Calorimetry

ITC data was collected on a VP-ITC titration microcalorimeter (Microcal, Inc.,
Northampton, MA); details of instruments and data reduction have been reported
previously.738 The cell volume of the calorimeter is 1.4346 mL.

All protein and ligand

solutions were degassed under vacuum prior to the titration experiments.

3-methyl

valeric acid and phenylphosphonic acid were purchased from Aldrich and used without
further purification. Samples consisted of Src SH2 domain protein (1.04 mM – 3 mM) in
1x Src calorimetry buffer with 1x calorimetry buffer as the reference.

After cell

equilibrium was reached, 15x solutions of the ligand of interest in the same buffer were
injected using an injection schedule of 90 injections, 3 uL volume, 6 s duration, 400 sec
interval. All measurements were made at 25 °C. Data analysis was carried out using the
ORIGIN software from MicroCal. All binding enthalpies are reported after subtraction
of the appropriate enthalpy of ligand dilution.
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Appendix A: Thermodynamics of Binding and Redox Cycling
of A Novel Iron Chelating Compound Implicated in AntiCancer Activity
Based on work from Coombs, G.S.; Schmitt, A.A.; Canning, C.A.; Alok, A.; Low, I.C.C.; Banerjee, N.;
Kaur, S.; Utomo, V.; Jones, C.M.; Pervaiz, S.; Toone, E.J.; Virshup, D.M. Oncogene 2012, 31, 213-25.

Abstract
Using a screen for Wnt/!-catenin inhibitors, a family of 8-hydroxyquinolone
derivatives with in vivo anti-cancer properties was identified. Analysis of microarray data
for the lead compound N-((8-hydroxy-7-quinolinyl) (4-methylphenyl)methyl)benzamide
(HQBA) using the Connectivity Map database suggested that it is an iron chelator that
mimics the hypoxic response. HQBA chelates Fe2+ with a dissociation constant of 10-19
M, with much weaker binding to Fe3+ and other transition metals. The pKa of the
hydroxy proton on HQBA is approximately 9.9. In addition, the redox activity of HQBA
appears to be similar to the redox activity of 8-hydroxyquinoline. HQBA inhibited
proliferation of multiple cell lines in culture, and blocked the progression of established
spontaneous cancers in two distinct genetically engineered mouse models of mammary
cancer, MMTV-Wnt1 and MMTV-PyMT mice, without overt toxicity. HQBA may
inhibit an iron-dependent factor that regulates cell-type specific !-catenin-driven
transcription. It inhibits cancer cell proliferation independently of its effect on !-catenin
signaling, as it works equally well in MMTV-PyMT tumors and diverse !-catenin-
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independent cell lines. HQBA is a promising specific intracellular Fe2+ chelator with
activity against spontaneous mouse mammary cancers.

Introduction
Wnt signaling has diverse roles in development and during adult tissue
homeostasis and repair. Dysregulated Wnt signaling is commonly found in cancer, often
resulting in stabilization of !-catenin. Increased !-catenin protein abundance, followed
by nuclear localization, leads to transcriptional regulation by interaction with members of
the Lef/T-cell factor family and activation of gene expression. The ability of !-catenin to
activate specific genes is determined by a number of cell- and tissue-specific factors,
including co-expression of interacting transcriptional regulators, the epigenetic
programming of the cells, and the context of the T-cell-factor-response elements.740, 741
Due to the diversity of !-catenin regulated genes, activation of Wnt/!-catenin signaling
can stimulate proliferation or it can favor terminal differentiation.742,

743

Although

disruption of the signaling cascade leading to !-catenin stabilization is being pursued as a
therapeutic option in cancer, in some settings it may be useful to specifically inhibit
subsets of Wnt/!-catenin signaling.741

Cell-based small molecule screens for the discovery of new compounds and novel
signaling components offer the advantage of providing diverse and potentially novel
targets for small molecules, with the disadvantage being the challenge of identifying
those targets. The Wnt/!-catenin signaling pathway is an attractive system for drug
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development, as Wnt signaling participates in multiple processes.744 Aberrant !-catenin
signaling occurs in many cancers. The most prominent example is colon cancer, in which
mutations in the adenomatous polyposis coli (APC) gene contribute to stabilization of !catenin. However, targeting !-catenin alone may not be sufficient, as there is increasing
evidence that !-catenin is not the critical target of APC mutations in colon cancers.369, 745
It may be useful, therefore, to find compounds that inhibit subsets of !-catenin targets
and have additional antiproliferative effects that are independent of the Wnt/!-catenin
pathway. Frequently, biochemical studies of small molecules can reveal effects reaching
well beyond the originally targeted pathway. Although in cancer, the key indicator of
therapeutic value for any small molecule is whether it can reverse tumors in relevant
animal models and humans, a thorough understanding of its molecular, cellular and in
vivo effects is invaluable to the design of preclinical and clinical studies.

In a cell-based screen for small molecule inhibitors of Wnt/!-catenin signaling,
we identified a series of compounds that inhibited Wnt/!-catenin signaling with
nanomolar IC50 values and acted downstream of !-catenin. The activities of one member
of this family, termed N-((8-hydroxy-7-quinolinyl) (4-methylphenyl)methyl)benzamide
(HQBA), were investigated in depth. HQBA is a potent inhibitor of !-catenin signaling
in a subset of cancer cell lines, all of which are derived from colon cancers. HQBA also
inhibits cell proliferation in most cell lines. Most importantly, HQBA is able to reverse
the growth of established cancers in two genetically engineered mouse models of
mammary cancer, MMTV-Wnt1 and MMTV-PyMT mice.
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HQBA perturbs diverse

signaling pathways, suggesting the compound functions by alterations in basic cellular
physiology. Gene expression analysis suggested, and subsequent biophysical analysis
confirmed that HQBA is a very high affinity (Ka = 1020 M-1) ferrous iron chelator.
Further experiments in cells and in embryos indicate that its cytotoxic effects and
modulation of Wnt and survival signaling pathways can be attributed to its iron chelating
ability. The efficacy of this compound without overt toxicity in mouse models of cancer
indicates it warrants additional study for use in man.

Results and Discussion

Identification of a novel Wnt/!-catenin signaling inhibitor

To identify therapeutic targets by which !-catenin mediated Wnt signaling could
be modulated in cancer, we constructed cell-based screens in which luciferase is
expressed in response to initiation of signaling at various points in the pathway (Figure
101a; b746; c747). In a screen of a 50,000 compound synthetic small molecule library, we
identified compounds 5923764 and 5848633 (Figures 101b and 101c, Table 23) that
potently inhibited signaling.

These compounds are more than 80 % identical (as

specified in search of Chembridge Hit2lead database), suggesting that they represent a
single pharmacophore.

Confirmatory dose ranging studies indicated that both

compounds inhibited Wnt/!-catenin signaling with IC50 values between 300 and 600 nM
(Figure 101d).
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To better define relevant components of the pharmacophore, we obtained
additional compounds that were at least 70 % structurally related to one of the lead
compounds, and measured IC50 values for !-catenin signaling inhibition. Structureactivity relationship data is provided in Table 23. One variant, Chembridge compound
5839152 (HQBA) had the best ratio of Wnt inhibition to cytotoxicity after 24 hours on
HEK293-based reporter cell lines relative to the lead compounds. This compound was
selected for scaled up synthesis for mechanistic studies. The re-synthesized HQBA
showed identical inhibition of Wnt/!-catenin signaling to that of the original library
compound (Figure 101e).

Table 22: Structure Activity Relationship (SAR) Data from Large-Scale Compound
Screening for Wnt signaling inhibition.
LD50 values for the reporter cell line after 24 hours treatment with a subset of these compounds were also
determined. These studies indicate that additions to the phenyl ring and a wide array of amide-linked
groups have little or no detrimental effect on signal inhibition. By contrast, additions such as chloride or
nitrosyl groups on C5 of the 8-hydroxyquinolone group or variations in linker length between the phenyl
ring and the 8-hydroxyquinolone significantly reduced efficacy. Therapeutic Index was calculated as IC50
divided by LD50 at 24 hours for STF3A cells.

Compound ID

Structure

5923764

312

IC50 (µM);
Therapeutic Index
0.1; ND

5843979

0.2; 17

5839152 (HQBA)

0.3; 108

5837493

0.3; 19

5845469

0.3; 7

5848633

0.3; 8

5842373

0.6; 6

313

6385237

0.6; ND

5837313

0.6; 7

5925700

0.7; ND

5842334

0.7; 6

6997141

0.7; ND

5847638

0.8; 23

314

7151628

0.9; ND

7160597

1.4; ND

5925778

2.2; ND

6965682

4.5; ND

5923955

5.3; ND

5925622

6.3; ND
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5924635

10.0; ND

5927674

16.0; ND

7171545

18.0; ND

6951252

20.5; ND

7125178

30.0; ND

7185515

63.0; ND
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6997750

>56.0; ND
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Figure 101: Identification of a novel pharmacophore that rapidly and specifically
inhibits Wnt/!-catenin signaling.
A: Overview of the screens used to find Wnt/!-catenin inhibitors and identify their site of action. Reporter
activity initiation points are outlined in green. They are (1) stable expression of WNT3A, (2) WNT3Aconditioned media, (3) stable expression of the constitutively active co-receptor mutant LRP6DN, (4)
overexpression of Dvl-1, (5) stable expression of the non-degraded S45A mutant of !-catenin and (6)
constitutive expression of luciferase from the SV40 promoter. B, C: Chembridge compounds 5848633 and
5923764 at 10 µM inhibited autocrine WNT3A signaling by 81 % and 83 %, respectively, relative to
vehicle-treated control. Bars represent luciferase activity normalized to endogenous lactate dehydrogenase
(LDH). D: Dose curves for each lead inhibitor indicate similar nanomolar inhibitory constant 50 (IC50) for
inhibition of autocrine WNT3A signaling. E: HQBA inhibits autocrine WNT3A-stimulated signaling with
nanomolar efficiency. The structure of HQBA is shown in the inset. F: HQBA acts downstream of
stabilized !-catenin. Super Topflash reporter cells stably expressing WNT3A (black) or transfected with
500 ng of Dvl-1 plasmid (dark gray) or 50 ng of !-catenin S45A plasmid (light gray) were treated for 18 h
with 260 nM to 10 µM HQBA. The % !-catenin signaling reported is the ratio of luciferase activity over
endogenous LDH activity normalized to % of vehicle controls.
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HQBA specifically inhibits Wnt signaling downstream of !-catenin stabilization

To better define the site of action of HQBA, we tested doses ranging from 260
nM to 10 µM on signaling in the HEK293 cells with an integrated Super Topflash
reporter (Super Topflash cell line) initiated by stable expression of WNT3A or transient
overexpression of Dvl-1 or S45A !-catenin (Figure 101f). We observed similar dosedependent inhibition of signaling regardless of initiation point, suggesting that HQBA
functions downstream of the stabilization of !-catenin.

In colon cancers, !-catenin is stabilized due to mutations in the APC protein. We
therefore tested whether HQBA functioned in APC-mutant cell lines SW480 and DLD-1,
with APC truncated at codons 1338 and 1416, respectively. SW480 and DLD-1 cells
were treated overnight with 4 µM HQBA, and then relative transcript levels of several
potential !-catenin-response genes were assessed. We first confirmed in SW480 cells that
two distinct small interfering RNAs that knocked down !-catenin by >90 % (Figure
102a) caused consistent reduction of axin2 and cyclin D1 gene expression, although they
had no effect on peroxisome proliferator-activated receptor

612

" expression. Treatment

with HQBA paralleled the effect of !-catenin knockdown, with reduction of axin2 and
cyclin D1 and no effect on PPAR" gene expression. HQBA is not a general inhibitor of
gene expression, as it had no effect on transcript level of !-catenin and a number of other
tested transcripts (data not shown). In fact, HQBA treatment reproducibly leads to small
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increases in !-catenin mRNA abundance in a number of cell lines. Similar results were
observed in DLD-1 cells (data not shown), and the dose-dependent knockdown of axin2
protein by HQBA was confirmed (Figure 102b).

To further investigate the mechanism of Wnt signaling inhibition by HQBA, we
assessed the time-course of axin2 and c-Myc mRNA abundance in DLD-1 cells (Figure
102c). Treatment with HQBA reduces mRNA abundance of both genes quickly, with
maximal effect within one hour, suggesting that HQBA directly affects gene transcription
or mRNA stability.

HQBA inhibits Wnt-mediated Fgf8 expression in vivo

To examine the specific effects of HQBA on Wnt target genes in vivo, we isolated
chick embryo neural tissue that expresses Wnt1 and the Wnt-mediated target gene Fgf8.
Canonical Wnt signals are required for the maintenance of expression of Fgf8 at the
midbrain hindbrain boundary region in vertebrates.747,

748

Double in situ hybridization

demonstrated the expression of both Wnt1 (red) and Fgf8 (blue) in tissue isolated from
the midbrain to anterior hindbrain region (Figure 102d). Treatment of this tissue with
HQBA results in the loss of Fgf8 mRNA, with no effect on the expression of endogenous
Wnt1 mRNA. Hence, HQBA can block !-catenin target gene expression in cultured cells
and in embryos (Figure 102e).
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Figure 102: HQBA rapidly inhibits expression of endogenous Wnt/!-cateninresponse genes.
A: Endogenous Wnt/!-catenin target genes axin2 and cyclin D1 are inhibited by both !-catenin knockdown
and HQBA. DLD-1 cells were treated with either small interfering RNA (siRNA) against !-catenin siRNA
(72 h) or 4 µM HQBA (18 h) as indicated, and then target gene expression was quantitated by quantitative
PCR. HQBA phenocopies the effect of !-catenin knockdown. *P < 0.002; +P < 0.015 for difference from
control by two-tailed t-test. B: The 18-h treatment of DLD-1 colon cancer cells with HQBA decreases
levels of endogenous axin2 protein as determined by SDS–polyacrylamide gel electrophoresis and
immunoblot. C: DLD-1 cells were treated for 0–8 h with 4 µM HQBA, and abundance of the Wntresponsive genes axin2 and c-Myc were measured by quantitative PCR. D: HQBA suppresses expression of
Wnt target gene Fgf8. Control midbrain to rhombomere 2 explants positive for the expression of Wnt1
(red) and Fgf8 (blue). E: HQBA (1 µM) suppresses the expression of Fgf8 (blue). No change in the
expression of Wnt1 was observed. F: Ferrous ethylenediammonium sulfate (0.5 µM) was sufficient to
rescue the expression of Fgf8 in the presence of 1.0 µM HQBA.
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HQBA exhibits potent cytotoxicity in vitro

Our initial signaling assays were performed with 12–24 hour exposures to HQBA.
We noted, however, that with longer incubation times, HQBA was increasingly cytotoxic
toward a broad range of cancer cells (Table 24) derived from tumors of various origins
including breast, cervical, colorectal, gastric and hepatocellular. The killing mechanism
does not appear to require known Wnt/!-catenin pathway mutations, as diverse cell types
without known !-catenin stabilization were also sensitive to the compound. Killing was
slow in most cell lines.
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Table 23: LD50s for HQBA towards cancer cell lines treated for either 3 or 7 days.

LD50s for HQBA (nM)
Cell Line

Tissue of origin

3 day assay

7 day assay

MCF7

Breast cancer

Not effective

420 ± 160

MDA-MB 231

Breast cancer

17,400 ± 6,900

370 ± 130

SK-BR3

Breast cancer

27,000 ± 9,000

97 ± 35

SUM159

Breast cancer

27,000 ± 10,000

340 ± 120

Breast cancer (mouse)

17 ± 3

48 ± 13

HeLa

Cervical cancer

420 ± 170

570 ± 160

DLD1

Colorectal cancer

100 ± 55

98 ± 71

HCT116

Colorectal cancer

1,100 ± 800

340 ± 160

RKO

Colorectal cancer

1,200 ± 720

390 ± 220

HT29

Colorectal cancer

3,700 ± 1,500

1,700 ± 500

SW480

Colorectal cancer

27,000 ± 14,000

340 ± 150

Rat2

Fibroblast - rat embryo

340 ± 88

300 ± 250

Ags

Gastric cancer

70 ± 28

50 ± 12

HUH7

Hepatocellular carcinoma

38,000 ± 60,000

470 ± 460

A204

Rhabdomyosarcoma

Not effective

140 ± 70

SJSA-1

Osteosarcoma

Not effective

Not effective

TC-71

Ewing’s sarcoma

49 ± 15

140 ± 80

4T1
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HT1080

Fibrosarcoma

37,000 ± 33,000

ND

PA-1

Teratoma

190 ± 60

50 ± 14

hMEC 1

hMEC 749

42,000 ± 17,000

3,300 ± 1,900

hMEC 2

hMEC (tert RAS ER)

43,000 ± 29,000

4,000 ± 1,600

hMEC 3

hMEC (tert RAS ER DP53)

43,000 ± 28,000

4,000 ± 1,600

Primary fibroblast

Not effective

Not effective

Primary mouse mammary

2,500 ± 1,100

3,100 ± 1,300

GMO1915C
mMEC

epithelial cells
Note: Cells were plated in clear 96 well plates at 5000 cells/well, allowed to adhere, and treated for 72 or
168 hours with HQBA concentrations ranging from 20 mM to 9.8 nM. Data were processed in Prism and
errors are derived from 95% confidence intervals. ND = assay not done.
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The LD50 values after 3 days of treatment for these cell types averaged 20 µM
with a range from 17 to 38 µM, with relatively few cell types displaying sub-µM
sensitivity. By contrast, in a 7-day cytotoxicity assay, the average LD50 values dropped to
960 nM, with a range of 48 nM to 4 µM, with many cell lines showing a 10- to 100-fold
increase in sensitivity.

A number of cell types with known activation of the Wnt/!-catenin pathway (for
example, HT29 and SW480, both with APC mutations) were less sensitive to HQBA than
lines without known Wnt/!-catenin pathway mutations (for example, RKO, HeLa and
TC-71). To determine whether HQBA might not affect Wnt/!-catenin signaling in all cell
types, its ability to inhibit the endogenous !-catenin-response genes axin2 and c-Myc was
assessed in a set of seven cancer cell lines (Table 25). HQBA inhibited expression of
axin2 and c-Myc in some but not all cell types. Notably, HQBA did not inhibit axin2 in
HT29 cells with mutant APC, nor did it inhibit axin2 in STF3A cells, in which it was able
to inhibit signaling from the SuperTopFlash promoter. These findings suggest that HQBA
does not inhibit all !-catenin-dependent transcription, and that it may therefore be acting
on an unidentified transcriptional regulator that is not critical in all tissues. We also noted
that in some cell lines (for example, SW480 and DLD-1), HQBA increased !-catenin
mRNA while still decreasing axin2 abundance. This is consistent with HQBA inhibition
of !-catenin signaling downstream of !-catenin protein abundance. The cause of this
increase in !-catenin mRNA is not yet understood.

325

Table 24: Inhibition of Endogenous !-catenin Response Genes in Cancer Cell Lines.
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Cell line

Origin

Wnt pathway
activated by:

SW480
HCT116
DLD-1
HT29

Colon cancer
Colon cancer
Colon cancer
Colon cancer
Neuroendocrine
(HEK293)
Breast cancer
Fibrosarcoma

APC
!-catenin mutation
APC
APC

24 ± 13
24 ± 9
43 ± 4
97 ± 9

134 ± 5
ND
205 ± 6
173 ± 9

ND
35 ± 13
59 ± 11
38 ± 11

High WNT3A

122 ± 10

173 ± 6

ND

None
None

103 ± 16
142 ± 8

74 ± 12
ND

ND
150 ± 3

STF3A
MDA-MB-231
HT1080

axin2 (% control) !-catenin (% control)

Note: Cells were treated overnight with 10 mM HQBA, and then indicated gene expression was assessed by RT-qPCR.

c-Myc (% of control)

Not all cell types were sensitive to HQBA. Both non-transformed human
mammary epithelial cells, and their isogenic RasV12 expressing, p53-knockdown
transformed counterparts were relatively insensitive to HQBA. Similarly to these human
mammary epithelial cell lines, primary mouse mammary epithelial cells were 5.4- to 65fold less sensitive than the majority of cancer cell lines to killing by HQBA after seven
days of treatment. The non-transformed fibroblast cell line GMO1915C was not killed at
any drug concentration tested.

This relative insensitivity of non-transformed cells

suggests HQBA might be effective at preventing tumor progression without overt toxicity
to normal tissues.

HQBA inhibits growth in mammary tumors of MMTV-Wnt1 and MMTV-PyMT mice

Many cancers are thought to require !-catenin signaling for continued
proliferation. We therefore evaluated the efficacy of HQBA in vivo toward Wnt-initiated
and Wnt/!-catenin-dependent spontaneously developing mammary tumors in MMTVWnt1-transgenic mice. About 15 % of these mice develop mammary tumors between six
weeks and three months of age. After the tumors reached at least 40 mm3, the affected
mice were injected once daily with either vehicle (5 % dimethyl sulfoxide in pure olive
oil) or with 9 mg/kg HQBA for up to 32 days (Figure 103a). Sustained regression was
observed to an average tumor volume of ~20 % of starting volume in 33 % of treated
mice. In the control group (n = 8), all tumors grew steadily with an average doubling
327

time of 5 days. The difference between the average tumor growth rates in the treated and
untreated groups was highly significant (P < 0.0001). HQBA did not cause obvious
toxicity to normal tissues, as there was no significant difference in body weight between
control and treated mice (P = 0.37).

One concern with drugs that might target Wnt/!-catenin signaling is toxicity in
the intestine, as a number of studies have demonstrated loss of gut integrity when Wnt/!catenin signaling is interrupted.

We therefore specifically examined the gross and

microscopic morphology of large and small intestines from HQBA-treated and control
mice, and found no differences (Figure 103b). Thus, HQBA does not appear to be toxic
to non-transformed intestinal cells.

To determine whether a higher HQBA dose would increase the response rate, a
second study was subsequently conducted, in which five MMTV-Wnt1 mice with
mammary tumors were treated with 75 ± 15 mg/kg of HQBA and three mice were treated
with vehicle as control (Figure 103c). HQBA treatment caused an average 40 % decrease
in tumor volume by day 6, and no net growth over the 13-day course of the study. By
contrast, the tumors in the control mice grew rapidly, resulting in up to 20-fold increase
in tumor volume in the same time frame (P for both doses < 0.0001.) At this higher
dosage, treated mice initially lost body weight (10 % by day four), but caught up with
control mice by the end of the study.
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Our cell toxicity data suggested HQBA might be effective regardless of Wnt/!catenin pathway dependence. To determine whether HQBA was effective in other tumor
types in vivo, we tested the compound in a second genetically engineered mouse model.
MMTV-PyMT-transgenic mice develop mammary tumors in response to oncogenic
levels of Ras and phosphoinositide 3-kinase signaling induced by the expression of
polyoma middle T antigen in mammary tissues.750 These tumors have no evidence of
Wnt/!-catenin pathway activation.751 Female MMTV-PyMT mice that spontaneously
developed mammary tumors were treated with HQBA at two doses, 20 mg/kg per day (n
= 5) and 70 mg/kg per day (n = 2). HQBA treatment resulted in substantially decreased
tumor growth, such that after ten days tumors were on average only one-fifth the size of
those in control mice, with no significant effect on body weight (Figure 103d; P for both
doses < 0.0001). These results indicate HQBA is effective in genetically engineered
mouse models of both Wnt-dependent and Wnt-independent tumors.
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Figure 103: HQBA inhibits growth of mammary cancer in MMTV-Wnt1 and
MMTV-PyMT mice.
A: Upper panel: female virgin MMTV-Wnt1 mice with palpable tumors were treated with 9 mg/kg per day
HQBA (N = 9). Seven of the nine mice showed initial regression of tumor volume for ~2 weeks. Three of
the nine mice showed steady regression throughout the 5-week study with final tumor volumes ~20 % of
starting volume. Center panel: growth of tumors in control, vehicle-treated MMTV-Wnt1 mice. The tumor
volume doubled on average every 5 days. Lower panel: mice were weighed daily as an indicator of drug
toxicity. Both control and treated mice gained weight at the same rate throughout the study. B:
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Representative images of hematoxylin- and eosin-stained small and large intestine from mice treated for 2
weeks with vehicle or 9 mg/kg per day of HQBA. No deterioration of crypt/villi structure was seen in any
part of the intestine. C: Female virgin MMTV-Wnt1 mice with palpable tumors were treated with 200 ml
of 25 µM HQBA daily for up to 13 days. Differences in mouse body weight translated this dosage into a
range of 60 to 90 mg/kg per day. Upper panel: average tumor volume in the treated group (N = 5) regressed
to 60 % of starting volume by day 6 and returned to starting volume by the end of the study. By contrast,
average tumor volume in the control group (N = 3) increased almost 20-fold. Lower panel: mouse body
weight did not vary between arms by > 10% throughout the course of the study. D: Tumor bearing virgin
female MMTVPyMT mice were treated for 14 days with vehicle (N = 4), 20 mg/kg per day HQBA (N = 5),
or 70 mg/kg per day HQBA (N = 2). HQBA markedly reduced tumor growth rate (upper panel) without an
effect on weight gain (lower panel).

The molecular target of HQBA

The ability of HQBA to inhibit !-catenin signaling in a subset of cell types with
activating mutations, and its significant effects on growth of spontaneous murine
mammary cancers, lead us to extensive efforts to identify the cellular target of the
molecule.

Both unmodified and photocrosslinker-containing biotinylated analogs of

HQBA were synthesized, but despite exhaustive efforts, did not lead to identification of a
functionally relevant protein target.

As an independent approach, we queried the

Connectivity Map (CMAP)752, 753 to determine whether HQBA altered gene expression in
a pattern similar to compounds with a known mechanism of action. MCF7 cells were
treated with HQBA or vehicle for six hours and microarray signatures of upregulated and
downregulated genes were generated.754 Table 26 shows compounds in the CMAP
database whose transcriptional signatures are most similar to those of HQBA. Strikingly,
although none of the top matches appear chemically related to HQBA, two of the four
compounds with the most similar transcriptome signatures are known iron chelators. The
top hit, ciclopirox, is an iron chelator used clinically as a topical antifungal agent.
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Notably, ciclopirox was recently reported to have anti-cancer activity in vitro and in
xenograft models.755, 756 The second best hit is a Chembridge compound (5109870) with
no reported target. Of the more distant hits, deferoxamine is a clinically approved noncell permeable high-affinity ferric iron chelator, whereas dimethyloxaloylglycine
activates hypoxia-inducible factor-1! (HIF-1!) by inhibition of the iron-containing
enzyme prolyl hydroxylase.757 Thus, the CMAP data suggests HQBA functions through
either iron chelation, or less likely, through induction of HIF-1!.
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Table 25: Compounds from Connectivity Map analysis with significant positive correlation to the global effects on
transcription caused by 4 µM HQBA (6 h on MCF7 cells).1
score

Drug

1.00
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Function/target

logP

Running sum plot

HQBA

Fe2+ chelator

4.4

NA

1.00

ciclopirox

Antifungal; Iron chelator

2.3

0.88

Chembridge 5109870

Iron chelator

2.0

0.66

deferoxamine

Fe3+ chelator

2.2

0.57

dimethyloxalylglycine

Prolyl-4-hydroxylase inhibitor

0.9

1

Structure

Note: HQBA and drugs with strongest positive correlation in connectivity map shown. The running sum plots provide an estimation of the degree of functional
similarity between the query compound and hits from the CMAP database. In these plots, genes up or down regulated by a CMAP compound are ranked (1 to
22283) according to the degree of up or down regulation. The partition coefficient logP (logP = log([compound]octanol/[compound]deionized water)) is a quantitative
representation of compound hydrophobicity and can be predictive of cell permeability and oral bioavailability of small molecules. The logP values reported
above are calculated values using the algorithm CLOGP3 (Daylight Chemical Information Systems, Inc. Laguna Niguel, CA).

We confirmed that, as predicted from the CMAP profile, both ciclopirox and
HQBA stabilize HIF-1! protein in SW480 cells. In addition, ciclopirox, similar to
HQBA, causes a decrease in axin2 protein abundance (Figure 104a). As a further
indication of overlap with the hypoxia response, HQBA, ciclopirox and 5109870 are
more effective than dimethyloxaloylglycine and deferoxamine at inducing the hypoxiainducible genes NDRG1 and PPFIA4 (Figure 104b). Dimethyloxaloylglycine and
deferoxamine differ from HQBA, as they do not decrease expression of the Wnt/"catenin target gene AXIN2.
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Figure 104: HQBA induces a hypoxia response, but Wnt/!-catenin signaling is not
affected by hypoxia.
A: Both HQBA and ciclopirox (CPX) induce HIF-1" and suppress axin2 protein. SW480 cells were treated
for 18 h with dimethyl sulfoxide (DMSO) or the indicated amounts of HQBA or CPX, and then the lysates
were analyzed by SDS–polyacrylamide gel electrophoresis and immunoblotting. B: Diverse potential iron
chelators including HQBA and 5109870 induce HIF-1"-responsive genes, but desferrioxamine (DFO) and
dimethyloxaloylglycine (DMOG) do not repress Wnt/!-catenin-response genes. SW480 cells were treated
with DMSO, or 10 µM HQBA, ciclopirox, deferoxamine, DMOG or 5109870 for 16 h. Relative levels of
message for the hypoxia-inducible genes NDRG1 and PPFIA4 and !-catenin and the Wnt-responsive gene
axin2 were determined by quantitative PCR. *P < 0.01; +P < 0.05 by two-tailed t-test for difference from
DMSO control. C: Hypoxia does not repress expression of Wnt/!-catenin-response genes. SW480 cells
grown at 20 % or 0.1 % O2 were each treated with vehicle or 4 µM HQBA for 16 h. Relative levels of
message of the Wnt-response and hypoxia-induced genes shown were determined by quantitative PCR. +P
< 0.05; *P < 0.01 by two-tailed t-test for difference from control.

335

To test whether the hypoxia response directly mediated the inhibition of !-catenin
signaling, the effect of hypoxia on the !-catenin-response genes AXIN2 and COX2 was
assessed. As Figure 104c shows, both HQBA and hypoxia robustly induced expression of
ADM and PPFIA4. However, HQBA but not hypoxia represses expression of AXIN2 and
COX2. We conclude that HQBA induces the hypoxia response but has additional
hypoxia-independent activities that include inhibition of !-catenin signaling in selected
cell types.

Metal-chelating activity of HQBA: Stoichiometry of interactions

As an initial test of the metal chelating abilities of HQBA, we examined the
ultraviolet absorbance spectrum of HQBA in the presence of increasing ferrous sulfate
(Figure 105a). Increasing [Fe2+] caused a dose dependent decrease in the A245, and a
saturation plot indicated binding occurred with a stoichiometry of 2 mol HQBA to each
mole of Fe2+ (Figure 105b). HQBA also chelates Co2+, Ni2+, Cu2+ and Zn2+ but not Mn2+
(Figure 105c). With the exception of Fe3+ which binds HQBA with 1:1 stoichiometry, all
other metals bound with a one metal: two ligand ratio. (Table 27)

We attempted to confirm these results through mass spectrometry unsuccessfully.
As such, we verified these stoichiometries through Job plot methodology. Briefly, this
method requires holding the total molar concentration of the two binding partners
(HQBA and metal) constant while varying the mole fraction of each component over
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several samples.

An observable signal proportional to complex formation must be

monitored and subsequently plotted against the mole fraction of one of the components of
the complex. In this case, we monitored the changes in d!d* transitions visible near 500
nm for each metal by UV/Vis spectroscopy. We then plotted our signal against the mole
fraction of metal present in each sample.

Using this variation of the method, the

maximum value of the plot corresponds to the stoichiometry of the complex.

The stoichiometry for the zinc complex with HQBA could not be determined
directly by UV/Vis absorbance, and fluorescence spectroscopy provided ambiguous
results.

Difference absorbance spectroscopy, in which the difference in UV/Vis signal

for compound HQBA upon addition of metal was calculated, provided the reported
stoichiometry.

Table 26: Stoichiometry of HQBA : Metal Interactions.
Metal

Stoichiometry (HQBA: metal)

Fe (II)

2:1

Fe (III)

1:1

Co (II)

2:1

Cu (II)

2:1

Ni (II)

2:1

Zn (II)

2:1
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Figure 105: HQBA is an iron chelator.
A: Mixture of 10 µM HQBA with varying concentrations of FeCl2 dose dependently reduced the
absorbance of HQBA at 245 nM. B: Stoichiometry of Fe2+ Binding is derived from plotting 1 / OD245
versus [Fe2+]/[HQBA]. The intersection of slopes for Fe2+ saturated and unsaturated HQBA absorbance
indicates that two molecules of HQBA bind one Fe2+ ion. C: Absorbance (Abs) at 245 nM of 10 µM
HQBA with equimolar concentrations of various transition metals in the same series as Fe2+ indicates that it
chelates Fe2+, Co2+, Ni2+, Cu2+ and Zn2+, but not Mn2+.
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Isothermal Titration Calorimetry Results

The clinically used iron chelator deferoxamine has a preference for binding ferric
(Fe3+) iron, with a Kd of ~10-31 M compared with ~10-10 M for Fe2+.758 In assessing
binding affinities and thermodynamic parameters by isothermal titration calorimetry,582
we found that HQBA bound most metals including ferric (Fe3+) iron with modest Kd
values ranging from 100 nM to 20 mM. However, in contrast to deferoxamine, HQBA
bound ferrous iron (Fe2+) with an affinity constant 1011 times higher than all other metals
tested, with an estimated dissociation constant of 120 zM (1.2 x 10-19 M). Stoichiometries
determined by ITC agree with those obtained by spectroscopy (Table 28).

The Cu2+ : HQBA complex thermodynamic isotherm fit best to the sequential
binding sites model with two sites, matching the stoichiometry determined from UV/Vis
analysis. All other metals with 2 ligand : 1 metal stoichiometry fit a one sites binding
model with a stoichiometry of 2. Thus, HQBA is a novel high affinity ferrous iron
chelator.
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Table 27: Thermodynamic Properties of HQBA Association with Relevant Cellular Metals.

Entry
1
2
3
4
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5
6
7

Metal
Fe (II)
Fe (III)
Co (II)
Cu (II)
Cu (II)
Ni (II)
Zn (II)
Al (III)

Ligand
HQBA
HQBA
HQBA
HQBA
HQBA
HQBA
HQBA
HQBA

N
2.30 ± 0.10
0.79 ± 0.05
2.00 ± 0.01
1.00 ± 0.00
1.00 ± 0.00
2.28 ± 0.04
1.98 ± 0.33
2.03 ± 0.05

Ka (M)
(1.18 ± 0.22) * 1019
(8.97 ± 1.03) * 107
(13.0 ± 4.0) * 105
(2.51 ± 0.75) * 107
(1.12 ± 0.34) * 107
(1.92 ± 0.18) * 105
(1.99 ± 0.13) * 106
(4.75 ± 1.15) * 105

!H
(kcal mol-1)
-37.4 ± 2.1
-1.68 ± 2.0
-2.07 ± 0.02
-4.79 ± 0.29
-2.49 ± 0.65
-2.23 ± 0.6
-1.95 ± 0.5
-5.52 ± 0.2

Molecular Features and Spectrophotometric Titrations of HQBA

In the course of our studies, we noted the limited solubility of HQBA in aqueous
solution. This molecular feature impeded analysis of the pKa of the labile protons
through a potentiometric titration.

Additionally, in the course of attempting a

potentiometric titration (results not shown), we observed loss of absorbance signal at
neutral pH levels. This may indicate degradation of the compound, but further studies
would need to be conducted to confirm these results.

As previously discussed for the potentiometric titrations attempted, a
discontinuity appears to exist when titrating compound 9152 either from acidic (pH 3)
conditions to basic (pH 12 conditions) or vice versa. A spectrophotometric titration was
attempted in these pH ranges, but the results were similar as the absorbance signal
degraded after reaching pH 9.0 when titrating from basic to acidic conditions, and
immediately when titrating from acidic to basic conditionsAs such, we restricted the
range of our analysis to pH 9.5 to pH 11.5 in order to determine the pKa of the phenolic
proton. We determined the pKa of the phenolic proton to be approximately 9.9 ± 0.3,
matching closely with the previously reported literature value for 8-hydroxyquinoline.759
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Figure 106: Determination of pKas for HQBA by spectrophotometric titration.
Top left: Literature pKa values for 8-hydroxyquinoline. Top right:
Experimentally determined pKa values for HQBA. Bottom: Spectrophotometric
titration of HQBA from pH 11.5 to pH 9.5
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Cyclic voltammetry results: Potential redox activity of HQBA : iron complex

A quasi-reversible cyclic voltammogram was obtained for the Fe-HQBA complex
in acetonitrile/5 % dimethylsulfoxide (DMSO), shown in Figure 107 (top), demonstrating
that HQBA shows redox activity under these conditions. Similar data was obtained using
methanol with 5 % dimethylsulfoxide (DMSO) as the solvent.

Comparison of a

voltammogram obtained of a 1:1 complex of 8-hydroxyquinoline to iron (Figure 107
bottom) versus the Fe-HQBA voltammogram in the same conditions suggests that the
redox activity observed for HQBA is similar to that of 8-hydroxyquinoline.
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Figure 107: Cyclic voltammograms for HQBA (top) and 8-hydroxyquinoline
(bottom) complexed with iron.
Conditions: [Fe] = 1 x 10-3 M, [HQBA] = 1 x 10-3 M, [8-hydroxyquinoline] = 1 x 10-3 M. Pt working
electrode, scan rate = 50 mv/s, T = 298 K, ! = 0.10 M NaCl.
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The biological effects of HQBA are due to iron chelation

HQBA shares with the structurally unrelated small molecules ciclopirox and 9870
both the ability to chelate iron, and the ability to downregulate Wnt/!-catenin signaling.
This strongly suggests that chelation of intracellular iron is responsible for the biological
effects of HQBA. We investigated whether or not iron chelation was responsible for the
observed cytotoxicity of HQBA. Pre-mixing of HQBA with 1 M equivalent of Fe2+
completely abrogated its toxicity (Figure 108a) toward the highly sensitive cell lines AGS
(gastric), DLD-1 (colorectal) and PA-1 (teratoma) and blocked its ability to inhibit
Wnt/!-catenin signaling (Figure 108b).
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Figure 108: The activity of HQBA is reversed by iron.
A: AGS, PA-1 and DLD-1 cells were incubated in the presence of 9.8 nM to 20 µM HQBA ± 0.5 M
equivalents of ferrous ethylenediammonium sulfate tetrahydrate for 72 h in 96-well plates. Cells were then
lysed and viability was assessed by measuring endogenous lactate dehydrogenase activity. B: STF3A cells
were plated in 96 well format and wells were treated with 9.8 nM to 20 µM HQBA ± 0.5 M equivalents of
ferrous ethylenediammonium sulfate tetrahydrate for 18 h. Luciferase activity in lysates was measured and
normalized to endogenous lactate dehydrogenase activity. Dose curves were plotted with Graphpad Prism
(La Jolla, CA, USA). C: DLD-1 cells were plated in 24-well plates in the presence of the indicated
concentration of FeCl3, and allowed to grow for 24 h. Cells were washed three times with phosphatebuffered saline and then incubated with 500 nM HQBA for an additional 72 h. Viability was measured as
described. D: DLD-1 cells were grown in the presence of 20 µM FeCl3 for 24 h, washed twice with
phosphate-buffered saline, and then treated with the indicated concentration of HQBA in dimethyl
sulfoxide for an additional 24 h before lysis and measurement of AXIN2 mRNA levels by quantitative
reverse transcriptase–PCR. Data are shown as ± s.d. and significance calculated by paired t-test.
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The effect of HQBA on Fgf8 expression in chick explants was similarly rescued
by the addition of 0.5 mM ferrous ethylene diammonium sulfate (Figure 102f).
Confirming that the inhibition was due to the effect of intracellular iron, similar results
were obtained when DLD-1 and HCT116 cells were preincubated with FeCl3 for up to 24
h followed by extensive washes, before the addition of HQBA (Figure 108c and data not
shown). Likewise, pre-loading of DLD-1 cells with iron mitigated the effect of HQBA
on axin2 expression (Figure 108d).

Conclusions
In a cell-based screen for small molecules that inhibit Wnt/!-catenin signaling, we
identified a closely related series of compounds with efficacy at high nanomolar
concentrations. The selected lead, HQBA, is a previously unreported molecule that
chelates Fe2+ with zeptomolar affinity, inhibits Wnt/!-catenin signaling in a subset of
colon cancer cell lines and vertebrate embryos, has a broad spectrum of antiproliferative
effects in cultured human cancer cell lines, and most importantly, inhibits tumor growth
in two distinct genetically engineered mouse models of cancer without significant acute
toxicity. The activity of HQBA in two genetically engineered mouse models of cancer
without overt toxicity suggests the compound has good bioavailability and a reasonable
half-life with once daily dosing.

HQBA is a novel Fe2+ chelator with anti-cancer

potential.
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A number of small molecules that chelate iron have shown promise as cancercell-specific cytotoxic agents.760 Diverse mechanisms have been proposed to explain
how iron chelators kill cancer cells, possibly because of the fundamentally important role
of iron in cells, and the ever-increasing number of proteins that have been found to
require Fe (II) and/or iron–sulfur clusters for activity.761 Iron is required to prevent the
hypoxic response, for DNA replication and repair, protein synthesis, and for
mitochondrial energy generation. As HQBA inhibits transcription of !-catenin target
genes in a subset of cells, our study additionally suggests a role for iron containing
proteins in !-catenin-dependent transcription in a tissue-specific manner. It is likely that
different cell types and different tissues in animals have distinct iron requirements.
Hence, iron can be a rate-limiting co-factor in a broad array of cellular activities. This
may explain why we found HQBA induced a remarkable cell cycle arrest in G1 in some
cell types, and induced an S phase arrest in others (data not shown). An additional
consideration is that HQBA can chelate a number of other transition metals, although at
lower affinity, which could also contribute to decreased cell proliferation.

Besides their ability to remove iron from key pathways, the formation of
HQBA:Fe (II) complexes can have additional effects. Chelated iron can participate in
generation of reactive oxygen species, an activity that contributes to the toxicity of the
iron chelator Dp44mT.762, 763 In fact, we were able to detect a significant increase in both
reactive oxygen species and reactive nitrogen species in several cell types treated with
HQBA, but unlike with Dp44mT, the cytotoxicity of HQBA was not consistently rescued
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by pre-treatment with the reducing agent N-acetylcysteine nor with the nitric oxide
synthase inhibitor nitro-L-arginine methyl ester (data not shown). Thus, although HQBA
complexes may be redox active, reactive oxygen species and reactive nitrogen species
generation was not the cause of cytotoxicity in the colon cancer lines we tested.

The ability of HQBA to inhibit Wnt/!-catenin signaling downstream of !-catenin
in several colon cancer cell lines and embryonic tissues suggests that it also functions at
the level of transcription or mRNA stability. Although iron regulates some transcripts via
message stability (via iron response elements and iron responsive-element-binding
proteins), here we suspect the effect is transcriptional, as it is cell type specific, and
affects the artificial TOPFLASH promoter as well as several !-catenin-response genes.
A number of iron binding and iron-responsive transcription factors are known within the
iron homeostasis pathways,764 and it is likely that iron and other metals control gene
expression in other pathways.

The sensitivity of colonocytes and Wnt/!-catenin signaling to iron status has been
noted recently. Brookes et al.765 found that several colon cancer cell lines, including
Caco-2, SW480 and LS174T, have increased !-catenin signaling in response to iron
loading as demonstrated by both increase in TOPFLASH and increase in endogenous cMyc and NKD gene expression. The increased baseline level of !-catenin-dependent
signaling in cells with mutations in the APC or !-catenin gene may make this pathway
particularly sensitive to changes in the abundance of an as yet-unidentified iron349

dependent co-factor.

We note that nuclear iron-dependent enzymes continue to be

discovered; for example, the recently described mammalian cytosine hydroxymethylase,
with strong tissue-specific and developmentally controlled expression, is a Fe (II)containing enzyme.766 Similarly, the iron-containing transcription factor, pirin, interacts
with nuclear factor 1 and Bcl-3.767 A !-catenin-dependent tissue-specific transcriptional
regulator might be a particularly useful target for the treatment of APC-mutant cancers.

HQBA differs from the iron chelators, such as deferoxamine, used clinically to
treat iron overload both in its cell permeability and its high selectivity for Fe2+ over Fe3+
(Table 27). Structure–activity studies indicate that the antiproliferative potential of iron
chelators increases with increasing hydrophobicity.768 This trend is thought to correlate
with increasing ability of more hydrophobic chelators to enter the cell in which they have
access to critical metalloenzymes and pools of stored iron. This notion is consistent with
the high-calculated log P of HQBA, suggesting it is highly cell permeable.
Antiproliferative capability also directly correlates with redox potential. Molecules such
as deferoxamine, a hexadentate chelator of Fe3+, fully occupy the coordination sphere of
iron, rendering it inaccessible to oxygen and reducing the formation of reactive oxygen
species. Bidentate and tridentate chelators by contrast permit such interactions, and,
therefore, may permit or even facilitate redox cycling of bound iron. Redox cycling and
reactive oxygen species generation could therefore have a role in HQBA anti-cancer
activity in some cell types. Recent studies indicate that compounds such as triapine that
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exhibit significant redox cycling tend to be more cytotoxic and thus would in theory
improve the efficacy of a cancer treatment.769

The ultimate effectiveness of iron chelation as an anticancer strategy remains
unclear. In part, this is because existing iron chelators are far from equivalent to each
other in biological effects. In addition to differences in in vivo clearance rates, various
iron chelators in clinical trials differ in their cell permeability, redox potential and
potentially, ability to pull iron out of various iron-dependent enzymes and other
intracellular pools of stored iron, as well as differences in side targets. The structure–
activity relationship studies of desferrithiocin illustrate how dramatically iron chelators
can differ.770, 771 Desferrithiocin is an effective iron chelator with the adverse side effect
of nephrotoxicity. Removal of a single methyl group abrogated the nephrotoxicity. Iron
clearance in a rat model was unaffected, but was significantly reduced in a primate
model. Other analogs, which replaced a pyridyl nitrogen with a carbon, were found to
elicit severe gastrointestinal toxicity in rats.771

Genetically engineered mouse models of cancer, while more difficult
experimentally, are more predictive of whether a drug will have efficacy in humans than
the easier xenograft models in immunocompromised mice. The ability of HQBA to
block cancer progression without inducing weight loss supports the hypothesis that
spontaneous cancers, even in chow-fed, iron-replete mice, are exquisitely sensitive to iron
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depletion. In addition, there may be additional properties of the intracellular HQBA : Fe
(II) complexes that contribute to their anti-cancer activity.
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Experimental
Reagents
A 50,000 compound library, as well as HQBA and related compounds were
purchased from Chembridge (San Diego, CA). Derivatized versions of HQBA were
synthesized at the Duke University Small Molecule Synthesis Facility (SMSF).
Antibodies to axin2 were from Cell Signaling. Antibodies to HIF-1!, "-catenin, "-actin
and "-tubulin were from Abcam. The screen for Wnt3A inhibitors has been recently
described.772 For isothermal titration calorimetry experiments, most metals (Fe3+, Cu2+,
Co2+, Al3+, Ni2+, Zn2+) used were obtained as atomic absorption standards in nitric acid
from Aldrich.

Fe2+ was obtained as 2,2’-bipyridine ferrous perchlorate from GFS

Chemicals. Glycine and acetohydroxamic acid were obtained from Aldrich.

Screen for Wnt3A inhibitors
HEK293 cells with stably integrated luciferase driven by 8X Super TopFlash
promoter and stable expression of Wnt3A were incubated with 10 µM compound for 16 20 hours.

Western Blotting
Cells were treated with control or compound for times indicated and lysates were
run on 10 % SDS-PAGE. Proteins were transferred to Immobilon-FL PVDF membranes
and blocked with either 5 % BSA in PBS + 0.05 % Tween 20 for detection of proteins by
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ECL, or with Sea Block (Pierce) for fluorescent detection strategies. Primary antibody
dilutions are 1 : 1000 for all antibodies except HIF-1! (1 : 2000), "-catenin (1 : 6000),
and "-tubulin (1 : 15,000). Secondary antibodies were diluted to 1 : 5000 for detection by
ECL, and 1 : 10,000 for fluorescence detection.

Determination of LD50s in Cancer Cell Lines
Cells were plated at 4000 cells/well in clear 96-well plates and allowed to adhere
overnight. Media was then exchanged for fresh and HQBA was added at concentrations
ranging from 9 µM to 50 µM. After 72 hours, cells were washed in phosphate buffered
saline (PBS) and lysed in PBS containing 0.6 % Igepal CA-630.

Relative cell

density/well was then determined by assaying endogenous LDH activity. LD50s were
obtained from nonlinear analysis using Prism. Assays were also conducted in which cells
were plated at 2000 cells/well and incubated with HQBA for 7 days (168 ± 4 hours). In
these assays, media and compound were refreshed every 72 hours. In both long and short
assays, assays were performed in triplicate.

Microarray and Connectivity Map Analysis
MCF7 cells were plated at 70 - 80 % confluence in 6-well plates and allowed to
adhere overnight before incubation with DMSO or 4 mM HQBA for 6 hours. RNA was
then isolated using RNeasy purification kit from Qiagen. Labeled cRNA was prepared
and

hybridized

to

Affymetrix

U133_Plus_2.0
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microarrays

according

to

the

manufacturer’s protocols.

Gene expression signatures were analyzed using the

Connectivity Map web tool (build 02), found at http://www.broad.mit.edu/cmap/. Full
details of the Connectivity Map data set and analytics are provided elsewhere.752, 753

siRNA Experiments
Cells were plated at 50 % confluence in 6 or 12 well format, transfected next day
with control (nontargeting) or siRNAs targeting !-catenin and incubated for 48 (si !catenin)

or

72

hours.

Sequences

of

siRNAs

used

are

5’-

UAGCGACUAAACACAUCAA-3’ (control), 5’-GAUCCUAGCUAUCGUUCUU-3’
(!-catenin 09), and 5’-GCGUUUGGCUGAACCAUCA-3’ (!-catenin 11).

qPCR
For quantitation of mRNA, cells were treated as indicated. RNA was then isolated
using an RNeasy purification kit from Qiagen. Generation of cDNA was performed
according to manufacturer’s instructions using the iscript cDNA synthesis kit from
Biorad. qPCR reactions were then built using IQ-Sybr Green kit or Ssofast evagreen
supermix from BioRad. Details of primers have been previously published.754 Cycling
was carried out in an iQ5 model icycler (BioRad).

Metal Chelation Analysis by Spectrophotometry
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Chelation of metals by HQBA and related compounds was evaluated by mixing
10-50 mM compound with 0.5 - 40 mM metal and diluting 1000 fold in H2O in a quartz
cuvette. Absorbance spectra over the range 210-550 nm were obtained on a U-2810
spectrophotometer (Hitachi).

Job Plots: Co2+, Cu2+, Ni2+, Fe3+, Fe2+, Al3+
500 !mol solutions containing varying ratios of HQBA and the appropriate metal
in 1:1 MeOH/phosphate buffer pH 6.80 were analyzed by UV/Vis spectroscopy. The d to
d* transition was measured in absorbance units and plotted as mole fraction of metal
versus absorbance at the appropriate wavelength after adjustment for residual metal
absorbance. The Job plot for zinc was measured by absorbance difference spectroscopy.

Drug treatment in MMTV-Wnt1 and MMTV-PyMT Mouse Models of Mammary
Carcinogenesis
MMTV-Wnt1 and MMTV-PyMT female virgin mice ranging from 6 to 20 weeks
old were added to either control or treatment arms of the study as they presented with
palpable mammary tumors. Mice in the treatment arm were injected IP every morning
with 9 or 70 mg/kg drug prepared as follows: HQBA was dissolved to 100 mM in DMSO
and 6-10 mL/mouse was added to 200 mL of vehicle. For studies of MMTV-Wnt1 mice,
vehicle was 200 !L of pure olive oil. For the MMTV-PyMT mouse studies, vehicle was
5 % cremophor, 22 % (2-hydroxypropyl)-b-cyclodextrin in 0.9 % sterile saline. Mice in
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the control arm were injected IP daily with 200 mL of vehicle only. Mice were weighed
daily prior to injection and their tumors measured post injection with calipers. Tumor
volumes were calculated using the formula for volume of an ellipsoid: [! (short
dimension)]2 X long dimension.773 Change in tumor volume is plotted relative to starting
volume, which is normalized to 100 % for each tumor.

Chick neural tube explant assays
Neural explants encompassing midbrain to rhombomere 2 (mb-r2) tissue were
isolated from Hamburger and Hamilton stage 10 (HH10) embryos as previously
described and cultured overnight until explants corresponded to HH16. Explants were
embedded in collagen to maintain morphology and 1"M HQBA and 0.5 "M Fe2+ were
supplemented in the media as indicated. Double in situ hybridization for Wnt1 and Fgf8
were performed as described.748, 772

Isothermal Titration Calorimetry
ITC data were collected on a VP-ITC titration microcalorimeter (Microcal, Inc.,
Northampton, MA); details of instruments and data reduction have been reported
elsewhere738. The cell volume of the calorimeter is 1.4346 mL. All protein and metal
ligand solutions were degassed under vacuum prior to titrations. Samples consisted of
HQBA (1 - 20 uM) in 10 mM phosphate buffer, pH 6.80, with buffer as the reference.
After cell equilibrium was reached, a 100-500 uM solution of metal (ZnNO3, CuNO3,
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NiNO3, Fe (bipy)3, AlNO3, FeNO3, or CoNO3) in the same buffer was injected using an
injection schedule of 20-60 injections, 5-30 µL volumes, during 10-60 s, at 5-10 min
intervals. All measurements were made at 25 °C. Data analysis was carried out using the
ORIGIN software from MicroCal. All binding enthalpies are reported after subtraction of
the appropriate enthalpy of metal ion dilution.

Displacement titrations were conducted for Cu, Fe (II) and Fe (III), to ensure
stability of the respective metal at the relevant oxidation state. Metals were pre-incubated
with an appropriate chelator (Cu: glycine, Fe (II): bipy, Fe (III): acetohydroxamic acid)
before titration. Displacement experiments were conducted as described above and data
was analyzed according to the method of Sigurskjold189. During analysis of Fe (II)
affinity, Fe (bipy)3 was added to the sample cell and a solution of HQBA was injected
under the identical conditions described above.

Synthesis of HQBA
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A mixture of 8-hydroxyquinoline (2.9 g, 20 mmol), p-tolualdehyde (2.4 g, 20
mmol), benzamide (2.66 g, 22 mmol) and p-toluenesulfonic acid monohydrate (pTSA•H2O) (0.38 g, 2 mmol) was heated at 130 °C (bath temperature) for six hours. The
resulting deep-brown gum was suspended in ethyl acetate (150 mL), washed with 1N
sodium hydroxide (2 ! 50 mL), water (50 mL) and brine (2 ! 50 mL), and dried
(anhydrous Na2SO4). The solvent was removed by a rotary evaporator, and the crude
products were crystallized from ethyl acetate in a -20 °C freezer overnight. The resulting
crystalline solid was collected by suction filtration, obtaining HQBA (830 mg) as an offwhite solid. The filtrate was concentrated and purified by flash column chromatography
(eluting with 20 – 50 % ethyl acetate in hexane). The fractions containing HQBA were
combined, evaporated to dryness, and the resulting solid (960 mg; TLC: not pure) was
crystallized from hexane/ethyl acetate (3 : 2 ratio v/v) in a -20 °C freezer overnight,
affording an additional batch of HQBA (310 mg) as an off-white solid. The structure of
HQBA was confirmed by NMR and MS spectra.

Spectrophotometric Titration
UV-visible spectra were recorded with the Cary-50 spectrophotometer equipped
with an external dip probe (Hellma, USA). A 10.0 uM sample of compound HQBA in 10
% MeOH and 100 uM NaCl in aqueous solution was titrated with standardized HCl
(0.1000 M). The pH was measured after each addition, and the UV-visible spectrum was
measured from 200 - 400 nm after each addition. Spectrophotometric data were analyzed
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manually in Excel to determine the protonation constant for the phenolic proton of
HQBA.

Cyclic voltammetry experiments
Voltammetric measurements were conducted with an EG&G Princeton Applied
Research Potentiostat Model 263 in a conventional three-electrode electrochemical cell.
Voltammograms were recorded using PowerCV software. The working electrode used
was platinum, with a platinum auxiliary electrode and an Ag/AgCl (KCl saturated)
reference electrode. Potentials referenced to Ag/AgCl (KCl saturated) were converted
relative to NHE by adding 197 mV. The working electrode was polished using alumina
as a polishing aid before each set of scans. All electrodes were rinsed with doubly
deionized water before experiments. Aqueous solutions were thoroughly degassed with
nitrogen prior to recording data.

All measurements were conducted at 23 °C.

Voltammetric measurements were conducted in acetonitrile supplemented with 5 %
DMSO, using a 0.1 M FeCl3 stock solution.
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