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 Understanding the structural and energetic characteristics of the interactions 

between biomolecules is a center of focus in the world of drug design.  The approach 

taken here is to analyze three fairly different molecular recognition phenomenons.  First, 

the energetics of binding by a Shc based peptide to monomeric and domain-swapped 

dimeric Grb2-SH2 is analyzed.  The peptide bound to monomer with over 15-fold higher 

affinity than to domain-swapped dimeric Grb2-SH2.  Two crystal structures were solved 

which suggest the molecular basis for the observed binding thermodynamic differences 

are alternate conformations of the EF loop in monomer and domain-swapped dimer 

Grb2-SH2.  Secondly, the impact of introducing a cyclopropane ring, to act as a 
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conformational constraint, into Shc based peptides that bind the Grb2-SH2 domain is 

studied.  Isothermal titration calorimetry experiments showed the constrained ligands 

bound with higher affinity compared to flexible controls.  Interestingly, the higher 

affinity for the constrained compounds was the result of an enthalpic advantaged, in 

contrast to an expected entropic advantage for the restriction of rotors.  Several crystal 

structures were solved, which suggest the conformationally constrained ligands likely 

bound as a more rigid complex compared to the flexible control.  Lastly, the structural 

basis for the substrate specificity profiles of three PC-PLCBc protein variants is 

investigated.  The crystal structures of these protein variants were solved, and structures 

of complexes between a phosphatidylserine analogue and wild-type PC-PLCBc and two 

phosphatidylserine specific protein variants were also obtained.  Those structures suggest 

active site water molecules and the side chain conformations of residues at the 4th and 

55th positions play a crucial role in the substrate specificity profile of the protein variants 

studied.  
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Chapter 1:  Molecular Recognition of Ligands and Substrates by Proteins 

 

1.1 Protein-Protein, Protein-Ligand, and Enzyme-Substrate Interactions 

 

All life contains genomic material, which can be viewed as the blueprint of a 

particular organism.  The end products of many genes are proteins.  When and where 

proteins are expressed defines the state of a cell, the basic unit of life.  Proteins can play 

various roles including enzymatic, structural, hormonal, etc.  Within a living cell, a vast 

number of intricate cellular events, including cell growth, differentiation, and migration 

occur.  Many of these processes involve a large number of different proteins which 

interact with high specificity with other molecules, such as nucleic acids, phospholipids, 

carbohydrates, and other proteins, within the cellular environment to form a pathway to a 

particular response.1-3     

The activation of a particular cellular process, through a series of interactions 

between different molecules arising from an initial signal, is called signal transduction.  

For a signal to be propagated, the oligomerization of several molecules may be required, 

and can be between same or different molecular species.2,4  The actions of various types 

of enzymes are often involved in signal transduction, and their activity usually relies on 

the presence of other molecules. The activity of an enzyme may be regulated by several 

other molecules, and each may be activated by different pathways.  Hence, multiple 

signals may be required for a cellular event to occur.4,5   

 Adding to the complications of signal transduction is substrate specificity.  For 

example, a particular protein may prefer a particular amino acid sequence, but is able to 
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bind to a variety of other sequences with lower affinities.6-8  The strength of the 

interaction between a protein and its target tends to be highly dependent on how well the 

structures of the molecular species involved complement each other.9,10  When regions 

pack efficiently together, polar and non-polar contacts are strengthened, as they are 

distance dependent.  Therefore, the 3-D structures of the molecules that interact with high 

affinity tend to be complementary to one another.   

 

1.1.1 Biomolecular Interactions 

 

Proteins and enzymes associate with their perspective targets through interactions 

that occur at the atomic level.  These interactions can be of different types, and they range 

in strengths and specificities.  An array of different forces drive the association of 

molecules and the interactions which form are classified as non-polar and polar or 

hydrophilic and hydrophobic (Figure 1.1).11  When enzymes and proteins interact with 

substrates, inhibitors, and other ligands, the sum of individual interactions contributes to 

the overall affinity and/or activity.  How much energy individual interactions contribute 

depends not only on what atoms are involved, but also on all other atoms within the 

system.  Atoms impact the polarity of not only their immediate neighbors, but also the 

molecule as a whole.  While the strengths of interactions, such as hydrogen bonds, can be 

accurately determined for very small molecules, strengths of such interactions within 

macromolecular complexes, like that between a receptor and ligand, are extremely 

difficult to quantify.  However, in many instances structural data, from X-ray 

crystallography or NMR, can give qualitative information regarding which interactions 
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are likely required for a protein-ligand complex to form or an enzyme to bind and process 

substrate.12 
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Figure 1.1: Types of non-covalent interactions found in protein/ligand complexes.11  

 

Associations that form as a result of van der Waals forces are classified as 

dispersive or induced dipole/dipole-dipole interactions.  Dispersive interactions are due to 

London forces that exist between molecules possessing temporary, fluctuating, dipoles.  

In the latter case, the electron density of an atom or molecule can be temporarily 

localized to a particular region, inducing a dipole.  Oppositely charged regions from 

different molecules with induced dipoles can then associate.  The other type of van der 

Waals force drives the association of molecules which have permanent dipoles (dipole-

dipole interaction).11 

In general, all interactions can be considered as electrostatic except hydrophobic 

interactions.  When an ionic species is added to an aqueous solution, water molecules can 
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associate with the polarized groups, which is enthalpically favorable and entropically 

unfavorable.  However, not all ionic interactions are considered entropically unfavorable.  

For example, the formation of a cation-π interaction between the side chain amine of 

lysine and the benzene ring of tyrosine is thought to be entropically favorable.  Prior to 

the interaction, the lysine side chain amine is likely associated with a water molecule.  

Upon binding, the water molecule is released to the bulk solvent, which is entropically 

favorable.11 

Hydrophobic interactions occur when non-polar molecules come together in 

aqueous solution.  Water molecules form organized cages around non-polar molecules 

and some are released upon the association of non-polar molecules and are able to form 

hydrogen bonds with bulk water and/or solvent.  Therefore, the enthalpic contribution to 

the formation of a hydrophobic interaction arising from the redistribution of water 

molecules in most instances is considered negligible.  However, the formation of 

hydrophobic interactions is in general entropically favorable due to the release of the 

organized water molecules surrounding the non-polar surfaces that associate.11   

Hydrogen bonds are a common occurrence in protein-protein/ligand and enzyme-

substrate complexes and tend to be a key feature of chemical structure and reactivity. An 

electronegative donor group like O, N, or S is capable of withdrawing electrons from a 

covalently bound hydrogen atom, thus leaving the proton partially de-shielded.  This 

results in a net partial positive charge on the hydrogen atoms, which allows for the 

possibility of an electrostatic interaction between the proton and another electronegative 

atom.11,13  Among other things, the strength of a hydrogen bond is largely dependent on 

the types of atoms acting as donors and acceptors.  Atoms that are highly electronegative 
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make strong donors and acceptors, thus hydrogen bonds between them are strong.  

However, hydrogen bonds are not limited to highly electronegative species.  A methyl 

group can act as a donor or acceptor depending on the nature of its neighbors, but the 

strength of such interactions is considered extremely weak.  The distance between 

hydrogen bond donor and acceptor atoms tends to be in the range of 2.5-3.5 Å and 

generally short bond lengths are stronger than those with longer bond lengths.13  

Preferential hydrogen bond stereochemistry is governed by the electronic configuration 

of acceptor atoms and the steric accessibility of donor atoms.14  Concerning hydrogen 

bonds between amino acid back bone and side chain atoms, most groups have a 

maximum likelihood of having their partner located in the plane of the donor or acceptor 

atom.  For example, the bond angle of a C=O▪▪▪H-N peptide backbone hydrogen bond is 

usually in the 150-180º range.15  Only atoms from the amino acid side chains of serine, 

threonine, cysteine, and lysine have maxima out of plane.  Typically, the energy stored 

within a hydrogen bond between uncharged groups is 1.0-1.4 kcal/mol, whereas that 

involving a charged group is 1.5-2.8 kcal/mol.16  The energy stored within a hydrogen 

bond between a charged donor and charged acceptor is approximately 4 kcal/mol.11,13,17 

 

1.2 Molecular Recognition of Protein-Protein Interactions: Oligomerization 

 

The oligomerization of proteins can be a regulatory mechanism in signal 

transduction, and such processes are often responsible for transducing signals from the 

cell surface to the nucleus.18  Protein oligomerization can lead to an enhancement, or 

inhibitory, effect to a particular pathway through several means.  For example, it can 
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invoke specific proximities and orientations, the regulation of cellular pathways, the 

enlargement of the surface area of binding sites, and the enhancement of specificity, 

affinity, and activity.19  Oncogenic mutations can prevent oligomerization or induce 

inappropriate oligomerization resulting in the constitutive signaling of the pathway 

involved, leading to some cancers.20   

Formation of dimers is dependent on the cellular concentration of the proteins 

involved.  Therefore, events that rely on dimerization to occur can be quickly activated or 

regulated in response to changes in gene expression.  Interestingly, the conversion of 

monomer to dimer is usually a regulated process by itself.  For example, ligand binding 

to the epidermal growth factor receptor induces dimerization which allows the 

cytoplasmic tails from each molecule to phosphorylate each other.21  Phosphorylation of 

residues provides docking sites for molecules that contain receptors for other proteins, 

thereby resulting in a cascade of protein-protein interactions and enzymatic reactions that 

induce some biological response.   

For two molecules to dimerize, an energy barrier for the association must be 

overcome.  For some proteins, the energy barrier for dimer formation can be large, as 

when the process involves drastic conformational changes.  However, even in the latter 

case dimerization can occur quickly in response to cellular signals.  For example, the 

stimulated release of Ca+2 from granules causes a cascade of events to occur, including 

the homodimerization of the protein E-cadherin.  Upon binding three Ca+2 ions, a large 

conformational change occurs, and the cytoplasmic tails of E-cadherin extend, and are 

then able to associate and propagate the initial signal (Figure 1.2).22  
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Figure 1.2: Dimerization of E-cadherin is induced by the binding of calcium ions.22  

Shown are the two molecules (cyan and magenta), each of which has three Ca+2 ions 

(grey spheres), that make up the dimer.   

 

In many situations, dimerization may bring the binding sites or functional groups 

within close proximity, enabling the particular function to occur.  Thus, dimerization can 

position molecules in an orientation that favors the interaction of other molecules.19,23  

Dimerization can also increase affinity and specificity for the targets of the molecules 

involved.19,23  This is the case for many DNA binding proteins.  When these proteins 

dimerize, either two binding sites or, in the case of the transcription factor DcOH,24 a 

larger binding site is created and up to twice as many base-pairs are recognized by the 

dimer compared to the monomer.  Therefore, dimerization in this instance increases not 

only specificity, but also affinity.  
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Dimerization of some proteins can also lead to the negative regulation of a signal.  

For example, MyoD is a transcription factor which, upon dimerization with proteins that 

have DNA binding domains, can bind specific DNA sequences allowing for subsequent 

transcriptional activation.  MyoD can also form a dimer with the protein, Id.  However, Id 

lacks the DNA binding domains essential for inducing gene expression.25,26 

 

1.2.1 Oligomerization Through Domain-Swapping   

 

While many dimeric protein complexes form through the association of residues 

located on the exterior of the molecules, a different and less common occurrence is 

domain-swapping.  First coined to describe the dimerization of diphtheria toxin,27,28 

domain-swapping is a process by which two or more molecules interact through the 

exchange of highly similar or identical regions (Figure 1.3).  It has been proposed that 

two monomers of some proteins partially unfold under certain conditions to form an 

‘open’ monomer.  Then, the molecule can self-close or close with a portion of another 

open molecule, leading to domain swapping.29-31   
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Figure 1.3: 3-dimensional domain swapping of ribonuclease A from Bos taurus.32  Two 

molecules (magenta and lime) swap N-termini. 

 

The only difference between monomer and domain-swapped homodimer in 

structure is the hinge loop, which is the region that is rotated and reoriented upon domain 

swapping.  The majority of the difference in free energy arises from additional 

interactions within the interface between molecules of a domain swapped oligomer.  

However, a high barrier may separate the two states.  The height of the free energy 

barrier, or the activation energy, for domain-swapping28 determines how long it takes to 

establish equilibrium and may be so high that interconversion does not occur without an 

outside influence.29 

Some proteins are known to exist as both monomer and domain-swapped dimers 

under similar physiological conditions.  RNase A and glyoxalase I from Pseudomonas 

putida are such examples.33,34  Most swapped domains are at the N- or C-terminus, but no 

specific sequence or structure that favors domain swapping has been identified.30  

Domain-swapped dimers are usually composed of homologous proteins.  However, there 

are exceptions.  The blood coagulant factor IX/X-binding protein is a domain-swapped 
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dimer composed of different proteins, where the swapped portion is located in the middle 

of the proteins.35 

Some studies have focused on elucidating the biological significance of domain-

swapping.  The possible advantages domain-swapped oligomers can have over monomers 

include allosteric control, higher concentration of active sites, larger binding surfaces, 

and the formation of new active sites or function30  Examples of domain-swapping 

inducing positive cooperativity include nitrite reductase from P. aeruginosa36,37 and 

bovine seminal RNase (BS-RNase)38  Domain-swapping can also lead to the 

development or loss of a physiological function.  For example, while both forms are fully 

functional ribonucleases, the domain-swapped dimer of BS-RNase exhibits anti-tumor 

activity, whereas the non-domain-swapped dimer does not.39  Domain-swapped dimers 

can also exhibit greater stability, which leads to stronger complexes, as is the case for 

some viral capsid proteins.40  In addition, domain-swapped dimers may hydrolyze 

substrate faster than monomer, such as glyoxalase I from P. putida which has 

approximately 4-fold higher specific activity for substrate compared to the monomeric 

form.34   

However, the domain-swapping of some proteins has been attributed to be the 

result of non-biological conditions.  Most commonly, domain swapping has been 

determined to be the result of expressing fragments of the full length protein.  As 

mentioned before, the most common regions of a molecule involved in domain-swapping 

are the N- and C-termini, which are likely to be highly flexible.  Expression of a fragment 

or whole molecule with the aid of fusion proteins can induce dimerization.  For example, 

glutathione-S-transferase (GST) tags expressed with proteins are known to facilitate 
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dimerization.41  In the event where domain-swapping appears to be biologically 

irrelevant, general knowledge on protein folding, stability, and flexibility can still be 

gained from structural and thermodynamic studies.29,41  For example, the structure of the 

domain-swapped Eps8 SH3 domain closely resembles an intermediate within the 

proposed folding pathway for the Src SH3 domain.42,43  It is sometimes perceived that a 

loss of functionality that occurs upon domain-swapping is a sure sign the event is an 

artifact arising from in vitro conditions.  While expressing and purifying protein under 

non-cellular conditions can facilitate domain-swapping, whether domain-swapping 

occurs in vivo can only be proved by obtaining and analyzing the full length protein from 

its natural source.   

 

1.3 Molecular Recognition of Protein-Ligand Interactions: Binding  

 

Determining the thermodynamic and structural details of interactions between 

naturally occurring ligands and proteins can lead to information about what contributes to 

the strength of an interaction between the two molecules.  One can then make slight 

structural modifications to the ligand with the hope of creating an analogue that binds 

with higher affinity, which is an important goal for the development of potent drugs.12  

Positive contributions to binding can be achieved by making the ligand more 

complementary to the receptor, creating more polar and non-polar contacts.12  Another 

widely held view is that higher affinity can also be achieved by preorganizing a ligand in 

a conformation that is recognized by the receptor.44 
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The interaction between a receptor (R) and ligand (L) is defined by the change in 

Gibb’s free energy change upon complex formation, ∆G.  The strength of the interaction 

is determined from the association constant, Ka, which is a function of the change in 

Gibb’s free energy change (eq 1).  As indicated by eq 2, there are entropic and enthalpic 

contributions to binding.  

R L+ R L

 

∆G = -RTlnKa     (1) 

∆G = ∆H-T∆S     (2) 

 

Isothermal titration calorimetry (ITC) is a tool frequently used to study the 

thermodynamics of receptor-ligand interactions.  An excellent review of ITC and its 

application to drug design is that by Holdgate.45  ITC is the most convenient technique 

available that gives both entropic (∆S) and enthalpic (∆H) contributions to changes in 

Gibb’s free energy (∆G), and the binding constant, Ka.  It is reasonably accurate for a 

wide range of affinities where Ka is between 1x103 and 1x109 M-1.   

In a typical ITC experiment, ligand and receptor are dissolved or dialyzed 

extensively in the same buffer.  The choice of buffer, pH, and any other components 

favoring the interaction must be determined for each receptor-ligand system.  Usually salt 

is included to reduce nonspecific ionic interactions.  Once the samples are prepared, the 

ligand is injected, to around a three molar excess, through a syringe into a cell containing 

the receptor at a particular temperature.  A series of injections (usually around 30) are 
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performed, and the change in power (µcal/s) required to keep the cell at constant 

temperature is recorded.  After the data are collected, the peaks are integrated giving 

changes in heat (cal) for each injection.  Data are usually obtained in duplicate or 

triplicate to increase reliability of the results.  Blank runs are performed in which the 

ligand is injected into buffer alone to account for the change in heat that arises from 

solvation and dilution effects when ligand is injected into the sample cell.45,46  For each 

injection the integrated data are plotted versus the ligand/receptor molar ratio at the time 

for each injection, and the blank area is subtracted from each receptor-ligand run.  The 

data are then applied to an equation (Eq. 3, 45,46), and the heat released by each injection 

is plotted against the ligand:receptor molar ratio, X/M, which forms a curve.  A least 

squares fit is performed on the curve, and after several iterations the association constant, 

Ka can be determined.     The area between the curve and the baseline is divided by the 

total moles of ligand injected giving the change in enthalpy, or the calories 

released/absorbed per mole of injectant, for the exothermic or endothermic process.  

Since the change in enthalpy and association constant can be determined from the data, 

the change in free energy and entropy for the interaction are derived from equations (1) 

and (2). 

 

( ) 
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Equation 3:  n = number of ligand binding sites on receptor, M = concentration of 

receptor, ∆H = change in enthalpy, Vo = volume of reaction, X = concentration of 

ligand, Ka = association constant.
45,46 
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The change in heat capacity, ∆Cp, can also be measured with the aid of isothermal 

titration calorimetry.  ∆Cp reflects the change in enthalpy as a function of temperature 

(∆H/T).  When comparing similar ligands and attempting to determine quantitative 

conclusions, it is important to reduce the uncertainties.  If the binding of similar ligands 

to a receptor gives comparable ∆Cp’s, the ligands are generally considered to interact 

with solvent in a similar manner.47,48  To determine ∆Cp, a series of ITC experiments are 

performed over a range of temperatures.  The data are then integrated, fitted, and the 

changes in Gibbs free energy, entropy, and enthalpy are determined as previously 

described. The change in enthalpies are plotted against temperature and fitted for a linear 

line.  The slope of this line, ∆H/T, represents the change in enthalpy with respect to 

temperature and is defined as the change in heat capacity, ∆Cp. 

While ITC data can provide accurate information concerning the thermodynamics 

of binding, some have sought to estimate binding thermodynamics using computational 

methods based on the changes in solvent accessible surface area.49-54  When ligand and 

receptors interact, a certain amount of surface area from each molecule is no longer 

solvent accessible.  These areas can be non-polar or polar, and because all calculations 

are derived from these surface area changes, knowledge of the 3-D structures of the 

complex, free ligand, and unbound receptor are required.  Surface areas of the free ligand 

and apo form of the receptor can be estimated from a structure of a ligand-receptor 

complex, but solution or crystal structures of them may lead to additional valuable 

information.  This is especially important for ligands because the accessible surface areas 

(ASA) for free and bound ligand can deviate greatly.  The change in accessible surface 
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area (∆ASA) can be calculated by subtracting the total ASA for the complex (R-L) from 

the ASA’s of the apo receptor (R) and free ligand (L) (eq 4). 

 

∆ASAtotal = ASA(R-L) – ASAR - ASAL     (4) 

 

The ∆ASA is divided into the polar and non-polar contribution terms, ∆ASApol 

and ∆ASAapol. Thermodynamic binding constants ∆Hº333 (Jmol-1Å-2) and ∆Cºp (JK
-1mol-

1Å-2) can be approximated directly from the latter values using the following equations as 

developed by Baker and Murphy49: 

 

∆Cºp = 1.88∆ASAapol – 1.09∆ASApol     (5) 

∆Hº333 = -35.3∆ASAapol + 131∆ASApol     (6) 

 

∆Hº298 is calculated from ∆Hº333 and the change in heat capacity
49: 

 

 ∆Cºp = (∆Hº298 – ∆Hº333)/(333 ºK-298 ºK)     (7) 

 

 The sum of entropy changes, ∆Scalc can be calculated from ∆ASApol and ∆ASAapol 

and is composed of three terms; ∆Sºsolv, ∆Sºconf, and ∆Sºassoc.  ∆Sassoc is a constant and 

reflects the mixing of solute and solvent molecules and ∆Sºsolv is a function of ∆Cp
49: 

 

∆Sºcalc = ∆Sºsolv + ∆Sºconf + ∆Sºassoc     (8) 

∆Sºassoc = -33 JK
-1mol-1                        (9) 
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∆Sºsolv = ∆Cpln(298/333)                     (10) 

 

∆Sºconf accounts for the unfavorable change in conformational freedom of amino 

acid residues buried and is more difficult to calculate as it depends on ∆ASA per atom 

per residue.  The change in solvent accessible area upon complex formation for each 

backbone (∆ASABB) and side chain atom (∆ASASC) is first determined with the aid of 

computer programs.  For each residue, i, the ∆ASA’s of side chains (∆ASASC,i) and 

backbone (∆ASABB,i) atoms are scaled to the experimentally determined ASA 

corresponding to the residue, i, within the peptide alanine-Xi-alanine.  ∆Sºconf is calculated 

from the eq 11, where the product between ∆ASASC,i or ∆ASABB,i and SºBu-Ex, SºBB, or 

SºEx-U represents the contribution to the change in conformational entropy upon receptor-

ligand binding.  SºBu-Ex, SºBB, or SºEx-U were experimentally determined by D’Aquino and 

Lee.52,53 

 

∆Sºconf,i = ∑(∆ASASC,i/∆ASAAXA-SC,i)SºBu-Ex 

     + ∑(∆ASABB,i/∆ASAAXA-BB,i) SºBB                  (11) 

                 + ∑(∆ASABB,i /∆ASAAXA-BB,i)SºEx-U 

 

 Some success has been achieved by applying the latter formulae for the 

determination of thermodynamic parameters for ligand-receptor interactions, an excellent 

example being that of the interaction between turkey ovomucoid third domain 

(OMTKY3) and serine protease porcine pancreatic elastase (PPE).54  The authors found a 

close agreement between experimental and calculated binding thermodynamics, implying 
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a good understanding of the thermodynamics of receptor-ligand binding, at least in this 

case.  However, there are also reports of dramatic differences between reported and 

calculated values.50,51  These deviations usually occur within the ∆Sºconf term and can be 

attributed to the lack of knowing the true ASA of free ligand and receptor.  Another 

problem is that ∆Sºconf is calculated with the assumption that entropy for atoms buried 

upon the interaction goes to zero, which is likely not the case.  While calculated and 

observed thermodynamic values for an interaction between a receptor and ligand 

sometimes agree, occurrences of severe deviations in other cases underline the 

importance of obtaining experimental data for binding events between a receptor and 

ligand. 

 

1.3.1 Ligand Engineering: Preorganization 

 

The Gibbs free energy change for ligand-receptor binding is composed of many 

terms that define overall energetic changes of the ligand, receptor, and solvent and 

Williams proposed an equation (eq 12) that incorporates them.55  ∆Gt+r reflects the loss of 

translational and rotational freedom that occurs when two molecules form a complex.   

∆Gr describes the impact of freezing rotatable bonds and ∆Gconf accounts for changes in 

conformational strain.  The last three terms, ∆Gh, ∆Gvdw, and ∑∆Gp arise from changes in 

hydrophobic, van der Waals, and polar interactions, respectively, between the ligand, 

protein, and solvent:   

 

∆G = ∆Gt+r + ∆Gr + ∆Gconf + ∆Gh + ∆Gvdw + ∑∆Gp      (12) 
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A flexible ligand can adopt many conformations in solution; however, when the 

molecule binds to a receptor, it does so in a well-defined three-dimensional structure.  

Because increased order is imposed on the ligand, an entropic penalty is paid.  It is 

widely held that one may reduce this entropic cost by the introduction of conformational 

constraints to preorganize the ligand in the conformation recognized by the receptor, 

thereby generating higher affinity ligands.56-58  Therefore, the potential benefit 

preorganization may have on ligand affinity is of great interest in the world of drug 

design. 

The current hypothesis is if highly similar constrained and flexible ligands bind in 

similar fashions, the only term within equation (12) that should be affected due to the 

constraint is the ∆Gr term for the ligand.  All other terms are assumed, albeit perhaps 

incorrectly, to be constant.  ∆Gt+r is postulated to be a function of the molecular weights 

of the species involved.  If complexes are formed involving species with similar 

molecular weights, ∆Gt+r is also expected to be the same, regardless of the system.  

Similar ligands are likely to bind with similar conformational strain, so ∆Gconf has been 

postulated to be the same in either case.59  Furthermore, the number, type, and strength of 

interactions should not deviate significantly if packing between a receptor and flexible or 

constrained ligands are similar.  Therefore, ∆Gh, ∆Gvdw, and ∑∆Gp are expected to be 

constant for complexes of flexible and constrained ligand pairs.  For these reasons, ∆Gr 

appears to be the only term that should differ between highly similar constrained and 

flexible ligands.  The energetic benefit of restricting one bond rotor at 298 °K has been 

estimated to be ~1 kcal/mol.59,60    
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Due to the postulated entropic benefit upon binding affinity, there are many 

reports where conformational constraints have been incorporated into synthetic 

compounds with the aim of pre-organizing a molecule in the conformation recognized by 

the receptor.  Various types of conformationally constrained peptidomimetics exist.   

These typically include the cyclization involving neighboring side chains, N- and C- 

termini, and side chains and backbone atoms (Figure 1.4).61-67  The objective of these 

cyclizations is to rigidify the molecule so that it preferentially adopts a secondary 

structure, such as an extended conformation or ß-turn, corresponding to the biological 

active conformation.  Indeed, lower IC50 or higher affinity has been reported for 

conformationally constrained compounds compared to a flexible control by a number of 

authors.68-75   
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Figure 1.4: The three general types of constraints applied to peptides; side chain to side 

chain (1), backbone (2), and side chain to backbone cyclization (3). 

 

An excellent example of preorganization through a side chain to side chain 

constraint is that of an inhibitor of penicillopepsin 1, in which binding affinity was 
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increased by 420-fold by constraining a compound to the conformation that corresponds 

to what the ligand adopts upon binding to the enzyme (Figure 1.5).75,76  Khan and 

colleagues have obtained crystal structures of complexes between constrained 1 and 

flexible 2 analogues bound to penicillopepsin and claim they are highly similar in that the 

same amount of surface area is buried and the distances and number of contacts, such as 

hydrogen bonds, were virtually identical.75  Therefore, the source of the increase in 

affinity compared to the flexible control 2 was attributed to the constraint and restriction 

of rotors.  However, enthalpic and entropic contributions to binding were never 

determined and, therefore, whether the constrained ligand 1 bound with higher affinity as 

a result of an entropic advantage is unknown.  
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Figure 1.5: A conformationally constrained ligand binds penicillopepsin with 420-fold 

increase in affinity compared to a similar flexible control.75,76 
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Not surprisingly, attempts to preorganize ligands through conformational 

constraints have also been reported to be detrimental to binding affinity.  Lower or no 

change in affinity as a result of conformational constraints is of interest because it 

deviates from the popular hypothesis.  One could make a valid argument that 

conformational constraints, in some cases, perturb a ligand in such a way that the 

orientation of backbone and/or substitutes are affected in a manner that prevent ideal 

favorable contacts to occur.  Studies analyzing constrained inhibitors targeted for 

adamalysin II and matrix metalloproteinases found they were not effective.77  Molecular 

modeling suggested the compounds did not bind well owing to steric hindrances as the 

constraint appeared to reorient backbone and side chain atoms in conformations that were 

unfavorable to binding.   

Some have determined the enthalpic and entropic contributions to binding to a 

receptor by a particular constrained molecule and in a few instances an entropic 

advantage for the constrained compound is observed compared to the control.50,78  

Because thermodynamic data are complex and difficult to interpret, in instances where 

structural data is lacking, attempting to explain sources of thermodynamic data can be 

quite difficult.  For example, compared to a flexible control one would expect an entropic 

advantage for the binding of a constrained molecule.  However, if binding of the 

constrained molecule results in the burial of more non-polar surface area, an entropic 

benefit could arise from the release of additional water molecules that form ordered cages 

around hydrophobic surfaces.  For this reason, a combination of thermodynamic and 

structural analyses are required to make more than a speculated guess at the molecular 

basis for observed experimental binding thermodynamics for flexible and constrained 
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ligands.  For example, modeling of constrained ligands into their corresponding targets, 

protein kinase C and the Grb2 SH2 domain suggested possible conformations that could 

explain binding data.70,79  However, while modeling can suggest likely conformations of 

bound inhibitors, structural analysis through NMR and X-ray crystallography is far more 

accurate.   

In some instances constrained molecules exhibit a more favorable change in 

entropy upon binding, but the advantage is compensated by a more unfavorable enthalpy 

change so that the overall affinity of the constrained molecule remains relatively the same 

as the flexible control.50,78  This commonly observed, yet poorly understood 

phenomenon, has been termed entropy/enthalpy compensation.80-83  ∆S/∆H compensation 

is defined as a linear relationship between ∆S and ∆H over a series of perturbations, be it 

chemical or physical.  In some instances, this appears logical.  Typically, bond formation 

is enthalpically favorable and entropically unfavorable, whereas the breaking of a bond is 

enthalpically unfavorable and entropically favorable.  For example, the formation of a 

hydrogen bond in non-polar environments is considered enthalpically favorable, and the 

resulting loss in rotational freedom induces an unfavorable entropic component.  

Therefore, if a ligand can be altered in a way so that it forms additional contacts to a 

receptor, it may not result in higher affinity due to these compensating effects between 

entropy and enthalpy.  Why entropy/enthalpy compensation occurs upon the introduction 

of conformational constraints remains unclear as a net gain in affinity due to a more 

favorable entropy is expected for preorganized ligands.56-58 

Davidson and Waksman observed entropy/enthalpy compensation when 

comparing conformationally constrained analogues to flexible controls, but also between 
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ligands differing in the type of amino acid at three different positions within the ligand.50  

These studies evaluated the thermodynamic impact of incorporating an alanine, aspartic 

acid, phosphotyrosine, or valine residue at three different positions within constrained 

and flexible compounds.  Entropy/enthalpy compensation was observed and, as a result, 

affinity remained relatively the same for all ligands.  Furthermore, the thermodynamic 

trends were identical for all constrained and flexible ligands.  In all cases, regardless of 

the change in amino acid sequence the constrained ligand always bound with an entropic 

advantage and an enthalpic disadvantage.     

While there is evidence higher affinity can be achieved by constraining a 

molecule, all reports lack a complete set of structural and thermodynamic analysis of a 

constrained molecule and a comparison to an appropriate flexible control.  A good 

flexible control should be very similar to the constrained molecule, possessing the same 

number and type of heavy atoms and hydrogen bond donors and acceptors.  This is 

because binding thermodynamics of molecules differing in only one atom have been 

known to deviate largely from one another.84  When a good flexible control is used,50,70,71 

there is not enough structural or thermodynamic data available to draw conclusions about 

the effect of introducing conformational constraints.  Therefore, in all instances where 

constrained ligands have been reported to bind with higher affinity, whether the higher 

affinity is a result of more favorable entropy from restricting intramolecular bond 

rotations is unclear. 

 

 

 



 24 

1.4 Molecular Recognition of Enzyme-Substrate Interactions: Catalysis 

 

Biochemical studies of enzyme-substrate interactions are aimed at determining 

the molecular basis for why and how a particular enzyme binds and processes a set of 

reactants to form products.  Enzymes are catalysts, as the reactions they facilitate occur 

spontaneously but at much lower rates.  Literature suggests enzymes may accelerate a 

reaction by 1015 to 1017 fold.85  When a substrate (S) binds an enzyme (E), the enzyme-

substrate complex (ES) is formed, and the products (P) and enzyme are released (eq 13).  

The rate of reaction depends on the rate constants (k1, k-1, and k2 below) for each step in 

the enzymatic process. 

 

E+S             ES             E+P

K1 K2

K-1        (13) 

 

 The precise way in which enzymes increase the rates of reactions has been the 

center of much research.86  The increase in the rate of reaction is due to a number of 

factors.  Overall, the rate enhancement is achieved because the active site is 

complementary to the electrostatic, non-polar, and geometric characteristics of the 

transition state.  Binding of substrate to enzymes stabilizes the transition state more than 

the reactant state, thereby reducing the activation energy of the reaction.87-89  Therefore, 

the active site of an enzyme selects for a subpopulation of substrate molecules that are 

already in a conformation relevant to the transition state.9,10 
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 Enzymes are mostly composed of protein, and amino acid side chains play a 

variety of roles by either acting to stabilize the substrate in the binding pocket or 

performing some form of action on the substrate.  However, some reactions cannot occur 

solely by the actions of amino acids.  For this reason, all organisms depend upon metallo-

enzymes.  This arises from the inability of amino acid side chains of proteins to activate 

molecules such as H2, N2, CH2, and their weakness in hydrolyzing many simple 

compounds such as some peptides and phosphate containing molecules.90,91  For 

example, metal ions such as zinc, are strong Lewis acids and used in enzymes that 

hydrolyze strong bonds. 

When initial studies of enzymes are conducted, one is usually concerned with the 

rate of reaction and the formation of products over time.  The rate of the reaction (initial 

velocity, Vo or maximum velocity, Vmax) can be obtained through various types of kinetic 

analysis and is usually determined by measuring the rate of formation of product.  Once 

raw data are obtained, if the enzyme reaction is a Michalis-Menton mechanism, the 

Michalis-Menton equation is applied and the rate of the reaction can be determined (eq 

14).   

 

Vo = (K2[E][S])/([S] + Km)     (14) 

Km = (K-1 + K2)/K1 

Vmax = K2[E] 

 

 Assays are developed that can quantitatively measure the rate of product 

formation as a function of substrate and enzyme concentration.  While the details of such 
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assays are system specific, there are many general methods employed that can be slightly 

modified for the enzyme of study.  In general, many assays couple the product of the 

enzymatic reaction to another molecule and the amount of the complex formed can be 

calculated by measuring the absorbance of light by the complex at a certain 

wavelength.92,93  Recently, enzyme-substrate reactions have been analyzed on small 

microchips allowing the assays to be performed more rapidly, easily, and economically.94 

 Once an assay has been developed that can easily measure the rate of the 

enzymatic reaction, studies that aim to elucidate the mechanism of the enzyme can be 

implemented by making modifications to the assay.  Of interest are the molecular details 

of the mechanism, such as the rate determining step (rds).  The rds could be, for example, 

a protonation step, the release of product, or the binding of substrate.  One way of 

probing what step is rate determining is to perform the assay at different pHs, solvent 

polarities, and in D2O to elucidate what is the slowest part of the enzymatic reaction. 

Enzyme catalysis usually relies heavily on the action of amino acid side chains 

within the active site.  While binding of the substrate may involve many amino acids, the 

actual chemical reaction that occurs within the active site is usually coordinated by three 

or less.   The main functions of residues involved in substrate processing include 

modulation of the electrostatic environment, facilitation of proton transfer reactions, and 

covalent chemistry.95 A frequently employed technique to determine the roles various 

amino acids play in the binding and catalysis of substrate is site-directed mutagenesis.96,97  

By replacing amino acid side chains with non-reactive ones, amino acids essential to the 

reaction can be identified.  For example, if an aspartic acid acts as a general base in the 

enzymatic reaction, mutating it to an amino acid such as glycine or asparagine should 
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reduce the activity substantially.  While this can provide some information on the 

catalytic details of the enzyme, limitations to this technique must be noted.  Without other 

information, such as structural data, the contribution of individual residues to the overall 

rate of the reaction is difficult to determine.  Complications can arise, as a residue, when 

mutated, may give rise to large changes in enzyme activity but not be involved directly in 

the processing of substrate.  In some instances mutations may induce different degrees of 

flexibility on enzyme tertiary structure, which can also have an effect on the rate of the 

reaction.85,98 

 

1.4.1 Enzyme Engineering: Changing Specificity 

 

Substrate specificity is measured as the ability of an enzyme to recognize and 

process different substrates at different rates.  Many people examine the substrate 

specificity profile of proteins and enzymes for their respective targets or substrates 

through site directed mutagenesis with the goal of determining the criteria for strong 

binding and/or catalysis by a particular protein or enzyme.99  Whether a particular 

substrate is processed at a higher rate compared to a different substrate depends largely 

on how the substrates interact with the enzyme’s active site.  By studying the substrate 

specificity profile of a particular enzyme one can determine the necessary criteria for 

favorable enzyme-substrate/receptor-ligand interactions leading to the development of 

compounds that bind and inhibit the enzyme.   

In many instances an enzyme prefers a substrate with a particular primary and 

secondary structure.99  For example, the many types of endonucleases exhibit specificity 
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for different nucleic acid sequences.  While most endonucleases have a similar structural 

core and share a common mechanism of DNA cleavage, they differ in the details of the 

recognition process.100  For many enzymes, such as endonucleases, ideal substrates can 

be identified, and determining the molecular basis for why different specificities are 

observed for slightly different substrates becomes of interest as this can lead to the 

development of highly selective drugs. 

 If one experimentally determines the initial velocities, Vo, of the enzyme in the 

presence of low concentrations of substrate where [S] << Km, [S] in the denominator 

becomes negligible compared to other terms, thus reducing equation 14 to (k2/Km)[E][S].  

As a result, the equation is simplified and the catalytic efficiency or specificity constant, 

kcat/Km, (k2/Km in equation 13) can be calculated.  If the latter is performed with a series 

of substrates, molecules that are processed with higher specificity compared to other 

substrates can be identified.   

 

1.5 Background Information on Proteins Used in Molecular Recognition Studies 

1.5.1 Growth Receptor Binding Protein-2: Biological Role and Ligand Specificity 

 

Growth receptor binding protein-2 (Grb2) is a 25 kDa protein composed of a 

single SH2 domain flanked on both its N-terminal and C-terminal ends by SH3 domains.  

While the SH3 domains bind proteins containing proline rich motifs, the SH2 domain is 

specific for proteins containing phosphotyrosine, thereby allowing Grb2 to associate with 

multiple proteins simultaneously.  This enables Grb2 to serve as a linker between a 
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phosphotyrosine signal and downstream cellular events, characterizing it as an adaptor 

protein.101,102   

Grb2 is usually located within the cytoplasm of a cell where it binds the Ras 

guanine nucleotide exchange factor, SOS (son of sevenless), via its SH3 domain.  This 

complex is recruited to the membrane where it can bind directly to phosphotyrosine 

residues on the cytoplasmic tails of tyrosine kinase receptors or through adaptor proteins, 

such as Shc (Figure 1.6).  Once the Grb2 complex binds at the cell membrane, SOS 

associates with Ras and exchanges GDP for GTP thereby activating Raf and initiating the 

MAP kinase pathway.101,103,104   Because the MAP kinase pathway has been linked to a 

number of cancers,105 drugs that block the activation of this pathway are of interest, and 

compounds that bind to the Grb2 SH2 domain have been shown to block Ras activation 

in vivo.106-108  In addition, evidence suggests Grb2 can reside within the nucleus and 

associate with heterogeneous nuclear ribonucleoprotein (hnRNP) through its SH3 

domains.109  The biological role of nuclear-localized Grb2 is not known. 
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Figure 1.6: Role of Grb2 in signal transduction involving the transmembrane receptor-

tyrosine kinase epidermal growth factor receptor.  The Grb2-SH2 domain, like Shc, is an 

adaptor protein and associates with Shc through its SH2 domain and SOS through its 

SH3 domains (PPP=proline rich region).  

 

Due to the important role it plays in the regulation of growth factor activation 

regulation, previous studies regarding the Grb2-SH2 domain have focused on the 

development of potent inhibitors.106,107,110  Structural studies have been implemented to 

determine the details of interactions between peptide and the Grb2-SH2 domain.111-119  

These studies revealed that the structure of the Grb2 SH2 domain maintains the typical 

SH2 fold and is composed of a central ß-sheet flanked by α-helices.  There are a total of 

two α-helices (A and B), and seven ß-strands (A-G).120  Through specificity experiments, 

it has been found the Grb2-SH2 domain prefers the sequence phosphotyrosine-ψ-

asparagine, where ψ is a hydrophobic residue.121,122  Ligands bind in a ß-turn 

conformation to the Grb2-SH2 domain.  Peptide 3 (Figure 1.7) binds through a 
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combination of hydrogen bonds and van der Waals interactions with the backbone 

carbonyl oxygen atom of the amino acid N-terminal to the phosphotyrosine (pTyr-1), the 

phosphotyrosine (pTyr), and the two residues C-terminal to the phosphotyrosine (pTyr+1 

and pTyr+2) (Figure 1.8a).  The carbonyl group of the pTyr-1 residue hydrogen bonds to 

the side chain of Arg67.  The phosphate group of the phosphotyrosine binds through an 

elaborate hydrogen bond network to residues between β-strands B and C, which is termed 

the BC loop.  The backbone nitrogen of the pTyr+1 residue hydrogen bonds to the 

carbonyl of His109, whereas the pTyr+1 side chain is involved in van der Waals 

interactions with the side chains of Phe108 and Gln106.  The side chain of the pTyr+2 

Asn residue hydrogen bonds to the carbonyl and backbone nitrogen of Lys109 and 

Leu120, respectively, and in monomeric crystal structures is also involved in van der 

Waals interactions with Trp121 (Figure 1.8b).  Trp121 is postulated to block the ligand 

from adopting an extended conformation like those binding to the Src SH2 domain.  

Interestingly, the specificity of Grb2-SH2 can be changed to that of the Src SH2 domain 

by mutating Trp121 to the corresponding threonine found in the Src-SH2, which is 

believed to allow the ligand to adopt an extended conformation.121   
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Figure 1.7:  Chemical structure of a phosphopeptide 3 targeted for the Grb2-SH2 domain 

used in structural studies 114. 
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Figure 1.8: a) The pTyr binds mainly to the BC loop, whereas Trp121 interacts with the 

Asn at the pTyr+2 position.  b) Interactions between the SH2 domain and the pTyr, 

pTyr+1 Val and pTyr+2 Asn of 3.  Distances are in Å.   
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 Replacements at the pTyr-1, pTyr+1, and pTyr+2 residues have given 

information regarding the requirements for high affinity ligands that bind to the Grb2-

SH2 domain.  The pTyr+1 residue binds within a hydrophobic pocket, formed mainly by 

Phe108.  Studies revealed substitution at the pTyr+1 position with a 6-membered ring, 1-

aminocyclohexanecarboxylic acid 4, increased affinity by roughly 20 fold (210 nM) 

compared to the tripeptide, pTyr-Val-Asn.119  Together with structural studies, it was 

found the increase in binding affinity was a result of additional van der Waals contacts 

for the larger replacements.  When another ring, m-aminobenzyloxycarbonyl 5, was 

included at the pTyr-1 position, the ligand exhibited even more potency as it bound with 

an I.C.50 of 1.0 nM (Figure 1.9).115  However, incorporation of a third ring, an additional 

1-aminocyclohexanecarboxylic acid, at the pTyr+2 position resulted in a lower affinity 

compound (1.6 nM), highlighting the need for an Asn at the pTyr+2 position, perhaps 

because of the hydrogen bonds it makes to the Grb2-SH2 domain.115  Interestingly, 

substituting the pTyr+1 residue with a phosphotyrosine increases affinity by 

approximately 100-fold.114  While specificity experiments found the Grb2-SH2 domain 

requires only three amino acids for binding, studies have shown that including a 

glutamine or tryptophan as the pTyr+3 residue increases affinity by roughly 5 and 20-

fold, respectively.116,123    
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Figure 1.9: 1-aminocyclohexancarboxylic 4 and m-aminobenzyloxycarbonyl 5 acid 

substitutions used for the pTyr-1 and pTyr+1 positions of ligands binding to the Grb2-

SH2 domain results in higher affinity.115,119 

 

While SH2 domains are targeted for inhibition because of the roles they play in 

various pathogenic conditions, studies focused on SH2 domain antagonist design have 

more than just a medical significance.  Much can be learned about molecular recognition 

in general by studying complexes of SH2 domains with phosphotyrosine containing 

ligands.  The structural and thermodynamic effects of modifying a few atoms of a ligand 

can be difficult to interpret in systems were large conformational changes occur when 

protein-ligand interactions take place.  Therefore, when studying molecular recognition, 

it is important to choose a protein-ligand system in which there is a high similarity 

between structures of bound and unbound forms and the Grb2 SH2 domain and its 

complexes constitute such a system.  
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1.5.1.1 Grb2-SH2 Domain Swapping 

 

There are two reports that provide evidence the Grb2 SH2 domain can form a 

dimer through domain-swapping in which two monomers swap C-terminal helices.114,124  

The biological significance of Grb2-SH2 dimerization through domain swapping is 

unknown.  In both instances the Grb2-SH2 domain was expressed as a fusion protein 

with GST and when cleaved from the chimera was a domain-swapped dimer.  GST has 

been known to influence dimerization, so domain-swapped dimerization of Grb2-SH2 

has recently been attributed as an artifact of GST fusion protein expression.41  

There is evidence that suggests two molecules of Grb2 are required for signal 

transduction to occur between Src and SOS.  It has been demonstrated that both Grb2-

SH2 binding sites on Shc are required for efficient recruitment and binding of SOS to the 

Grb2-Shc complex in B-cell receptor (BCR)-stimulated cells.103   The authors noted that 

SOS contains multiple SH3 recognition regions and interactions between SH3 domains 

and SH3 recognition regions are relatively weak.  Hence, they suggested Grb2-SOS 

complex formation may only occur when multiple Grb2-SH3 domains are bound to SOS.  

While the latter implies two Grb2 binding sites are required for SOS recruitment, it is not 

known if two monomeric or one dimeric Grb2 molecule(s) are involved.  Likewise, if 

dimer does play a role in SOS recruitment, it is possible two molecules of Grb2 associate 

in a manner different than domain-swapping.  A series of thermodynamic and 

crystallographic studies of monomeric and domain-swapped dimeric Grb2-SH2 were 

implemented, which are discussed in chapter 2. 
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1.5.1.2 Introduction of a Cyclopropane Ring into Ligands Targeted for the Grb2-

SH2 Domains 

 

A cyclopropane ring has been incorporated within a number of peptidomimetics 

with the general aim of determining their ability to orientate the backbone and side chain 

atoms in conformations that favor binding to their receptor targets, including renin 6 and 

HIV protease (Figure 1.10).125-129  NMR solution and crystal structures show that 

introduction of a cyclopropane ring into peptide backbones of HIV protease inhibitors 

orients them in an extended conformation.125 

 

H
N

N
HO

O OH

OH

S
N

R2R1

H

N

H

O

O

6

 

Figure 1.10: Example of a cyclopropane constraint incorporated into inhibitors of Renin 

6.
125 

 

Because previous work indicated a cyclopropane ring could rigidify the peptide 

backbone and side chain in the biologically active conformation, a cyclopropane ring was 

incorporated into a phosphotyrosine replacement of Src-SH2 specific ligands with the 

aim of performing extensive thermodynamic and structural analysis on conformationally 

constrained ligands and their appropriate flexible controls (Figure 1.11, Table 1.1).50  

Constraining the phosphotyrosine residue by incorporation of a cyclopropane ring 
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resulted in an entropic advantage over the flexible control 8.  However, ∆S/∆H 

compensation was again apparent.  The entropic advantage for the constrained ligand 9 

was balanced by a less favorable enthalpy, so the overall affinity to the Src-SH2 domain 

was approximately the same for the constrained 9 and flexible 8 molecules.  To 

determine the molecular basis for the observed thermodynamics of binding by these 

peptidomimetics, crystal structures of the complexes between the ligands and the Src-

SH2 domain were sought.  While a structure could be obtained of the complex between 

the Src SH2 domain and the constrained ligand 9, a complex containing the flexible 

molecule 8 could not.  Therefore, the structural details of binding by the constrained 

ligand could not be compared to that of the flexible.  As a result, the source of the 

entropic advantage of the constrained over the flexible molecule could not be elucidated.   
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Figure 1.11: Peptide 7, conformationally constrained 8, and flexible 9 ligands targeted 

for the Src-SH2 domain.50   
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Compound Ka (M
-1) 

∆Go 
(kcal/mol) 

∆Ho 
(kcal/mol) 

∆So 
(cal/mol-K) 

8 1.7 +/- 0.6 x 107 -9.8 +/- 0.2 -7.33 +/- 0.03 8.3 +/- 0.5 

9 1.0 +/- 0.1 x 107 -9.6 +/- 0.07 -5.9 +/-0.04 17 +/- 1.0 

 

Table 1.1 Binding thermodynamics of flexible 8 and constrained 9 ligands directed 

towards the Src-SH2 domain.50 

 

Due to the interesting results arising from our studies of Src-SH2 phosphopeptide 

studies, we expanded our study to another, yet highly similar receptor-ligand system, the 

Grb2-SH2 domain, which is the focus chapter 3.  The structural and thermodynamic data 

obtained from constrained and flexible ligands binding to the Src-SH2 system are highly 

relevant to the ligands we targeted for the Grb2-SH2 domain as the constraint 

incorporated is identical in both cases.  Therefore, a comparison of the thermodynamic 

and structural data from the two systems is also discussed in chapter 3. 

 
 

1.5.2 The Phosphatidylcholine-Preferring Phospholipase C from Bacillus cereus: 

Biological Significance, Structure, and Mechanism of Phosphatidylcholine 

Hydrolysis 

 

Bacillus cereus, a common cause of food poisoning, is a pathogenic, spore-

forming, and aerobic to facultative, Gram-positive, mobile rod bacteria.  Virulence 

factors include β-lactamases, proteases, collagenases, enterotoxins, hemolysins, and 
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phospholipases.130  The phosphatidylcholine preferring phospholipase C from Bacillus 

cereus (PC-PLCBc) is a monomeric 28.5 kDa phosphodiesterase that is composed of 245 

amino acids and three zinc ions and that preferentially hydrolyzes three phospholipids in 

the order of phosphatidylcholine (10, PC) > phosphatidylethanolamine (11, PE) > 

phosphatidylserine (12, PS) (Figure 1.12).131    The substrate preference for PC, PS, and 

PE as measured by kcat/Km is 10:7:1, respectively.
132  Besides acting as a virulence factor, 

the only other known function of this enzyme is phosphate retrieval in times when 

phosphate becomes limited as Bacillus cereus naturally resides within soil, a nutrient-

poor environment.133  Arabidopsis thaliana has also been reported to hydrolyze PC when 

grown in phosphate-limiting environments.134  While there is no significant sequence 

homology to the current eukaryotic gene data base, some evidence suggests the existence 

of a phosphatidylcholine preferring phospholipase in higher organisms.  Antibodies 

raised against PC-PLCBc cross-react with proteins that hydrolyzes PC at a considerable 

rate.135  The hydrolysis of phosphatidylcholine in higher organisms is stimulated by ras 

proteins during mitogenic signal transduction and results in the products diacylglycerol 

and phosphocholine.  It has been shown these products can induce several different 

cellular responses in a wide array of organisms including apoptosis, granule exocytosis, 

map kinase pathway activation, DNA synthesis, and even influence replication of the 

human immunodeficiency virus.136-141  Investigations focusing on PC-PLCBc are thus of 

interest as they can lead to information regarding the general structure, function, 

mechanism, and substrate preference of phosphatidylcholine-preferring phospholipases. 
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Figure 1.12: Chemical structures of the three substrates of PC-PLCBc (PC, 

phosphatidylcholine 10, PE, phosphatidylethanolamine 11, and PS, phosphatidylserine, 

12).   

 

The crystal structure of apo PC-PLCBc, which was solved by Hough at a 

resolution of 1.5 Å, included 235 water molecules and was refined to an R-factor of 15.7 

%.  The overall dimensions of the enzyme are 60 x 40 x 30 Å, and 66% of the 245 amino 

acids are within a total of ten α-helices.  Amino acids not within helices form random coil 

loops between the helices.  The active site is approximately 10 x 10 x 15 Å and contains 

three zinc ions (Zn1, Zn2, and Zn3), all of which are trigonal bipyramidal.  However, 

atomic absorption experiments indicate an average of 2.3 zinc ions per PLC molecule in 

solution, but metal replacement studies with Co+2 and Cu+2 using 1H NMR spectroscopy 

confirmed the presence of the three zinc ions and suggested the third zinc ion, Zn3, is 

bound loosely.142-145   

Zn1 is coordinated to the side chains of His69, His118, Asp55, Asp122, and a 

water molecule (W1).  W1 and Asp122 are also coordinated with Zn3.  Zn3 interacts with 
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the side chain of His14 and the backbone nitrogen and carbonyl atoms of Trp1.  Zn2 is 

bound by the side chains of Glu146, His128, His142, and two water molecules (W2 and 

W3) (Figure 1.13).   
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Figure 1.13:  The active site of apo wild-type PC-PLCBc.  Three trigonal bipyramidal 

coordinated zinc ions are bound by the side chains of His, Asp, and Glu residues.  Three 

water molecules, W1-W3 are also bound to the zinc ions.146  

 

The three zinc ions are involved in substrate binding as revealed by the crystal 

structure between PC-PLCBc and a phosphatidylcholine analogue 13.147 The complex was 

obtained by soaking 13 into crystals of PC-PLCBc and solved with a resolution of 1.9 Å 

and refined to a final R-factor of 14.0 %.  The substrate binding site of PLCBc can be 

broken into three general regions.  These include residues interacting with the 
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phospholipid head group, the phosphate group, and diacylglycerol fatty acid side chains 

(Figure 1.14).   

 

 

Figure 1.14:  Crystal structure of PC-PLCBc complexed to a phosphatidylcholine 

analogue 13.  Active site residues interacting with the phospholipid head group 

(magenta), the phosphate group (lime), and diacylglycerol fatty acid side chains (orange) 

are shown.147   

 

Binding of 13 displaces eight active site water molecules but causes no significant 

movement of the zinc ions or amino acid residues.   The non-bridging oxygen atoms of 

the phosphodiester of 13 bind all three zinc ions and displace two zinc-coordinated water 

molecules (W1 and W2 in Figure 1.13).  Two amino acids, Asp55 and Glu146, are ~3.0 

Å from the phosphodiester (Figure 1.15a).  The diacylglycerol moiety binds within the 



 44 

hydrophobic cleft of the active site, and both ester carbonyl oxygen atoms of 13, replace 

water molecules found in the apo PC-PLCBc crystal structure. The sn-2 carbonyl group is 

involved in a hydrogen bond with the backbone nitrogen atom of Asn134, whereas the 

sn-1 carbonyl oxygen atom is involved in a hydrogen bond network of water molecules.  

Lastly, residues Glu4, Tyr56, and Phe66 are within close proximity to the head group of 

13 (Figure 1.15b).147   
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(b) 

Figure 1.15: Interactions found in the crystal structure between PC-PLCBc and the 

phosphatidylcholine analogue 4.  a) The phosphodiester is bound by three zinc ions.  

Asp55 is the general base.  b) The head group of PC is within close proximity to residues 

4, 56, and 66.   Distances are shown in Å.147 
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The trimetallic, active site configuration of PC-PLCBc is unusual, as only three 

other enzymes are known to have three active site metal ions.  These are S1 nuclease, P1 

nuclease, and alkaline phosphatase, each of which bind and hydrolyze 

phosphomonoesters or phosphodiesters.148,149  The metal ions from these three enzymes 

appear to have two functions.  First, one or two of the metal ions form contacts directly 

with the phosphate monoester moiety of the substrate, thereby lowering the electrostatic 

barrier for hydrolysis.  The remaining metal ion(s) are necessary for activating an active 

site water molecule, which then makes nucleophilic attack on the phosphate 

monoester.150,151 

In contrast to the hydrolysis as discussed above, the crystal structure of the 

complex between 13 and PC-PLCBc reveals the phosphate moiety of the phosphodiester is 

bound by all three zinc ions in PC-PLCBc.  Numerous studies have been conducted with 

the aim of deciphering the mechanism for the hydrolysis of phosphatidylcholine by PC-

PLCBc.
152-156  It has been postulated that following the binding of PC, an active site water 

molecule is activated by Asp55, which serves as the general base.  This water molecule is 

2.8 Å from Asp55 and 4.7 Å from the phosphorous atom of the phosphodiester in the 

complex of PC-PLCBc with 13.  Once activated by Asp55, the resultant hydroxide ion has 

been hypothesized to make an in-line nucleophilic attack on the phosphodiester with an 

attack angle of 126º.  Next, the diacylglycerol moiety is protonated by an unknown 

general acid, and the two products leave the active site (Figure 1.16).  The rate 

determining step (rds) appears to involve one of the proton transfer events based on 

experiments carried out in the presence of D2O.  The rds has been determined not to be 
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product release as performing reactions in an environment with increased viscosity did 

not significantly increase the rate of the reaction.152-156  
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Figure 1.16: Proposed mechanism for the hydrolysis of phosphatidylcholine by PC-

PLCB.
152-156. 
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1.5.2.1 The Substrate Specificity of PC-PLCBc 

 

Some kinetic and structural information regarding the structural basis for the 

substrate specificity profile of PC-PLCBc is already known.152-156  The orientation of the 

phosphatidylcholine glycerol side chains is an important contributing factor for binding 

and catalysis as the S stereochemical configuration at the sn-2 center is hydrolyzed 40 

times slower than the natural R stereochemical configuration.157   Furthermore, the sn-2 

ester linkage is extremely important as replacing it with an ether linkage gives a substrate 

that is processed 1000 times slower.158,159  The molecular basis for loss in activity may 

arise from loss of a hydrogen bond that the sn-2 carbonyl oxygen atom makes to the 

backbone nitrogen atom of Asn134 as found in the crystal structure with 13 bound to PC-

PLCBc (Figure 1.15).  The length of the fatty acid side chains were reported to have some 

effect on Vmax as PC with 6 carbons in each of the acyl side chains were processed with 

slightly greater catalytic efficiencies (kcat/Km) compared to PC with two or four carbons in 

the acyl side chains.153,158  More interesting are the largely different activities for three 

phospholipids differing at the head group; these are phosphatidylcholine (PC), 

phosphatidylethanolamine (PE), and phosphatidylserine (PS) (Figure 1.12).  PC-PLCBc 

hydrolyzes PC, PE, and PS at different catalytic efficiencies with a kcat/Km preference of 

10:7:1, respectively.   

The crystal structure of the complex between the phosphatidylcholine analogue 13 

and wild-type PC-PLCBc revealed several residues that may play a role in substrate 

specificity.  In this structure Glu4, Tyr56, and Phe66 are located within the binding 

pocket and are in close proximity to the head group of PC (Figure 1.15).147  It appears 
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reasonable to assume Glu4 stabilizes the net positive charge of the phospholipid head 

group through an electrostatic interaction as it is 3.9 Å from the choline head group of 13.  

While the nature by which Tyr56 contacts the substrate head group remains poorly 

understood, Phe66 may interact with the head group mediated by cation-π forces as the 

centroid of the aromatic ring of Phe66 and the choline head group are 4.2 Å from each 

other.160,161   

Due to the observation that residues Glu4, Tyr56, and Phe66 appear to form the 

binding pocket for the phospholipid head group, it was hypothesized that mutating these 

residues could have an impact on the substrate specificity profile of PC-PLCBc.  Indeed, 

experiments involving site-directed mutagenesis of these three residues of PC-PLCBc and 

kinetic analyses of the resultant mutants demonstrated that changing Glu4, Tyr56, and 

Phe66 led to altered substrate specificity.131  These studies, combined with the crystal 

structure of PC-PLCBc bound to a PC analogue 13, suggest that Glu4, Tyr56, and Phe66 

are beneficial for substrates with a net positive charge.131,147  Almost all mutations 

resulted in a loss in activity for PC, indicating the binding pocket of PC-PLCBc has 

evolved to specifically recognize and hydrolyze PC.  Compared to wild-type, only 

variants Phe66Tyr and Phe66Trp were found to be more active for all substrates.  

Interestingly, replacing Glu4 with a neutral or positively charged amino acid increased 

selectivity for PS and substantially reduced activity for PE and PC.  In most cases, 

protein variants exhibited similar changes in catalytic efficiencies for PC and PE, 

suggesting Glu4, Tyr56, and Phe66 may interact together with them in similar manners.  

Only variants Tyr56Ala and Tyr56Arg exhibited higher specificity for PE.  
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While Hergenrother’s site-directed mutagenesis studies provided some 

information regarding the impact residues Glu4, Tyr56, and Phe66 have on the substrate 

specificity profile of PC-PLCBc, only three protein variants for each residue were tested 

for activity.  Recently, a more thorough examination of substrate specificity was 

performed by simultaneous site-directed random mutagenesis of these three residues.132  

Not only were more single-site variants tested, but many protein variants with mutations 

at two or all three sites were analyzed.  A combinatorial library of approximately 6000 

PLCBc mutants containing random permutations of Glu4, Tyr56, and Phe66 were 

generated to identify protein variants with different specificity profiles for PC, PE and 

PS.  A total of ten variants were found to have significantly different substrate specificity 

profiles relative to wild-type (Table 1.2).   These studies resulted in the finding that 

residues at the 4th, 56th, and 66th positions “act in concert as a module in which one or 

more can be changed to give a modified binding pocket and a mutant enzyme that 

exhibits a specificity profile significantly different from wild-type.”132 
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Variant PC PE PS 
Wild-type 113.0 80.2 11.5 

E4G 12.5 1.7 40.4 
E4Q 57.3 26.8 66.6 
Y56T 55.3 151.8 28.1 

E4K/Y56V 1.2 1.4 21.6 
Y56L/F66L 0.1 2.9 0.1 
Y56T/F66P 0.3 2.2 0.25 

E4Q/Y56T/F66Y 7.1 15.8 30.9 
E4P/Y56S/F66N 0.3 1.5 5.8 
E4R/Y56S/F66N 0.2 1.4 4.2 
E4D/Y56D/F66N 0.2 3.2 0.5 
E4G/Y56T/F66N 0.9 3.1 2.3 
E4G/Y56I/F66N 0.2 0.9 2.3 

 

Table 1.2: Specificity Constants (kcat/KM) of Variants and wild-type PC-PLCBc.  Values 

are in mM-1 s-1).  Estimated error of kcat/KM ~15%. 
132 

  

It is obvious that mutating residues at the 4th, 56th, and 66th positions 

dramatically affects the substrate specificity profile of PC-PLCBc.  However, the 

molecular basis for this remains unclear.  Therefore, structural studies of the most 

interesting PC-PLCBc variants were conducted, and are discussed in chapter 4.   
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Chapter 2: Structural and Energetic Aspects of Ligand Binding to the Domain-

Swapped Grb2-SH2 Domain 

2.1 Goals and Directives 

 

While there is some evidence that shows dimerization of Grb2 may occur in vivo, 

103 it is unknown whether dimerization involves domain-swapping.  Indeed, the validity 

of domain-swapping by the Grb2-SH2 domain was recently called into question.  

Newcomer and Liu suggested that expressing truncated Grb2-SH2 or as a fusion protein 

with GST may induce domain-swapping.30,41   Whether Grb2-SH2 forms a domain-

swapped dimer without the influence of GST is unknown.  In addition, the effect domain-

swapping dimerization of Grb2-SH2 has on ligand binding thermodynamics and structure 

has not been studied elaborately.   

 

2.2 Results and Discussion  

2.2.1 Identification and Isolation of Domain-Swapped Grb2-SH2  

 

Dimerization of Grb2-SH2 has been known to occur when the domain is 

expressed as a fusion protein with N-terminal GST.  Our construct was expressed with a 

C-terminal poly-His tag in E. coli (strain sg13009).  To our surprise two peaks eluted 

when purified Grb2-SH2 was loaded onto a gel filtration column.  A gel filtration 

standard indicated the molecular weights at 14 and 28 kDa, suggesting the two molecular 

species were monomer and dimer.  Interestingly, addition of a cation exchange column to 

the purification protocol resulted in significantly different amounts of each species (see 
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supplemental data).  SDS-PAGE run on both samples gave a large band at ~14 kDa along 

with a few hardly visible impurities.  Mass spectrometry suggested both peaks had a 

molecular weight of 13.7 kDa.  When either sample was cross-linked and SDS-PAGE 

run, the major molecular weight species shifted to about 28 kDa.   

The purified monomer and dimer were found to be metastable, as no 

interconversion could be observed over the course of months when the pure monomer or 

dimer protein was stored at 4 ºC in Tris buffer at pH 7.5.  However, concentrating the 

protein in any way resulted in some dimerization.  In addition, we found dimer could be 

converted to mostly (>90%) monomer by denaturing and refolding with guanidinium 

chloride and binding affinity characteristic to monomer was obtained (see supplemental 

data).  In subsequent crystallization trials crystals of domain-swapped dimer were 

obtained, and when dissolved and run on the gel filtration column, one peak 

corresponding to ~28 kDa eluted.  Therefore, taken together the results of the latter 

experiments indicate the Grb2-SH2 domain was isolated as a domain-swapped 

dimer/monomer mixture. 

 

2.2.2 Thermodynamics of Ligand binding to Monomeric and Domain-Swapped 

Grb2-SH2 Dimer 

 

There may be a biological significance to the domain-swapping of the Grb2-SH2 

domain.  Therefore, we conducted an elaborate thermodynamic and structural analysis.  

Thermodynamic data were acquired for the binding of a tripeptide 14 to dimeric and 

monomeric Grb2-SH2 (Figure 2.1).  Conversion of monomer to dimer was observed 
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when the protein was concentrated.  Therefore monomeric and dimeric protein intended 

for ITC experiments was obtained directly from a gel filtration column.  Isothermal 

titration calorimetry of monomeric and dimeric Grb2-SH2 domains revealed that domain-

swapped dimer bound 14 with significantly lower affinity as compared to monomer 

Grb2-SH2 (Table 2.1).  Peptide 14 bound to the two sites of dimeric Grb2-SH2 with Ka’s 

of 1.6 x 104 M-1 and 4.2 x 104 M-1.  While the difference in affinity for the two binding 

sites is small, this may suggest some cooperativity.   Peptide 14 bound to monomeric 

Grb2-SH2 with a Ka of 6.3 x 10
5 M-1.  The higher affinity of peptide   14 for monomeric 

Grb2-SH2, compared to dimer, was due to a more favorable change in enthalpy of 

approximately -3 kcal/mol.  However, 14 bound monomeric Grb2-SH2 with a less 

favorable change in entropy (∆∆S = 2.4-2.9 cal/mol-K) (Table 2.1).   
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Figure 2.1:  Phosphopeptides used for isothermal titration calorimetry, 14, and 

structural studies, 15.  Peptides 14 and 15 were synthesized by Hilary Plake and Laura 

Millspaugh. 
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                     Ka(M
-1)             ∆G (kcal mol-1)       ∆H(kcal mol-1)     ∆S(cal mol-1 K-1) 

___________________________________________________________________________________________________________________________ 

Monomer 6.3 (+/-0.2) x 105        -7.9 (+/-0.02)          -5.5 (+/-0.1)           9.36 (+/-0.3) 
___________________________________________________________________________________________________________________________ 

Dimer 
     Site 1: 4.2 (+/- 1.0) x 104         -6.3 (+/-0.14)           -2.8 (+/-0.1)          11.8 (+/-1.1) 
     Site 2: 1.6 (+/-1.2) x 104           -5.7 (+/-0.05)           -2.1 (+/-0.1)          12.3 (+/-0.3) 
___________________________________________________________________________________________________________________________ 

 

Table 2.1: Isothermal titration calorimetry data for the binding of 14 to monomeric and 

domain-swapped dimeric Grb2-SH2 domain.   

 

2.2.3 Structural Studies of Domain-Swapped Dimeric Grb2-SH2 

 

The molecular basis for the significant differences in the binding thermodynamics 

of monomer and dimer Grb2-SH2 remained unclear at this point.  Therefore, the crystal 

structures of apo domain-swapped Grb2-SH2 and protein complexed to a phosphopeptide 

were sought.  The apo domain-swapped Grb2-SH2 crystallized in space group I422 with 

one molecule in the asymmetric unit, and the model was refined to a final R-factor of 

20.3% (Table 2.2).  The full domain-swapped dimer could be generated by applying 

crystallography symmetry and each molecule was observed to swap the C-terminus, 

composed of residues 123-152 (Figure 2.3).  The peptide binding pocket of Grb2-SH2 is 

lined by residues from helix αA, ß-strands ßB, ßD, and ßE, and the BC loop.  One 

glycerol molecule from the cryoprotection conditions is bound in the phosphotyrosine 

binding site.  Hydrogen bonds to hydroxyl moieties of the glycerol molecule from the BC 

loop appear to resemble those to the phosphate moiety of phosphotyrosine within peptide 

bound crystal structures.   
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______________________________________________________________________________ 
                                                             Grb2-SH2 Native  Grb2-SH2 complexed to 15 
______________________________________________________________________________ 

Diffraction data 
______________________________________________________________________________ 
Space group         I422    P6222 
Cell dimensions 
    a = b (Å)          80.8      94.9    
    c (Å)           75.2                 139.2 
Resolution (outer shell) (Å)        30.0-1.9 (1.97-1.90)      30-3.25 (3.37-3.25)                  
Unique reflections        10009     6779 
Redundancy                                7.3                                            6.9 
Completeness (outer shell) (%)                  99.5 (100)             99.0 (98.9) 
Reflections with I/σ(I) greater than 3            75.5       57.9 
    (outer shell) (%)        33.8       23.0 
Rmerge (outer shell)      3.0 (23.2)                         12.9 (38.6) 
______________________________________________________________________________ 

Refinement 
______________________________________________________________________________ 
Resolution (Å)                                                30.0-1.9               30-3.25 
Reflections (Rfree set)        9574 (521)             6435 (341) 
Non-hydrogen protein atoms            810     1585 
Ligand atoms              35 
Waters                72        9 
Rcryst               20.3       25.7 
Rfree               23.7       25.1 
Average B factor for all atoms (Å2)          34.99      39.46 
Bond angle r.m.s.d. (º)             1.27       1.43 
Bond distances r.m.s.d. (Å)           0.006      0.009 
________________________________________________________________________ 

Table 2.2:  Data collection and refinement statistics for the crystal structures of apo 

domain-swapped dimeric Grb2-SH2 and complexed to 15. 

 

A crystal structure of apo domain-swapped Grb2-SH2 has been published,114 

however, we were able to obtain data at higher resolution (1.9 Å) from crystals grown 

under different conditions (See materials and methods).  The structure reported here and 

the published apo domain-swapped Grb2-SH2 are very similar as the backbone atoms 

aligned with an RMS deviation of 0.56 Å.  Residues that compose the phosphotyrosine 
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binding pocket are in nearly identical conformations.  However, there was a significant 

difference in the orientation of the side chain of Arg142.  The Arg142 side chain is 

disordered in the published apo domain-swapped structure,114 but we detected strong 

electron density revealing its location and the hydrogen bonding of the guanidine group 

to the backbone carbonyl oxygen atom of Val122.  While one side of the indole ring of 

Trp121 is buried by Val123, the side chain of Arg142 buries the other side of the indole 

ring which apparently blocks Trp121 from accessing the ligand binding pocket (Figure 

2.2).   

   

 

Figure 2.2: Interactions involving Arg142, Val122, Val123, and Trp121 in the structure 

of apo domain-swapped dimeric Grb2-SH2.  The guanidine side chain of Arg142 

hydrogen bonds to the backbone carbonyl oxygen atom of Val122.  The indole ring of 

Trp121 is almost completely inaccessible to solvent, largely due to the proximities of the 

side chains of Arg142 and Val123. 

 



 58 

In the crystal structure of apo full length Grb2, which is not a domain-swapped 

dimer, the phosphotyrosine peptide binding pocket of Grb2-SH2 is lined by residues from 

helix αA, ß-strands ßB, ßD, ßE, and loops BC and EF.  While temperature factors are 

very similar for atoms in our apo domain-swapped structure and monomeric crystal 

structures, there are differences in the location of backbone atoms from residues 121-123 

between.  Residues 121-123 are in a turn between ß strands E and F in the monomeric 

Grb2 crystal structures and form the EF loop.  In our apo domain-swapped dimer 

structure, these residues are in an extended conformation and bridge neighboring 

molecules of the dimer (Figure 2.3). 
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(a) 

 

(b) 

Figure 2.3: Loop and extended conformations of residues 121-123 from crystal structures 

of monomer (a) and domain-swapped dimeric Grb2-SH2 (b), respectively.  In domain-

swapped dimeric Grb2-SH2 the two molecules composing the dimer, shown in lime and 

cyan, swap the C-terminus, composed of residues 124-152.  

       

As noted previously, Arg142 hydrogen bonds to the backbone carbonyl of Val122 

in the apo domain-swapped dimer Grb2-SH2 crystal structure.  However, Arg142 is 

disordered in all monomeric Grb2-SH2 crystal structures and is unable to hydrogen bond 
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to Val122, because Val122 is not in an extended conformation.  Furthermore, Trp121 

side chain conformations from the monomer and domain-swapped dimer structures are 

different.  For Trp121 in the apo structure, χ1 is 63º and χ2 is -78º, whereas Trp121 in the 

full length non-domain-swapped Grb2 crystal structure has χ1 and χ2 angles of -51º and -

68º, respectively.   

In the crystal structure of monomeric Grb2-SH2 complexed to a phosphopeptide, 

Trp121 interacts with the pTyr+2 residue of the ligand and has χ1 and χ2 angles of -62º 

and 105º, respectively (Figure 2.4).  Therefore, for monomeric Trp121 to interact with 

ligand it must undergo a conformational change about the χ2 angle.  On the other hand, 

for Trp121 in domain-swapped dimer to adopt this conformation, it must undergo a major 

rotation about both χ1 and χ2 angles upon binding of ligand, which is likely unfavorable to 

binding.  For simplicity, the two conformations of the Trp121 side chain within crystals 

structures of domain-swapped dimer and monomer Grb2-SH2 shall be referred from here 

on as open and closed conformations, respectively (Figure 2.4).   
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Figure 2.4:  Shown are the two conformations observed for the side chain of Trp121.  

Within the crystal structure of apo domain-swapped dimer Grb2-SH2 Trp121 is in an 

open conformation (cyan), which corresponds to a χ1 angle of 63º.  In the crystal 

structure of the complex between monomeric Grb2-SH2 and a peptide 3, Trp121 is in a 

closed conformation (magenta), corresponding to a χ1 angle of -62º.
114  The center of the 

indole ring of Trp121 is approximately 3.6 Å from the Cβ atom of the pTyr+2 Asn side 

chain in the monomer Grb2-SH2 complex. 

 

In the apo full length Grb2 structure, only a portion of Trp121 is buried (ASA = 

124 Å2) as one side of the indole ring of Trp121 is exposed to solvent, whereas the other 

side of the indole ring lies within hydrophobic pocket formed by the side chains from 

residues Phe108, Leu120, and Val140.  In the apo domain-swapped dimer, Trp121 

residue is buried to a greater extent (ASA = 67 Å2) by residues Val122, Val123, Tyr134, 

His135, Thr138, Ser139, Val140, Ser141, and Arg142.  Clearly, the side chain of Trp121 
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adopts the open conformation in domain-swapped dimer because it results in much more 

burial of the largely non-polar Trp121 residue.   

Thus, the structural evidence presented so far suggests Arg142 can hydrogen bond 

to Val121 only within domain-swapped dimer Grb2-SH2.  This interaction results in the 

burial of Trp121, which appears to stabilize it in the open conformation.   Therefore, it 

was hypothesized at this point that perhaps Trp121 may not adopt the closed 

conformation in domain-swapped dimer upon the binding of ligand.   If the latter were 

true, there would be a lack of an interaction between the side chain of Trp121 and the 

ligand pTyr+2 residue, which could possibly explain why domain-swapped dimer 

exhibited significantly lower affinity for ligand compared to monomer.  Therefore, we 

sought a crystal structure of a complex between domain-swapped dimeric Grb2-SH2 and 

ligand 15, which is identical to 14 used in ITC experiments except it contains a Val 

instead of an Ile residue at the pTyr+1 position.  It was assumed the extra methyl group at 

the pTyr+1 residue would not have a significant impact on the interactions between the 

ligand and the SH2 domain.   

The complex between domain-swapped dimer Grb2-SH2 and 15 crystallized with 

one dimer molecule in asymmetric unit and was solved from data obtained at 3.15 Å 

resolution and refined to a final R-factor of 24.9 % (Table 2.2).  Only one binding site is 

occupied by 15.  A cacodylate ion from the crystallization conditions apparently out 

competes 15 for the other ligand binding site.  The affinities for both ligand sites in 

domain-swapped dimer Grb2-SH2 differ by four-fold (Table 2.1). Because only one 

ligand is bound in the complex solved here, if there is an allosteric control mechanism it 

is likely the binding of ligand to one site decreases ligand affinity of the second site.  
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However, this is rather speculative as the difference in ligand affinity for both sites is 

rather small.   

The pTyr-1 carbonyl, pTyr, and pTyr+1 residues of 15 make nearly identical 

contacts to the ligand binding pocket compared to those formed between peptide 3 and 

monomeric Grb2-SH2 (Figure 1.14).  However, in contrast to the monomeric Grb2-

SH2/3 complex and in agreement with our hypothesis, Trp121 does not associate with the 

ligand pTyr+2 residue in the domain-swapped dimer/15 complex.  The conformations of 

Trp121, Val122, Val123, and Arg142 are nearly identical to those found in our apo 

domain-swapped dimer structure.  The side chain of Arg142 hydrogen bonds to the 

carbonyl oxygen atom of Val122.  The indole ring of Trp121 is in the open conformation 

and involved in hydrophobic interactions, mostly with the side chains of Arg142 and 

Val123.  Therefore, Trp121 is largely inaccessible to solvent and the side chain of Trp121 

does not associate with the ligand (Figure 2.5).  These observations suggest the open 

conformation of Trp121 is favored in not only the apo form of domain-swapped dimeric 

Grb2-SH2, but also in the ligand bound state. 
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Figure 2.5:  Trp121 does not interact with the pTyr+2 Asn residue in the complex of 15 

with domain-swapped dimeric Grb2-SH2.  Interactions between Arg142 and Val122 and 

those between Trp121 and Val123, are nearly identical to those outlined in Figure 2.2.  

 

There is one structure available in the protein data bank of the complex between 

domain-swapped dimer Grb2-SH2 and a phosphopeptide, Ac-pTyr-Val-Asn-Val-OH, 

very similar to ligand 15 we used in our structural studies.124  The published complex has 

two domain-swapped dimer molecules in the asymmetric unit, which form a total of four 

ligand binding sites, denoted here as I-IV.  Interestingly, Trp121 is in the closed 

conformation and associates with the pTyr+2 Asn residue within binding sites I-III and is 

only in the open conformation in binding site IV.  The fact Trp121 is in a closed 

conformation in three of the four binding sites within a domain-swapped dimeric 

structure deviates with our observations.  It was apparent from the structures we solved 

that Trp121 only adopted the open conformation in domain-swapped dimer.  Therefore, 

we wondered why Trp121 adopts very different conformations in the reported highly 
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similar domain-swapped dimeric Grb2-SH2 complex.  Interestingly, the BG loops within 

binding sites I-III and site IV are involved in different contacts to symmetry related 

molecules in the published structure domain-swapped dimer Grb2-SH2/peptide complex.  

The backbone atoms of BG loop residues, 142-145, from binding sites I-III are involved 

in hydrogen bonds to symmetry related molecules.  In binding site IV, there are no crystal 

contacts to residues 142-145.  It has been previously discussed Arg142 may affect the 

conformation of Trp121.  Perhaps the crystal contacts to the BG loop in binding sites I-

III, within the structure reported by Schiering, affects the conformation of Arg142.  As a 

result, Arg142 may be prevented from hydrogen bonding to the carbonyl oxygen atom of 

Val122 and stabilizing the open conformation of Trp121.  Agreeing with this hypothesis 

is that the BG loop from binding site IV is 1-3 Å closer to the EF loop compared to 

binding sites I-III (Figure 2.6).  
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Figure 2.6:  BG loop conformations in the four molecules within the asymmetric unit of 

the crystal structure between domain-swapped dimer and a phosphopeptide published by 

Schiering.124  The BG loop from binding site IV (magenta) is approximately 1 to 3 Å 

closer to the EF loop compared to the BG loop from binding sties I-III (lime, red, and 

cyan).   

 

Regardless of the differences in crystal contacts to the BG loop and the possible 

impact on the conformation of Trp121 in crystal structure reported by Schiering, it is 

likely that Trp121 can adopt either conformation in solution.  In the complex of domain-

swapped dimer Grb2-SH2 with 15 some slight Fo-Fc electron density is observed in the 

area corresponding to the closed conformation of Trp121 (Figure 2.7).  Therefore, while 

the open conformation is likely preferred, it is suggested here that Trp121 can also 

assume a closed conformation within ligand bound domain-swapped Grb2-SH2.   
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Figure 2.7: Some electron density is found in the crystal structure of domain-swapped 

Grb2-SH2/15 complex (blue) in the area Trp121 adopts in crystal structures of 

monomeric Grb2-SH2 bound to ligand (magenta).  The 2Fo-Fc (green) and Fo-Fc (red, 

contoured at 3.0 σ) electron density maps are shown in the vicinity of Trp121. 

 

2.3 Summary 

 

We obtained domain-swapped dimeric Grb2-SH2 without expressing it as an N-

terminal GST construct, which has previously been speculated to facilitate dimerization.  

There is evidence full length Grb2 forms a dimer in vivo,103 but whether the protein forms 

a domain-swapped dimer is still in question.  As it is possible domain-swapped dimeric 

Grb2-SH2 could be an artifact due to expression of the truncated SH2 domain with a His 

tag, further studies on the full length protein are needed.   

While there is no evidence Grb2 forms a domain-swapped dimer in vivo, it is 

interesting to consider the structural effects of domain-swapping of full length Grb2.  The 

SH2 domain of Grb2 has been shown to bind to the cytoplasmic tails of EGFP, which 

dimerize upon binding of epidermal growth factor to its extracellular domains.162  
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Therefore, it is possible that both SH2 domains from a full length domain-swapped Grb2 

dimer associate with both cytoplasmic tails of dimer EGFP simultaneously, thereby 

allowing for a simultaneous association between the SH3 domains with two molecules of 

Sos.   

Trp121 has been postulated to prevent ligands that bind to the Grb2-SH2 domain 

from assuming an extended conformation, forcing them into a β-turn.111  Including the 

structural data presented here, there are now two instances in which Trp121 does not 

appear to prevent the ligand from adopting an extended conformation, but the ligand still 

binds in a β-turn.  The pTyr+2 Asn of the ligand forms a total of three hydrogen bonds to 

the Grb2-SH2 domain.  Therefore, it appears Trp121 does not contribute significantly to 

the stability of the β-turn conformation.   

A large drop in affinity for ligand binding to domain-swapped dimer versus 

monomer Grb2-SH2 is observed.  Trp121 may tend to not interact with the ligand pTyr+2 

Asn residue within domain-swapped dimer Grb2-SH2, which could explain the lower 

affinity.  Interestingly, Marengere reported approximately the same reduction in affinity 

(~14-fold) for the ligand, pTyr-Val-Asn-Val, when Trp121 is mutated to a threonine in 

Grb2.121  In addition there is evidence SH2 domain specificity can be dramatically altered 

through mutating a single amino acid has also been presented.163  While purely 

speculative, this may imply domain-swapped dimerized Grb2-SH2 may exhibit different 

specificity for target sequences.   
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Chapter 3:  Thermodynamic and Structural Evaluation of Preorganized Ligands 

Targeted to the Grb2 SH2 Domain 

3.1 Goals and Directives 

 

To date, there is a lack of concluding evidence that supports the widely held view 

that preorganization of ligands leads to an entropic advantage, resulting in higher affinity.  

A qualitative/semi-quantitative evaluation of the impact ligand preorganization has on 

binding thermodynamics should have certain aspects.  First, a constrained molecule must 

bind in a similar manner as the flexible analogue so binding specificity is maintained.  

Second, an appropriate flexible control, containing the same number and types of atoms, 

must be included as it is known unexpected changes in binding thermodynamics can arise 

between two molecules differing by only one atom.  Furthermore, entropic and enthalpic 

contributions to binding must be determined for the constrained and flexible molecules.  

Lastly, structural analysis, including NMR or X-ray crystallography, is required to draw 

qualitative conclusions on the molecular basis for experimentally obtained 

thermodynamic values.  No literature reported to date includes all of these critical 

experiments and, therefore, there is a dire need for such a study. 

Due to such concerns, we set out to obtain extensive thermodynamic and structural 

data for a set of constrained compounds and the corresponding flexible controls in an 

effort to gain further information on the enthalpic and entropic impact conformational 

constraints have on ligand affinity.  We continued our efforts using a ligand-receptor 

system structurally similar to the Src-SH2 domain, the Grb2 SH2 domain.  Our aim was 

to correlate structural and thermodynamic data obtained from conformationally 
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constrained ligands and their corresponding flexible controls.  We report the first known 

extensive thermodynamic and structural analysis of ligand preorganization by analyzing 

isothermal titration calorimetry (ITC) and X-ray crystallography data obtained from a 

series of constrained and flexible ligands targeted to the Grb2-SH2 domain.  The 

molecular and thermodynamic consequences of conformationally constraining these 

ligands are discussed herein.   

 

3.2 Results and Discussion 

 

3.2.1 Preparation of Grb2 SH2 Domain For Use In Thermodynamic Studies 

 

The Grb2 SH2 domain was expressed and purified as described in the materials 

and methods section.  A combination of affinity and ion-exchange chromatography 

resulted in >95% pure Grb2-SH2.  However, upon loading purified protein onto a gel 

filtration column two peaks eluted, that were found to be dimeric and monomeric species.  

It was determined dimer and monomer had large differences in binding thermodynamics.  

Therefore, for the purpose of reproducibility, pure monomeric Grb2-SH2 was used for all 

ITC studies.  In addition, all ITC experiments were performed using the same source of 

protein and all ligands were dissolved in the same buffer as the protein and was titrated to 

a pH within 0.1 units.  Details on expression, purification, and ITC are noted in the 

materials and methods section.  Studies concerning the identification and 

thermodynamics of monomeric and dimeric Grb2 SH2 domain are discussed in chapter 2. 
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3.2.2 Thermodynamics of Ligand Binding to Monomeric Grb2 SH2 Domain 

 

In an effort to understand the impact conformational constraints have on ligand 

affinity, we initiated a set of calorimetry and X-ray crystallography experiments.  Ligands 

14-21 have been synthesized in our lab (Figure 3.1).164-166  Ligands 14 and 15 are 

synthetic tripeptides corresponding to the natural Shc sequence Grb2-SH2 recognizes in 

vivo.  Compounds 18 and 19 are cyclopropane derivatives that are designed to reduce the 

flexibility of the peptide, specifically at the ψ, χ1, and χ2 rotors of the phosphotyrosine.  

Ligands 16 and 17 represent the flexible controls, and are chemically identical 

counterparts of 18 and 19, respectively.  We also incorporated the cyclopropane into the 

backbone of the pTyr+1 residue to give compound 21.  The flexible control of 21 is 20.  

Ligands were synthesized by Hilary Plake, Martin Teresk, and Laura Millspaugh.164-166 
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Figure 3.1: Grb2-SH2 ligands used for thermodynamic and structural studies.  

Ligands were synthesized by Hilary Plake, Martin Teresk, and Laura Millspaugh.164-166   

  

Isothermal titration calorimetry experiments were performed on compounds 14-

21, and parameters Ka, ∆H, ∆S, and ∆G were determined (Table 3.1).  Compounds 18, 
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19, and 21 were expected to bind with higher affinity than 16, 17, and 20 as restricting 

rotomers was hypothesized to give a T∆S advantage of approximately 1 kcal/mol per 

restricted rotor.60 Compounds 20 and 21 did not bind well.  We were delighted to see the 

constrained ligands 18 and 19 bound with approximately a 5-fold increase in binding 

affinity compared to their respective flexible controls 16 and 17.  To our surprise, the 

increase in affinity was due to a fairly large enthalpic advantage (~1.5 kcal/mol) for the 

constrained ligands.  Interestingly, the constrained ligands actually bound with an 

entropic disadvantage compared to the flexible controls.  Partial entropy/enthalpy 

compensation was thus again evident. 
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Compound Ka (M
-1) 

∆Go 
(kcal/mol) 

∆Ho 
(kcal/mol) 

∆So 
(cal/mol-K) 

14 6.1 +/- 0.3 x 105 -7.9 +/- 0.1 -6.6 +/- 0.2 4.3 +/- 0.7 

16 1.7 +/- 0.2 x 106 -8.5 +/- 0.1 -5.5 +/- 0.1 9.9 +/- 0.5 

18 8.5 +/- 0.6 x 106 -9.5 +/- 0.1 -7.4 +/-0.1 7.0 +/- 0.6 

15 6.3 +/- 0.2 x 105 -7.9 +/- 0.1 -5.1 +/- 0.1 9.4 +/- 0.3 

17 1.3 +/- 0.2 x 106 -8.3 +/- 0.1 -5.8 +/-0.1 8.5 +/- 0.5 

19 7.1 +/- 0.7 x 106 -9.3 +/- 0.1 -7.0 +/-0.1 7.7 +/- 0.4 

20 <1.0 x 104 N.A. N.A. N.A. 
21 <1.0 x 104 N.A. N.A. N.A. 

 

Samples 
Compared 

∆∆Go 
(kcal/mol) 

∆∆Ho 
(kcal/mol) 

∆∆So 
(cal/mol-K) 

18-16 -1.0 -1.9 -2.9 

19-17 -1.0 -1.3 -0.8 
 

Table 3.1: Isothermal titration calorimetric data on compounds 14-21.  Differences in 

∆G, ∆H, and ∆S (∆∆G, ∆∆H, and ∆∆S) between flexible and constrained ligands are 

listed.  Data were obtained in duplicate, subtracted from a blank run, and averaged.  

Raw data and titration curves are including in the supplemental data section.   

 

In order to determine whether there is a difference in solvation/desolvation of 17 

and 19, the changes in heat capacities (∆Cp) for compounds 17 and 19 were determined.  

The change in enthalpy was measured at five degree intervals from 15 to 35 ºC and 

plotted, resulting in a line with a slope representing ∆Cp (Figure 3.2).  The changes in 

heat capacity for compounds 17 and 19 were the nearly identical, thus the observed 

differences in ∆H and ∆S were likely not due to hydrophobicity or solvation-desolvation 

effects.   
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Figure 3.2: Change in heat capacity (∆Cp) for compounds 17 and 19.   

 

The fact that the thermodynamic parameters for the pairs of ligands 16/18 and 

17/19 deviate from the current thinking regarding the energetic consequences of 

preorganization is astonishing by itself.   The constrained ligands in theses pairs bound 

with higher affinity because of enthalpic and not entropic factors.  If the complexes 

formed by these ligands are similar in overall flexibility, the constrained ligand should 

bind with a net benefit in T∆S of ~1.0 kcal/mol per restricted rotor at 298 ºK.60  However, 

the flexible and constrained ligands did bind with different enthalpy and entropy 

contributions. This implies there is some other thermodynamic influence, and due to 

similar ∆Cp for the compounds, may not originate from solvent energetics.  We wondered 
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why we did not see the same thermodynamic trends observed for studies involving the 

binding of phosphotyrosine derived ligands to Src-SH2 domain.  In those studies, 

incorporating the same cyclopropane phosphotyrosine constraint led to an entropic 

advantage and enthalpic disadvantage in binding compared to the flexible control.  There 

must be some structural basis for the differences in thermodynamics in these two 

systems.  We wanted to know what these were as knowledge gained could lead to 

information concerning the impact preorganization has on binding energetics.  Therefore, 

we initiated structural studies with the aim of determining the molecular basis for binding 

thermodynamics of the conformationally constrained and pre-organized ligands, 18 and 

19, and the flexible controls, 16 and 17. 

 

3.2.3 Structural Analysis of Flexible and Constrained Ligands Bound to the Grb2 

SH2 Domain 

3.2.3.1 Crystallization and Data Collection 

 

Crystal structures of complexes between the Grb2-SH2 domain and ligands 16-19 

were sought.  Initially, attempts were directed towards soaking the ligands into crystals of 

the unbound domain-swapped dimer Grb2-SH2.  However, this technique failed as no 

electron density for the ligand was detected even if the crystals were soaked in 10 mM 

ligand for several days.  Therefore, we embarked on co-crystallization trials.  Conditions 

which are listed in the materials and methods section. resulted in the co-crystallization of 

complexes with ligands 16, 17, and 18.  All structures were determined through 

molecular replacement using a published monomeric Grb2-SH2/ligand complex as the 
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model.111  The complexes of the Grb2-SH2 domain with 16 and 17 crystallized in the 

P43212 space group with one molecule in the asymmetric unit and diffracted out to 1.7 Å.  

The structure of 18 bound to Grb2-SH2 was solved from 1.9 Å data and crystallized in 

the P21 space group with two molecules in the asymmetric unit.  Data collection and 

refinement statistics are listed in Table 3.2. 

 

Data Collection and Refinement 

Statistics 16 18 17 
Space Group P4(3)2(1)2 P2(1) P4(3)2(1)2 
Resolution Range (Å) 30-1.7 20-1.9 20-1.7 
Reflections     
  Total 58677 39543 58613 
  Unique 10899 15648 11165 
Intensity (I/σ(I)) 33.4(6.8) 13.8(2.7) 25.9(5.4) 
Completeness (%) 95.8 94.7 97.2 
Rsymm (%) 5.4(17.4) 6.0(27.0) 5.2(16.6) 
Rcrys/Rfree (%) 20.4/23.7 20.1/23.6 18.9/21.6 
RMS deviation from ideal values    
  Bond Lengths (Å) 0.0048 0.0062 0.0046 
  Bond Angles (deg.) 1.32 1.34 1.33 

 

Table 3.2: Data collection and refinement statistics for Grb2-SH2 complexes. 

 

3.2.3.2 The Crystal Structures of the Grb2-SH2 Domain Bound to 16, 17, and 18 

 

The complex between Grb2-SH2 and 18 crystallized with two molecules in the 

asymmetric unit.  Superimposition of the two complexes within the asymmetric unit 

reveals few differences (Figure 3.3a).  The backbone atoms align with an RMS deviation 

of 0.3 Å whereas the ligands overlap with an RMS deviation of 0.2 Å.   The B-factor 

trends were highly similar for all atoms in either complex in the asymmetric unit (Figure 

3.3b). The largest differences in the location of backbone atoms and B-factors are within 
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the flexible CD and BG loops and may be accounted for due to different crystal contacts.  

For example, backbone and side chain atoms from the CD loop of one molecule in the 

asymmetric unit hydrogen bond to symmetry related molecules.  However, no contacts 

are made to the same loop from the other molecule in the asymmetric unit. 

 

   

      (a)      (b) 

Figure 3.3: Superimposition of the two molecules (magenta and red) found in the 

asymmetric unit of crystal structure of Grb2-SH2 complexed to 18 (a) and colored by B-

factor (b).   

 

The complexes between Grb2-SH2 and 16 and 17 both crystallized with one 

molecule in the asymmetric unit.  Compound 16 is the appropriate flexible analogue of 

18.  No crystal structure has been obtained yet for the complex of the Grb2-SH2 domain 

with 19.  When all atoms from the complexes of 16 and 17 with the Grb2-SH2 domain 

are aligned, the RMS deviation is 0.2 Å.  Therefore, in most instances the orientation and 

 BG loop 

CD Loop 
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location of the backbone and side chain atoms are nearly identical.  However, Phe101 

adopts different conformations in the two complexes.  In at least three published 

structures of complexes between the Grb2-SH2 domain and ligand containing a valine at 

the pTyr+1 position, Phe101 is in the anti conformation.  There is some electron density 

in the area of the g(-) conformation Phe101 in the complex with 16.  Why this is remains 

unclear.  However, the electron density surrounding the side chain of Phe101 is poor in 

both structures, indicating they are not highly ordered and likely do not dramatically 

affect the energetics of ligand binding.      

Comparing structures of the complexes of the Grb2-SH2 domain with 16 and 18 

reveals some more striking features.  Backbone atoms from the complex with 16 align 

with the two molecules from the asymmetric unit of the complex with 18 superimposed 

with an average RMS deviation of 0.5 Å (Table 3.4).  In the Grb2-SH2/18 complex, 

Phe101 adopts an anti conformation and, in contrast to the Grb2-SH2/16 complex, there 

is no electron density for the g(-) conformation.  The more striking differences between 

complexes with 16 and 18 were the orientations of the phosphotyrosine replacements of 

the ligands and the position of the BC loop, which together with Arg67 of helix A 

comprises the phosphotyrosine binding pocket (Figure 3.5).  Without including the BC 

loop in alignment, the constrained and flexible complexes overlap with an RMS deviation 

of 0.4 Å.  Interestingly, the BC loop is ~2.0 Å closer to the phosphate moiety of the 

constrained phosphotyrosine ligand 18 relative to its flexible control 16.  Most of the 

contacts from both ligands are highly similar, including those from the backbone 

carboxyl oxygen of the pTyr-1 residue to that of Arg67.  The contacts made between the 

pTyr+1/pTyr+2 residues and the Grb2-SH2 domain are also highly analogous and these 
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residues within the flexible and constrained ligands align with an average RMS deviation 

<0.1 Å.     

 

 

(a) 

   

(b)       (c) 

Figure 3.5: a) Superimposition of the pTyr binding pocket from crystal structures of 

complexes between Grb2-SH2 and 16 (cyan) & 18 (magenta).  b) and c) Electron density 

in the area of the BC loops in the complexes with 16 (a) and 18 (b).  Shown are the 2Fo-

Fc (green, 1.2 σ) and Fo-Fc omit (red, contoured at 3.0 σ) maps.   
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A detailed summary of the contacts between the BC loop and the phosphotyrosine 

replacements in 16 and 18 is Figure 3.6.  Hydrogen bonds between the phosphate moiety 

of the ligands and the BC loop differ significantly. The phenyl oxygen atoms of each 

phosphotyrosine replacement are 1.5 Å apart and contact different serine residues.  In the 

Grb2-SH2/16 complex, this oxygen atom is hydrogen bonded to Ser90, whereas in the 

complex of Grb2-SH2 with 18, the same atom forms a hydrogen bond to Ser96.  The 

main difference in amino acid side-chain conformations within the BC loop is that of 

Glu89.  In both molecules within the asymmetric unit of the Grb2-SH2/18 complex, the 

side chain of Glu89 forms a hydrogen bond to the backbone nitrogen of Arg67.  In the 

Grb2-SH2/16 complex, this residue is involved in a hydrogen bond network of water 

molecules.  In Figures 3.5 and 3.6 it is apparent the BC loop is more restricted in the 

constrained bound complex as it is packed ~2.0 Å closer to the phosphate moiety.  The 

constrained phosphotyrosine replacement makes one additional polar contact to the 

backbone nitrogen of Ser90 within the BC loop.  Furthermore, the phosphate moiety in 

18 is directly hydrogen bonded to the backbone nitrogen of Glu89, whereas in the Grb2-

SH2/16 complex the same interaction is mediated by a water molecule.  Because the 

distances and strengths of hydrogen bonds fluctuate in solution, one could speculate the 

additional water molecule between Glu89 and the phosphate moiety of 16 allows for 

more flexibility.  However, dynamic studies, which give information regarding the 

flexibility of individual atoms, are needed to confirm such a hypothesis.   
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Figure 3.6: Illustration showing contacts between the BC loop and the phosphate 

moieties of 16 (a) and 18 (b).  The distances between the backbone nitrogen of Glu89 and 

the phosphate moiety of 16 and 18 illustrate that the BC loop is much closer to the 

constrained phosphotyrosine analogue.  The backbone nitrogen of Ser90 contacts the 

phosphate moiety of 18, whereas it does not in the Grb2-SH2/16 complex. 
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3.2.4 Correlation Between Thermodynamic and Structural data 

 

It is possible that the binding of 18 results in a different amount of surface area 

that is buried upon binding, an occurrence that might account for the enthalpic advantage 

and entropic disadvantage compared to the flexible control.  For example, if the binding 

of 16 results in the burial of more non-polar surface than 18, one would expect a more 

favorable change in entropy for the binding of 16.  Therefore, the changes in polar 

(∆ASApol) and apolar (∆ASAapol) surface areas upon binding were calculated using the 

crystal structures of the complexes between Grb2-SH2 domain and 16/18 with the 

assumption that the free and bound conformations, and therefore solvent accessible 

surface area, of the ligands do not differ significantly.  The total change in ASA 

(∆ASAtotal) was calculated by subtracting the ASA of the complex (ASA(R-L)) by the ASA 

of the free ligand (ASAL) and of the receptor (ASAR).  Using methods described in 

chapter 1, thermodynamic values were calculated (Table 3.4).49,52,53  While these 

calculations have been applied successfully to other systems,54 the calculated values for 

forming complexes between 16 or 18 and the Grb2-SH2 domain deviate from the 

experimentally observed data (Table 3.3).  The calculated change in heat capacity is 

approximately half the experimentally observed values.  Because ∆Sºsolv and ∆Hº298 are 

derived directly from ∆Cºp, the calculated values for these parameters will be off as a 

result.  More non-polar surface area is buried upon binding of the flexible ligand 16 

compared to the constrained ligand 18.  Therefore, the trends in the calculations agree 

with the experimental data in that the constrained ligand has an enthalpic advantage and 

an entropic disadvantage compared to flexible control.   
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Ligand 
∆ASAPOL 

(Å2) 
∆ASAAPOL 

(Å2) 
∆CP  

(cal/mol-K) 
∆H333 

(kcal/mol) 
∆H298 

(kcal/mol) 
∆Ssolv 

(cal/mol-K) 
∆Sconf 

(cal/mol-k) 
∆Sass  

(cal/mol-K) 
∆S total 

(cal/mol-K) 

16 -471.2 -381.9 -48.8 -11.5 -9.9 12.5 -28.5 -8.0 -24.0 

18 -464.0 -360.1 -40.9 -11.5 -10.1 10.5 -23.9 -8.0 -72.8 

 

Compound Ka (M
-1) 

∆Go 
(kcal/mol) 

∆Ho 
(kcal/mol) 

∆So 
(cal/mol-K) 

16 1.7 +/- 0.2 x 106 -8.5 +/- 0.1 -5.5 +/- 0.1 9.9 +/- 0.5 

18 8.5 +/- 0.6 x 106 -9.5 +/- 0.1 -7.4 +/-0.1 7.0 +/- 0.6 

 

Table 3.3: Thermodynamic values for binding of 16 and 18 calculated from changes in 

non-polar and polar accessible surface areas (top) and experimentally observed values 

(bottom).  The change in enthalpy calculated from ∆ASA agrees well with the 

experimentally observed values, whereas the change in entropy does not. 

 

The observation that these two similar ligands interacted with the BC loop 

differently is interesting, and we naturally wondered, why?  It is possible that 

incorporation of the conformational constraint could position the phosphate moiety in a 

manner that prevents it from adopting the same conformation, and thereby contacts, as 

the flexible control.  The phosphotyrosine side chain of 18 does extend from the 

backbone of the constrained molecule differently and appears to enforce the aromatic ring 

and phosphate moiety to occupy slightly different preferred locations (Figure 3.7).  The 

non-bridging oxygen atoms of the phosphotyrosine replacement are presumed to act as 

hydrogen bond acceptors to residues of the BC loop and water molecules.  Hydrogen 

bond formation and strength depends not only on the distance but also the bond angle 
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between donor and acceptor atoms.  Perhaps the BC loop is only able to accommodate 

the phosphate of the constrained ligand by moving towards the binding site.  This 

conformation may allow for more favorable hydrogen bond distances and angles between 

the non-bridging oxygen atoms and hydrogen bond donors from the BC loop.  The BC 

loop may move so that ideal geometries and distances exist between the hydrogen bond 

donors of the BC loop and hydrogen bond acceptors on the phosphotyrosine.  This would 

imply the cyclopropane constrains the phosphate moiety in a slightly different orientation 

resulting in a different BC loop conformation relative to the flexible control. 

 

 

 

Figure 3.7: The side chains from the phosphotyrosine replacements of 16 (lime) and 18 

(cyan) extend differently from the backbone as a result of the cyclopropane constraint. 

   

It is intriguing that a differently constrained molecule 22 designed for the same 

SH2 domain, binds in a very similar manner compared to 18.117  The backbone atoms 

from the complexes of 18 and 22 with the Grb2-SH2 domain align with a RMS deviation 

of 0.35 Å (Table 3.4).  While the cyclopropane in 18 is a backbone-to-side chain 

phosphotyrosine constraint, the backbone atoms from the N- and C- termini of 22 are 
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joined, to form a macrocyclic constraint (Figure 3.8).  Even though different 

conformational constraints are implemented, the phosphotyrosine residues adopt highly 

similar orientations (Figure 3.9).  More importantly, the BC loops occupy nearly identical 

regions with respect to the phosphate moieties of 18 and 22.  When the structural details 

of the interactions between the phosphotyrosine and BC loop are analyzed, all contacts 

are maintained except for slight differences in the distances to neighboring residues to the 

phenolic oxygen of the phosphotyrosine (Figure 3.10).   
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Figure 3.8:  A constrained macrocycle 22 directed towards the Grb2-SH2 reported by 

Ettmayer.117 
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Figure 3.9: Superimposition of two structures of differently constrained molecules bound 

to the Grb2-SH2 domain reveals no significant differences in the orientation of the BC 

loop and its interaction with the phosphate moieties of 18 and 22.  Magenta: Grb2-

SH2/18 complex.  Orange: Grb2-SH2/22 complex.117 
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Figure 3.10: Detailed schematic of interactions between 22 and the Grb2-SH2 domain.117 

 

 



 88 

Comparing Figures 3.8-3.10 reveals that differently constrained molecules form 

nearly identical interactions with the Grb2-SH2 domain.  Even though 22 and 18 are two 

very differently constrained molecules, the phosphate moiety from each superimpose 

almost perfectly.  This suggests that the orientation of the BC loop and non-bridging 

oxygen atoms of the phosphate on the phosphotyrosine replacement in 18 are not the 

direct result of the cyclopropane constraint.   

It is apparent that the effects of introducing conformational constraints into Grb2-

SH2 and Src-SH2 binding ligands are not the same.  In the Src-SH2 studies, the 

constrained ligand 9 bound with an entropic advantage, which was compensated by an 

enthalpic disadvantage resulting in slightly lower affinity compared to the flexible control 

8 (Table 1.1).  The molecular basis for the thermodynamic differences between 8 and 9 

was never determined as a crystal structure of the complex of the Src-SH2 domain with 

the flexible control 8 could never be obtained.  However, the crystal structure of the 

complex with the constrained ligand 9 is available.50  Interestingly, if the Grb2-SH2/18 

and Src-SH2/9 complexes are superimposed, few differences are seen (Figure 3.11).  The 

constrained phosphotyrosine replacements bind in almost identical orientations and the 

BC loops of the Grb2-SH2 and Src-SH2 domains align well.  Therefore, introducing a 

cyclopropane constraint into ligands that target slightly different SH2 domains results in 

nearly identical conformations of not only the receptor, but more importantly the residue 

being constrained.  The fact that the constrained ligands bound in very similar 

conformations and the thermodynamic trends are different suggests the flexible ligands 

bind to the different receptors in different manners.  A crystal structure with the flexible 

control from the Src-SH2 system is required to confirm the latter. 
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Figure 3.11:  Application of cyclopropane phosphotyrosine constraint to different SH2 

domain systems (Magenta: Grb2-SH2 complexed to 18; Green: Src-SH2 complexed to a 

ligand 9 with the same phosphotyrosine replacement).   

 

It is of interest to compare how both flexible 16 and constrained 18 ligands bind 

to the Grb2-SH2 domain relative to the peptide 3 (Figure 3.12).114  While the peptide 

within the crystal structure does not contain the same number or type heavy atoms, it is 

possible to determine whether the ligands 16 and 18 bind to the Grb2 SH2 domain in a 

fashion similar to the peptide.  Superimposing the Grb2-SH2/16 and Grb2-SH2/3 

complexes reveals an average RMS deviation of 0.5 Å for the backbone atoms (Table 

3.4).  The phosphotyrosine from the peptide 3 and the phosphotyrosine replacement of 16 

make nearly identical contacts to the Grb2-SH2 domain (Figure 3.12), and the BC loop is 

in the same conformation.  One extra water molecule, which hydrogen bonds to the 
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phosphate moiety of 16, is found in the structure of the Grb2-SH2/16 complex.  The only 

other difference is the hydrogen bond acceptor for one side chain nitrogen of Arg86.  The 

latter could be the result of differences in resolution of the two structures as the location 

of the side chain atoms of Arg86 are only off by a few tenths of an angstrom.  The bound 

conformation of the flexible ligand 16 and its interactions to the Grb2-SH2 domain 

correspond well with 3.  Therefore, the structural differences between 3 and 18 are highly 

similar to those between 16 and 18, which have been previously discussed.   
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   (b)      (c) 

Figure 3.12:  Comparison of the complexes between Grb2-SH2 with 16 and 3.  a) 

Chemical structure of 3 114 interactions between the BC loop and phosphotyrosine 

residue of 3 (b) and its replacement 16 (c). 
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(a) 
Grb2-SH2 Backbone Atoms Superimposed 

(without BC loop) 
 

 18    (Chain A) 18    (Chain B) 22 3 

16 0.54 (.41) 0.47 (0.40) 0.59  
(0.47) 

0.49 

17 0.56 (.42) 0.48  (.39) 0.60 
(0.48) 

0.49 

3 0.62 (0.48) 0.53 (0.42) 0.60  

22 0.32 (0.30) 0.37 (0.33)   

 
(b) 

Ligands Superimposed 
(without pTyr) 

 
 18  

(Chain A) 
18      

(Chain B) 
3 22 

3 0.67 (0.22) 0.66 (0.23)   

22 0.60 (0.33) 0.61 (0.33) 0.41 (0.27)  

17 0.61 (0.10) 0.61 (0.10) 0.29 (0.18) 0.53 (0.30) 

16 0.62 (0.11) 0.62 (0.11) 0.29 (0.17) 0.53 (0.32) 

      (c) 

Table 3.4: a) Ligands used for alignment studies.  b) Backbone atom RMS deviation.  c) 

Atoms aligned from ligands include the pTyr-1 carbonyl through the pTyr+3 backbone 

nitrogen atom.114,117   
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So far, two conformations of the BC loop in crystal structures of Grb2-SH2 have 

been discussed.  In the complexes with constrained ligands 18 and 22, the BC loop 

appears ‘closed,’ whereas in the apo form and complexes with peptide 3 and flexible 16 it 

is ‘open.’ Interestingly, the phosphotyrosine residues from peptide ligands bind to the 

Grb2-SH2 and Src-SH2 domains in slightly different manners (Figure 3.13).  In all 

reported crystal structures of the Src-SH2 domain, including the apo form, the BC loop is 

observed to adopt only one conformation, resembling that of the closed conformation 

found in the crystal structures of complexes between the Grb2-SH2 domain and 

constrained ligands 18 and 22.  The conformation of the phosphotyrosine replacement of 

the constrained ligand 18 does not correlate well with that of the phosphotyrosine residue 

of peptide 3 in the Grb2-SH2 system.114  However, the phosphotyrosine replacement of 

the constrained ligand 9 binds to the Src-SH2 domain in a conformation like that of the 

peptide 7 phosphotyrosine residue. 
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Figure 3.13 Comparison of complexes between peptide and Grb2-SH2 (magenta) and 

Src-SH2 (cyan).  The BC loop (indicated with the arrow) is in an ‘open’ conformation in 

the Grb2-SH2 bound structure and in a ‘closed’ conformation in the Src-SH2 bound 

structure. 

 

3.3 Summary 

 

Our constrained ligands 18 and 19 bound to the Grb2-SH2 domain with higher 

affinities due to enthalpic advantages that were compensated by entropic disadvantages 

compared to the flexible controls 16 and 17.  The observation the constrained ligands 

bound with less favorable entropies was completely unexpected and is contrary to 

conventional wisdom regarding preorganization. Structural studies suggest that the 

differences in binding thermodynamics between 16 and 18 to the Grb2-SH2 domain arise 

from an extra polar contact (enthalpically favorable) and a tightened BC loop 

conformation (entropically unfavorable) that occur upon the binding of the constrained 

ligand 18.   
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When a complex forms between a ligand and receptor, more or less order can be 

imposed on the system.  Williams describes these scenarios as heating or cooling of the 

system.167,168   In the case in which more order is imposed on the system, the lengths of 

interactions decrease making them generally stronger.  The latter case would be 

enthalpically favorable, but entropically disfavorable.  On the other hand, if the receptor-

ligand system became less ordered upon complexation it would be detrimental to 

enthalpic terms, but beneficial to entropic ones.  Perhaps when similar ligands bind to the 

same receptor different flexibilities can be imposed, resulting in dissimilar entropic and 

enthalpic contributions to binding.   

While NMR dynamic data are needed to evaluate the flexibilities of individual 

atoms within each complex, we believe complexes between the Grb2-SH2 domain and 

constrained and flexible ligands 16 and 18 differ in flexibility.  Applying William's logic, 

the formation of a rigid complex would be more enthalpically favorable and entropically 

disfavorable compared to the formation of flexible complex.     This implies that as more 

order is inflicted on a system the strengths of interactions between the ligand and receptor 

are increased, which is entropically unfavorable and enthalpically favorable.  

Interestingly, applying the same logic to the data obtained for the Src-SH2 ligands 8 and 

9 could explain why entropy/enthalpy compensation was observed and the constrained 

ligand bound with an entropic advantage compared to the flexible control.  Perhaps the 

constrained ligand 9 binds with less overall order to the Src-SH2 domain relative to the 

flexible 8 control, but at the same time bond strengths decrease, having a negative impact 

on enthalpy.   
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Here, we show the binding of a conformationally constrained ligand is not 

entropically favorable compared to a flexible control.  We propose constrained and 

flexible ligands can bind with different overall flexibilities.  Therefore, while freezing 

rotors may lead to some beneficial effect to ∆Gr, it appears terms other than ∆Gr are 

affected by conformational constraints.    
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Chapter 4:  Molecular Basis for the Substrate Specificity Profile of the 

Phosphatidylcholine-Preferring Phospholipase C from Bacillus cereus (PC-PLCBc) 

Protein Variants 

4.1 Goals and Directives 

 

Antikainen and colleagues found that mutating Tyr56 to a non-aromatic residue 

lowered the specificity constant for PC, but increased it for PE and PS.  Furthermore, 

they confirmed Hergenrother’s proposal that protein variants with a neutral or positive 

charged residue in place of Glu4 results in PS-selectivity.  However, as no structural data 

were obtained on any of the protein variants, the actual molecular basis for changes in 

substrate specificity could not be identified.  It is widely accepted that a single amino acid 

change can have significant effects on the tertiary structure of the enzyme.  In the case of 

the double and triple mutants, the probability of mutation-induced structural changes 

increases.  For example, studies using lysozyme as a model have shown that mutating 

residues can severally effect secondary and tertiary structure.169   

The fact single mutations had a considerable impact on the substrate specificity 

profile of PC-PLCBc is interesting.  The specificity constant, kcat/Km, could be altered 

drastically by a single amino acid change, but varying additional residues led to even 

greater changes in specificity.  Perhaps the most interesting results were those obtained 

for variants E4G, E4Q, and Y56T, which exhibit roughly a two-fold higher specificity for 

their preferred phospholipid compared to wild type (Figure 4.1).  Several questions arose 

from these studies.  First, does mutating these particular residues affect the overall 

tertiary structure of PC-PLCBc?  Second, do phospholipids bind to protein variants E4G, 
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E4Q, and Y56T as PC binds to wild-type?   These questions were addressed by 

implementing structural studies of apo and substrate analogue-bound complexes of 

protein variants E4G, E4Q, and Y56T.   
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Figure 4.1: Catalytic Activity (kcat/Km) of Wild-Type PC-PLCBc and Mutants E4G, E4Q, 

and Y56T Towards PC, PE, & PC.  Error estimated at +/- 15%.132  

 

4.2 Results and Discussion 

4.2.1 Purification, Crystallization, and Structure Determination of PC-PLCBc 

Protein Variants  

 

We set out to obtain crystal structures of mutants E4G, E4Q, and Y56T in apo 

form as well as complexed to an analogue of the preferred phospholipid (PS for E4G and 

E4Q, PE for Y56T).  Initially, crystallization was attempted using a protocol that had 

been previously developed in our lab.  The protein was purified as published,170 and 

crystallization was attempted using conditions reported by Antikainen.171  However, 
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extensive trials conducted to crystallize the variants of interest under these conditions 

proved unsuccessful and a modified crystallization preparation protocol was developed.  

Namely, the recombinant enzyme was purified as described,170 except the Cu2+ chelating 

Sepharose chromatography step was omitted.  The protein was then heated at 73 °C for 

15 min, and then cooled on ice for 10 min.  The mixture was centrifuged at 35,000 g for 

20 min.  The supernatant was heated to 85 °C for 10 min, and then centrifuged at 35,000 

g for 20 min.  The resultant pellet was dissolved in 6 M guanidinium HCl and 0.1 M 

sodium acetate at pH 6.0 and incubated at room temperature for 1 h.  The sample was 

then dialyzed (2 x, 100-fold) in 20 mM Tris-HCl and 1 mM ZnSO4 at pH 7.3.  Any 

protein that denatured upon refolding was removed by centrifugation.  Refolded PC-

PLCBc was precipitated by the addition of a saturated ammonium sulfate solution, and the 

mixture was centrifuged for 3 min at ~5,000 g.  The resultant pellet was dissolved in 

water, and the concentration was adjusted to ~6 mg/mL using an established Bradford’s 

assay.170  Wild-type PLC and all protein variants were crystallized by the vapor diffusion 

method under 45% saturated NH4SO4.  Crystals were cryoprotected in 25% glycerol and 

40% saturated NH4SO4, diffracted, and the structures solved by molecular replacement, 

as reported in the materials and methods section.       

 

4.2.2 Crystal Structures of Apo PC-PLCBc Protein Variants E4G, E4Q, and 

Y56T 

 

The protein variants E4G, E4Q, and Y56T crystallized in the same space group 

(P43212) as wild-type PC-PLCBc, and phases were determined through molecular 
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replacement using the published crystal structure of wild-type PC-PLCBc as a model 

(PDB code: 1AH7).146  Apo E4G, Y56T, and E4Q protein variant structures were 

obtained from data at 1.90, 2.04, and 2.05 Å resolution and refined to final R-factors of 

18.3 %, 17.9 %, and 18.0 %, respectively (Table 4.1). 

 

Data Collection Statistics E4G E4Q Y56T 

Space Group P43212 P43212 P43212 
Resolution Range (Å)    
  Total 20-1.90 30-2.05 20-2.00 
  Outer Shell 1.90-1.97 2.12-2.05 2.00-2.07 
Total number of 
Reflections 107433 92219 91360 
  Unique Reflection 22963 18747 19417 
Intensity (I/σ(I)) 31.1 (6.8) 24.7 (5.6) 15.0 (7.5) 
Completeness (%) 98.8 99.1 96.5 
Rsymm (%) 3.6(16.2) 3.8 (25.1) 5.4(11.0) 
    
Refinement Statistics    

Resolution Range (Å) 20-1.90 30-2.05 20-2.04 

Number of Reflections 18893 18714 18464 
Rcrys/Rfree (%) 18.3/20.6 18.0/21.2 17.9/20.6 
No. of Water Molecules 199 221 171 
RMS deviation from ideal 
values    

  Bond Lengths (Å) 0.0058 0.0055 0.0053 

  Bond Angles (deg.) 1.36 1.12 1.13 
Average B-factor (Å2)    
  Protein Atoms 20 20.9 15.8 
  Solvent Atoms 32.1 34.4 27.2 
  Zinc Atoms 16.1 26.0 14.5 

 

Table 4.1:  Data collection and refinement statistics for PLCBc protein variant crystal 

structures. 

 

Superimposition of all apo structures of PC-PLCBc variants E4G, E4Q, and Y56T 

with wild-type reveals no significant differences in tertiary structure (Figure 4.2).  The 
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active site water molecule suspected to be the attacking nucleophile was found in all 

structures and is denoted here as W4.  In the apo wild-type PC-PLCBc structure this 

particular water molecule (W4) is 2.6 Å from Asp55, the general base, whereas in the 

E4G and Y56T apo protein variant structures it is located 2.8 and 2.9 Å from Asp55, 

respectively.  In the apo E4Q structure W4 is 3.8 Å from Asp55.  This suggests the 

mechanism of at least phosphatidylcholine hydrolysis may be similar for wild-type PC-

PLCBc and the protein variants E4G, E4Q, and Y56T. 

 

 

Figure 4.2: Superimposition of Protein Variant and Wild-Type PC-PLCBc Structures.  

Backbone atoms from native structures of E4G (magenta), E4Q (cyan), and Y56T (lime) 

variants align to the wild-type structure (orange) with an RMS deviation of 0.2-0.3 Å. 

 

A general analysis of B-factors reveals the only significant differences were that 

of the three active site zinc ions.  While E4G and Y56T structures showed fairly low B-

factors (~15.0) for the three zinc ions, the wild-type structure has B-factors that approach 

zero.  The fact that all three zinc ions from the wild-type structure have the same low 

value (2.0), suggests they may have been assigned a value and never refined. 
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Furthermore, the wild-type structure was obtained at higher resolution and it is known B-

factors can vary with respect to resolution.  For reasons that are unclear the temperature 

factors for the zinc ions from the E4Q apo crystal structure have an average value of 26.0, 

which are slightly higher compared to the E4G and Y56T protein variants.   

An analysis of the orientations active site amino acid side chains from wild-type 

and protein variants E4G, E4Q, and Y56T, reveals significant differences only at residues 

at the 4th and 56th positions.  Gauche+ (g(+)) and anti conformations of Ty56 are found 

in the apo wild-type structure.  In the apo E4G structure Tyr56 is anti and points away 

from the active site, whereas Tyr56 is g(+) in the E4Q structure.  In the Y56T variant, the 

hydroxyl moiety of Thr56 points away from the active site. 

The side chain conformation of residue 4 appears to be affected by different 

hydrogen bonds to it in wild-type, E4Q, and Y56T.  Compared to the wild-type Glu4 

residue, Gln4 of the E4Q variant adopts a similar conformation but does not hydrogen 

bond to an active site water molecule, W7 (Figure 4.3).  In the crystal structure of the 

Y56T variant, Glu4 is located ~1.0 Å closer to the substrate binding pocket compared to 

the same residue in the apo wild-type structure and is within hydrogen bonding distance 

to W4, the water molecule suspected of being the attacking nucleophile (Figure 4.4).   
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(a) 

 

(b) 

Figure 4.3: The conformations of the glutamic acid and glutamine side chains in the apo 

wild-type PC-PLCBc and the E4Q protein variant crystal structures.  In the wild-type 

structure (a), Glu4 hydrogen bonds to Asn147 and an active site water molecule, W7.  In 

the E4Q structure (b), Gln4 hydrogen bonds to the side chain of Asn147 only.   
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Figure 4.4:  Glu4 conformations in crystal structures of apo wild-type PC-PLCBc 

(Magenta) and protein variant Y56T.   

 

Illustrated in Figure 4.5a are the active site water molecules W1-W9 found in the 

apo wild-type PC-PLCBc crystal structure.  W1-W3 and W5 are displaced when PC binds 

to the active site.  The E4G variant contains all water molecules found in the wild-type 

structure, but contacts to W7 are different due to the absence of the Glu4 side chain 

(Figure 4.5b).  In the wild-type structure, W7 hydrogen bonds to Glu4 and Asn147, and 

both of these contacts are lost in E4G.  In the E4G structure, W7 is shifted 1.4 Å and 

hydrogen bonds to W5 and W8.  E4G has three additional water molecules W10, W11, 

and W12.  W10 is located in the vicinity where the g(+) conformation of Tyr56 resides in 

the apo wild-type PLCBc structure.  W10 forms hydrogen bonds to the backbone carbonyl 

oxygen atoms of Tyr52 and Ala3.  Interestingly, W11 is roughly 4 Å from the area 

occupied by the choline head group of 13 in the crystal structure of the complex between 

13 and wild-type.  In the structure of the E4G variant, W11 hydrogen bonds to W4 and 
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the backbone nitrogen atoms of Ala3 and Gly4, and W12.  W12 also forms hydrogen 

bonds to W6 and the backbone carbonyl oxygen atom of Val11.   
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Figure 4.5:  Active site water molecules in the crystal structures of apo wild-type PC-

PLCBc, and varaints E4G (b), E4Q (c), and Y56T (d).   Distances are in Å.   

 

The E4Q variant lacks the three active site water molecules W5, W7, and W8 that 

are found in the apo wild-type PC-PLCBc structure (Figure 4.5a/c).  However, three extra 

water molecules (W13, W14, and W15) are found in the E4Q structure that are not in the 

apo wild-type structure.  W13 is hydrogen bonded to water molecules W9 and W4.  W14 

hydrogen bonds to water molecules W1-W3, which are bound by the three zinc ions.  

W15 forms a hydrogen bond with the side chain carboxyl group of Glu146.  W14 and 
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W15 probably do not influence the specificity profile of E4Q as W14 is likely displaced 

upon the binding of substrate, and W15 is present in the crystal structure of the complex 

between wild-type PLCBc and the PC analogue 13.  On the other hand, like W11 from the 

E4G native structure, W13 is found within close proximity to the area the choline head 

group of 13 occupies when bound to wild-type.   

The Y56T variant has three water molecules, W10, W15, and W16, which are not 

found in the wild-type structure.  W10 and W15 are found in the structures of E4G and 

E4Q protein variants, respectively, and make similar contacts (Figure 4.9).  W10 

hydrogen bonds to the backbone carbonyl atoms of Tyr52 and Ala3, and also to W16.  

W16 makes additional hydrogen bonds to the backbone carbonyl oxygen atom of Ala3 

and W4 and is within hydrogen bond distances to the side chain carboxyl group of Glu4.  

W10 and W15 are found in the PS specific E4G and E4Q variants, respectively, and 

likely do not influence its specificity profile.  W16 is unique to the Y56T variant and is 

only 3.7 Å from the area the choline group of 13 occupies when bound to wild-type 

PLCBc.   

 

4.2.3 Crystal Structures of PC-PLCBc Bound to Substrate Analogues 

 

Apo structures of protein variants E4G, E4Q, and Y56T were solved and found to 

highly resemble the wild-type structure, thus appearing not to compromise the structural 

integrity of PLCBc.  Efforts to obtain crystal structures of complexes between the variants 

and substrate analogues were then initiated by attempting to soak phospholipid analogues 

into crystalline PLCBc.  Soaking experiments were conducted using two different classes 
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of compounds that were synthesized by Hui Li as shown in Figure 4.6.  One class, 25-27, 

is composed of analogues in which both of the non-bridging oxygen atoms of the 

phosphodiester moiety are replaced with sulfur atoms and have hydroxyl moieties at the 

end of the acyl side chains to increase solubility.  The other class of inhibitors, 13, 23, 

and 24 is different from natural phospholipids only by the substitution of the oxygen 

atom bridging the phosphorous to the diacylglycerol moiety with a carbon atom 172.     
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Figure 4.6: Phospholipid Substrate Analogues Used for Structural Analysis.  3(S), 4-

Dihexanoyloxybutyl-1-phosphonyl L-choline (13); Ethanolamine 3-(S)-Bis[(n-

hexanoyloxy)butyl]phosphonate (23);  3(S), 4-Dihexanoyloxybutyl-1-phosphonyl L-serine 

(24) and O-1,2-Di-(6′-hydroxyhexanoyl)-sn-3-glyceryl, O-(choline) phosphorodithioate 

(25);O-1,2-Di-(6′-hydroxyhexanoyl)-sn-3-glyceryl, O-(ethanolamine) phosphorodithioate 

(26);O-1,2-Di-(6′-hydroxyhexanoyl)-sn-3-glyceryl, O-(L-serine) phosphorodithioate (27).  

The Ki for the inhibition of PC hydrolysis by wild-type PLCBc is listed next to each 

compound.  The Ki of compounds 23 and 24 were extremely high and could not be 

accurately determined.172  

 

Initial soaking experiments were conducted with the phosphorodithioate 

compounds 26 and 27.  Crystals of PLCBc variants E4G and E4Q were grown and then 
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soaked for up to one week in 45% saturated NH4SO4 containing 26 at a concentration up 

to 10 mM.  The latter crystals diffracted and data was obtained with 1.9-2.0 Å resolution.  

Phases were solved through molecular replacement and 2Fo-Fc and Fo-Fc electron 

density maps were calculated.  When Fo-Fc electron density maps were contoured at 2.0 

σ, no electron density could be found in the shape of 26 within the active site, indicating 

26 did not bind well to crystals of PLCBc.  A similar situation was seen when crystals of 

the Y56T variant were soaked in 45% saturated NH4SO4 containing 27 at a concentration 

up to 10 mM.      

Because 26 and 27 did not appear to bind to the active sites of crystallized PLCBc 

protein variants E4G, E4Q, and Y56T, soaking the phosphonate class of substrate 

analogues 23 and 24 into the crystals was examined.  The low solubility (~0.4 mM) of 23 

proved to be a problem when trying to soak crystals of the Y56T variant.  Attempts to 

increase the solubility of 23 by making the soaking solution 25% glycerol or 25% sucrose 

were unsuccessful, so a crystal structure of the complex between 23 and Y56T could not 

be obtained.  However, crystal structures with the PS analogue 24 bound to variants E4G 

and E4Q as well as wild-type were obtained.  Details on soaking crystals with 24 and 

diffraction of crystals can be found in the materials and methods section. 

The structures of wild-type PC-PLCBc and variants E4G and E4Q complexed to 

24 were all obtained from 2.2 Å resolution data and solved through molecular 

replacement.  The asymmetric unit contained one molecule of PLCBc and two molecules 

of 24.  All structures of PLCBc complexed to 24 were refined to an R-factor of ~20 % 

(Table 4.2) and occupancy for both molecules of 24 is near 100%.  Omitting 24 in any of 

the structures and calculating an Fo-Fc electron density map reveals strong electron 
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density when contoured at 3.0 σ (Figure 4.7).  Backbone atoms from the structures of the 

variants E4G and E4Q and wild-type complexed to 24 aligned with an RMS deviation of 

0.1 Å.  Due to the high similarity of the three crystal structures with respect to the 

location of residues and water molecules, resolution, and R-factors the structures are 

nearly identical.  However, one active site water molecule found in the E4Q and E4G 

structures is absent in the wild-type structure, and its possible implication on catalysis 

shall be discussed in later sections. 

 

 

Figure 4.7: An omit Fo-Fc electron density map calculated from the structure of E4G-24 

complex and contoured at 3.0 σ clearly shows the location of 24 within the active site.   
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Data Collection Statistics 

Wild-type 

24 -PLCBc E4G-24 E4Q-24 

Space Group P4(3)2(1)2 P4(3)2(1)2 P4(3)2(1)2 
Resolution Range (Å)    
  Total 25-2.25 20-2.22 20-2.2 
  Outer Shell 2.33-2.25 2.22-2.30 2.22-2.28 
Total number of Reflections   48059 108836 113834 
  Unique Reflection 14079 14449 14879 
Intensity (I/σ(I)) 18.6 (6.56) 18.62(3.30) 15.04(2.56) 
Completeness (%) 98.8 100 99.1 
Refinement Statistics    

Resolution Range (Å) 25-2.25 20-2.22 20-2.2 
Number of Reflections 13227  113575 
Rcrys/Rfree (%) 18.6/22.7 20.4/25.2 19.7/23.4 
No. of Water Molecules 115 72 113 
rmsd from ideal values    
  Bond Lengths (Å) 0.0056 0.0072 0.0066 
  Bond Angles (deg.) 1.17 1.21 1.19 
Average B-factor (Å2)    
  Protein Atoms 28.1 31.0 32.3 
  Solvent Atoms 35.9 35.2 41.1 
  Zinc Atoms 30.1 37 36.7 

 

Table 4.2: Data collection and refinement statistics for crystal structures of E4G, E4Q, 

and wild-type PC- PLCBc complexed to a phosphatidylserine analogue 24.  

 

In the structure of the complex of wild-type PC-PLCBc and the PC analogue 13 

147, no changes in tertiary structure compared to the apo structure are evident.  The non-

bridging oxygen atoms of the phosphonate of 13 contact all three active site zinc ions.  

The fatty acid side chains on the diacylglycerol lie in a hydrophobic pocket lined by 

residues Phe70, Tyr79, and Leu135, and the sn-2 carbonyl hydrogen bonds to the 

backbone nitrogen of Asn134 (Figure 1.15).  The head group is within close proximity 

(<4 Å) to residues Glu4, Tyr56, and Phe66.  The water suspected to be the attacking 

nucleophile, is 2.8 Å from Asp55, the general base, and 4.7 Å from the phosphorus atom.   
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Compared to the interactions between wild-type PC-PLCBc and 13, those between 

PLCBc and 24 are dramatically different.  Binding of 24 to PLCBc induces the loss of Zn3 

and a conformational change involving residues 1-15 with the result that 13 and 24 bind 

in very different orientations to the protein (Figure 4.8).  Electron density for residues 1-9 

could not be detected in all complexes of 24 and, therefore, are assumed to be disordered.  

The reason for this is clear.  Because the phosphodiester and diacylglycerol moieties of 

24 displace Zn3 upon binding, Trp1 no longer serves as a ligand to Zn3 and is dislodged.  
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(a) 

    

          (b)     (c) 

Figure 4.8:  A conformational change and loss of the active site Zn3 ion upon binding of 

24 to PLCBc.  a) The apo structure of wild-type PC-PLCBc and wild-type complexed to 24 

are superimposed.  The main differences lie in the conformation of residues 1-15 

magenta and cyan) and the absence of Zn3 (solid magenta).  b) & c) Crystal structures of 

wild-type PC-PLCBc bound to 13 (b) and to 24 (c).  The orientation of the active site in 

both pictures is the same, revealing 24 binds in a very different manner than 13. 

 

The entire molecule of 24 is engaged in different interactions with the active site 

of wild-type PLCBc and variants compared to 13.  In addition to the loss of Zn3 and the 

conformational change of residues 1-15, the diacylglycerol moiety of 24 is located within 

a hydrophobic pocket made available due to the conformational change.  The non-



 113 

bridging oxygen atoms of the phosphodiester of 24 contact Zn1, an active site water 

molecule, and the side chain of Asp55 (Figure 4.9).  In addition, the serine head group of 

24 is involved in van der Waals interactions with the aromatic ring of Phe66 and also 

contacts Zn2 through what appears to be a bidentate interaction.  
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Figure 4.9:  Interactions between wild-type PC-PLCBc and protein variants, E4G and 

E4Q, with 24 as seen in crystal structures.   

 

Perhaps irrelevant to the aim of this study, another molecule of 24 bound to an 

area far away from the active sites in all crystal structures at least in part due to the 

influence of crystal contacts.  The serine head group of this particular molecule of 24 

hydrogen bonds to Pro59, Try60, Asp62, Tyr83, and Lys92.  The diacylglycerol moiety is 

located in a hydrophobic pocket formed by neighboring, symmetry related molecules 

(Figure 4.10).   
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Figure 4.10:  In crystal structures of wild-type PLCBc, E4G, and E4Q complexed to 24, 

another molecule of 24 is bound to the exterior of the protein (lime) and appears to arise 

as a result of crystal contacts to a symmetry related molecule (blue).   

 

Aligning residues 16-243 from the crystals structures of wild-type PLCBc, E4G, or 

E4Q complexed to 24 to the crystal structure of wild-type PLCBc complexed to 13 gives 

an average RMS deviation of ~0.4, indicating residues not involved in the conformational 

change are highly similar.  B-factors for backbone atoms are higher by approximately 2-

fold for most residues within all structures with 24 bound compared to the crystal 

structure of PLCBc complexed to 13.  Because the differences in temperature factors are 

quite large, they are likely the result of higher thermal motion of the complexes with 24 

and not due to the 0.7 Å difference in resolution. 

In all complexes with 24, the close proximity of Asp55 and one of the non-

bridging oxygen atoms of the phosphodiester of 24 suggests the possibility of a low 

barrier hydrogen bond (LBHB).173,174  The strength of hydrogen bonds depend on length 

and linearity, the nature of the microenvironment, and the degree to which the pKa values 

of the conjugate acids of the atoms sharing the proton are matched.  When the distance 

between hydrogen bond acceptors and donors decreases below 2.5 Å, the hydrogen atom 
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can move freely between the two atoms as neutron diffraction of a LBHB shows.175  Such 

bonds have been under severe scrutiny and therefore the significance of the close 

proximity of these two atoms remains unclear.173,174   

 

4.2.4 Possible Mechanisms for Hydrolysis of Phosphatidylserine 

 

The apo structures of PLCBc protein variants are much like that of wild-type 

PLCBc.  The observation that the PS analogue 24 binds to wild-type as well as the E4G 

and E4Q variants in a very different manner as compared to the way the PC analogue 13 

binds to wild-type PC-PLCBc is perplexing.  We postulated structures with PLCBc 

complexed to 24 would reveal how the amino acid at residue 4 influences the specificity 

profile of PLCBc.  This particular residue is not visible in the PS bound complexes 

because it is disordered.  The conformational change observed could be the result of 

changing Glu4 to a different amino acid.  However, wild-type PLCBc binds the same PS 

analogue 24 in the same manner as observed in the E4G and E4Q complexes, so it seems 

unlikely that changing Glu4 to glycine or glutamine had an effect upon the stability of the 

tertiary structure of PLCBc under conditions used to soak the inhibitor into crystals.  

Under the same soaking conditions the PS analogue binds differently than PC and 

induces a substantial conformational change in protein tertiary structure.  Therefore, 

perhaps the binding mode of PS is influenced by the crystallization/soaking conditions 

whereas PC is not affected. On the other hand, it is possible PLCBc may bind and, 

perhaps, hydrolyze PS differently than PC in vivo.  PC-PLCBc and the protein variants 

bind the PS analogue with only two zinc ions and only one of these zinc ions makes 
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contact with one of the non-bridging oxygen atoms of the phosphodiester group, whereas 

in wild-type three zinc ions bind the phosphodiester of PC and are postulated to lower its 

electrostatic barrier for nucleophilic attack.  In addition, no active site water molecules 

that could potentially act as an attacking nucleophile are found within close proximity to 

Asp55 in the PS complexes.  Therefore, if the PLCBc-PS crystal structures obtained in 

these experiments do indeed reflect how PS is recognized by wild-type PLCBc and its 

variants E4Q and E4Q in vivo, then an alternative mechanism for hydrolysis of PS may 

operate.     

It is possible phosphatidylserine binds to PLCBc in a different manner than 13, but 

suggesting a mechanism based on these crystal structures is purely speculative.  

Nevertheless, three mechanisms for PS hydrolysis in which only one zinc ion is involved 

appear to be plausible.  One possibility is that one of the carboxyl groups of Asp55, 

which are ~3.5 Å from the phosphorous atom, is the nucleophile that attacks the 

phosphodiester, much like that of the postulated mechanisms of alkaline phosphatase and 

phospholipase D (Figure 4.11).176,177  In the case of alkaline phosphatase, a water 

molecule that is activated by zinc ions is believed to deprotonate an active site serine 

residue that then directly attacks the phosphorous atom of the phosphomonoester.  In a 

similar manner, it is postulated His170 of phospholipase D makes direct nucleophilic 

attack on the phosphorous atom of a phosphodiester in which one of the leaving groups is 

a phosphorylated diacylglycerol moiety.   
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Figure 4.11: Mechanisms of alkaline phosphatase (a) and phospholipase D (b).176,177 

 

However, a more likely means by which PS hydrolysis could occur by PLCBc is 

like that of Rnase HI of E. coli.178  His124 of Rnase HI is believed to activate a water 

molecule that in turn attacks the phosphodiester group (Figure 4.12).  Interestingly, His14 

of PLCBc could act in the same way as His124 from Rnase HI.  His14 is 3.1 Å from an 

active site water molecule in the crystal structures with 24 bound to PLCBc variants E4G 

and E4Q.  Activation of this water molecule by His14 could lead to an in-line 
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nucleophilic attack on the phosphodiester.  An in-line nucleophilic attack is the most like 

mechanism considering the location of the proposed attacking nucleophile, as this water 

molecule is 5.0 Å from the phosphorous atom with an attack angle of 122.5 º (Figure 

4.13).  These geometries are comparable to the distance (4.7 Å) between the phosphorous 

atom of 13 and the water molecule (W4) suspected to make an in-line nucleophilic attack 

at an angle of 125º on PC by wild-type PLCBc.
154  Besides a histidine side chain acting as 

the general base, the only difference in these two mechanisms is the products arising 

from an in-line nucleophilic attack would likely be the phospholipid serine head group 

and a phosphorylated diacylglycerol moiety, resembling products released from 

phospholipase D.  
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Figure 4.12: Mechanism of Rnase HI.178 
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Figure 4.13:  Possible mechanism of phosphatidylserine hydrolysis (R = serine, R’ = 

DAG).  His14 activates an active site water molecule which then makes nucleophilic 

attack on the phosphodiester. The products are the serine head group and a 

phosphorylated DAG moiety. 

 

Interestingly, electron density for the water molecule suggested above to be the 

possible attacking nucleophile on 24 in the E4G and E4Q variants, is not found in the 

structure of wild-type PLCBc bound to 24.  As noted before all structures with 24 bound 

are identical in the number and type of visible residues.  There appears no clear reason as 

to why this water molecule is not found in the wild-type complex.  However, if the 

mechanism for PS hydrolysis resembles that of Rnase HI, the absence of the attacking 

nucleophile in the crystal structure of wild-type PLCBc in complex with 24 appears to be 
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the only structural evidence that could explain its much lower catalytic efficiency for 

phosphatidylserine compared to protein variants E4G and E4Q (Figure 4.1).   

The latter postulated mechanism implies different amino acid side chains serve as 

the general base for the hydrolysis of different phospholipids and could easily be tested 

through a series of mutagenesis and kinetic experiments involving residues His14 and 

Asp55.  For example, if Asp55 is mutated to a catalytically inactive residue, such as 

asparagine, and activity for PS is maintained and that for PC is lost, one may postulate 

Asp55 does not act as a general base for the hydrolysis of PS.  If this were the case, the 

products of PS hydrolysis could be determined by implementing mass spectrometry 

and/or HPLC.   

 

4.2.5 Zinc Content and Stability Studies of PC-PLCBc and Protein Variants  

 

The postulated mechanism for PS hydrolysis by PLCBc appears at the least 

possible.  However, one could argue the conformational change, loss of zinc, and odd 

binding configuration of 24 are an artifact of soaking/crystallization conditions.  

Therefore, protein stability experiments, involving zinc content analyses, and additional 

X-ray crystallography experiments were conducted.  The zinc content of wt-PLCBc, E4G, 

and E4Q before and after the addition of 24 was determined through atomic absorption 

(Table 4.3).  Measurements were taken from samples containing ~1 mg/mL PLCBc in 1 

mM DMG at pH 7.3.  The PS analogue, 24, was added to 1.5 mM and, after incubation 

overnight, and dialyzed away in the same buffer.  The results indicate roughly 2.0-2.6 Zn 

atoms per wild-type PLCBc molecule, agreeing with previously determined results.142-145 
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However, these experiments were performed under conditions different than the 

crystallization and soaking conditions.  Therefore, the latter was repeated under 

conditions approximate to those used for crystallization and soaking of 24 into crystals 

(30% saturated NH4SO4, pH 5.4).  Surprisingly, adding 24 to a concentration 1.5 mM 

under these conditions resulted in the denaturation of wt-PLCBc and both E4G and E4Q 

variants.  Because of the insoluble nature of denatured protein, atomic absorption 

experiments could not be carried out.   

      

Sample 

Number Zn Atoms per 
PLCBc Molecule 

No PS added       PS added 
wt-PLC 2.3 2.5 
E4G 2.6 2.3 
E4Q 2.0 2.2 

 

Table 4.3: Zinc content analysis of wt-PLC and protein variants E4G and E4Q in the 

presence and absence of phosphatidylserine analogue 24. 

 

The latter experiments support the possibility that PLCBc may interact with 24 

differently in the presence of ammonium sulfate and/or under acidic vs. neutral pH.  

Furthermore, the lack of zinc in the crystallization conditions may facilitate the loss of 

Zn3 upon binding the substrate analogue.  To test this hypothesis X-ray crystallography 

was performed on crystals of wt- PLCBc soaked in the same PS analogue except the pH 

and zinc concentration within were altered.  In these trials, the pH of the soaking solution 

was titrated to pH 7.3.  In addition, soaking experiments were done in the presence and 

absence of 1 mM ZnS04 at pH 7.3.  While crystals were soaked in up to 3 mM PS 
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analogue, no electron density in the shape of phosphatidylserine was found to occupy the 

active site.  Also, the conformational change reported earlier did not take place.  In what 

seems to be a result of crystal contacts, one molecule of 24 was found to bind an exterior 

portion of the enzyme, far away from the active site.  Taken these experiments, it can be 

gathered PLCBc likely interacts with 24 differently depending on the pH and the presence 

of a high concentration of ammonium sulfate.  

 

4.3 Summary 

 

The aim of this project was to determine the molecular basis for changes in 

substrate specificity of protein variants of PC-PLCBc using X-ray crystallography.  

Structures of apo E4G, E4Q, and Y56T as well as complexes of wild-type PC-PLCBc and 

E4G and E4Q with the phosphatidylserine analogue 24 were obtained.  The crystal 

structures of E4G, E4Q, and wild-type PC-PLCBc bound to a phosphatidylserine analogue 

are significantly different from the reported structure of the complex between wild-type 

PC-PLCBc and a phosphatidylcholine analogue 13.  Studies focusing on the interaction 

between PLCBc and 24 reveal that: 1) The first 15 N-terminal residues and one zinc ion 

are displaced by 24 in crystal structures of PLCBc; 2) PLCBc in aqueous solution denatures 

in the presence of 24 under conditions similar to those for soaking/crystallization (30% 

NH4SO4, pH 5.4) but not in DMG at pH 7.3; 3) Zinc is not lost upon the addition of PS in 

DMG at pH 7.3; 4) Soaking wild-type PC-PLCBc crystals in 3 mM 24, with or without 1 

mM ZnSO4 at pH 7.3 does not result in occupancy of 24 in the active site of PLCBc.  

While phosphatidylserine may bind to PLCBc differently in vivo than that observed in the 
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crystal structures reported here, a possible mechanism has been suggested for the PLCBc 

catalyzed hydrolysis of PS and resembles that hypothesized for Rnase HI.  

The apo variant crystal structures reported here are highly similar to that of native 

wild-type PC-PLCBc with respect to temperature factors and the location of backbone 

atoms.  Because apo variant and wild-type structures superimpose nicely, mutating 

residues 4 or 56 appear not to affect the tertiary structure of PC-PLCBc.  In addition, all 

three zinc ions and the water molecule suspected of being the attacking nucleophile are 

found in all apo structures of E4G, E4Q, and Y56T.  Differences between apo variant and 

wild-type structures within the substrate binding pocket are limited to the number and 

location of water molecules and the side chain conformations of residues 4 and 56.  All 

three protein variants have one water molecule unique to their active sites, W11 (E4G), 

W13 (E4Q), and W16 (Y56T), that reside within 4 Å to the area occupied by the choline 

head group in the crystal structure of the complex between wild-type PLCBc and 13.  

Therefore, if PE and PS are recognized by PLCBc variants Y56T, E4G, and E4Q in a 

similar manner wild-type recognizes PC, it is possible these water molecules may 

influence their specificity profiles.  Moreover, it is likely the lack of a negatively charged 

residue at position 4, favors the binding of PS.  The conformation of Tyr56 appears to 

have little effect on the catalytic efficiency of PC and PS, as wild-type, E4Q and E4G 

process PS and PC at very different rates, but both anti and g(+) conformations of Tyr56 

are observed in each of the native crystal forms.  In contrast, the specificity constant for 

PS and PE is much higher when Tyr56 is changed to valine or threonine.  Therefore, it is 

likely Tyr56 adopts an anti conformation when PE or PS bind to wild-type PLCBc.  In 

spite of our structural observations between 24 and PLCBc, PLCBc may bind and 
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hydrolyze PE and PS like that observed for the binding and hydrolysis of PC, and perhaps 

the differences between variants with respect to the number and locations of active site 

water molecules, as well as the conformations of Glu4 and Tyr56, are responsible for the 

observed changes in substrate specificity. 
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Chapter 5:  Materials and Methods 

5.1 Materials 

5.1.1 Materials for purification methods 

Trypsin, trypsin inhibitor, kanamycin, and ampicillin were purchased from Sigma 

(St. Louis, MO).    Amylose resin was purchased from New England Biolabs (Beverly, 

MA).  Q-Sepharose, SP-Sepharose, and NHS-activated agarose beads were obtained from 

GE Heathcare Bio-Sciences (Little Chalfont, U.K.) (formerly Amerham Biopharmacia).   

Filters (0.22 micros) were obtained from Costar (Corning, NY).  All other chemicals 

were purchased from Fisher Scientific (Hampton NH).  Plastic microscope slides (18 mm 

x 18 mm) were obtained from VWR (West Chester, PA).  Crystal Screens were obtained 

from Hampton Research (Aliso Viejo, CA). 

 

5.2 Methods 

5.2.1 Phosphatidylcholine Preferring Phospholipase C from Bacillus Cereus (PC-

PLCBc) 

Expression 

 

The gene for PC-PLCBc was expressed under the pMAL-c2 vector in E. coli (DH-

5α).   A plate containing 20 g/L L.B., 13 g/L agar, and 0.1 g/L amp was streaked from a 

glycerol stock and incubated at 37 ºC overnight.  A single colony was used to inoculate a 

30 mL culture (20 g/L L.B., 0.1 mg/mL amp) and grown overnight at 37 ºC.  The entire 

culture was added to 1 L 20g/L L.B., 0.1 mg/mL amp and grown at 30 ºC until the 

O.D.λ600 reached 0.5-0.8 at which time the cultures were made 0.3 mM IPTG.  The 
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cultures were allowed to express PLCBc for ~15 h, and centrifuged at 10,000 g for 10 m at 

4 ºC.  Pellets were stored at -80 ºC. 

 

Purification 

 

Pellets, obtained from roughly 450 mL of bacteria broth, were dissolved in 35 mL 

of 30 mM Tris, 1 mM ZnSO4 at pH 7.3.  The suspension was sonicated (8 pulses, 15 s 

each) and centrifuged at 35,000 g for 20 m.  The supernatant was run through maltose 

linked agarose beads (N.E. Biolabs).  After extensive washing, the MBP-PLC fusion 

protein was eluted with 10 mM maltose.  Fractions containing protein were obtained by 

measuring absorbance of the eluant at λ280 nm.  The fusion protein was cleaved by 

making the solution 1% (m/m) trypsin from a 1 mg/mL trypsin stock.  The reaction was 

allowed to occur for 50 m on a shaker at 50 rpm at room temperature.  Agarose-linked 

trypsin inhibitor was added and the solution was placed back on the shaker and allowed 

to mix for 45 m.  The solution, containing cleaved MBP-PLC, was filtered and then 

applied to a Q-Sepharose column (Amersham) and the flow-through contained pure 

(>95%) PC-PLCBc as visualized by SDS-PAGE (Figure 5.1).  Typical yields were ~10-20 

mg PC-PLCBc per L broth. 
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Figure 5.1: SDS-PAGE of samples obtained throughout purification.  1: Ladder; 2: 

Lysate; 3: Elution from Amylose resin; 4-6: 10, 20, and 50 m after trypsin cleavage, 

respectively; 7: Pure PC-PLCBc after applying to a Q-Sepharose column and collecting 

the flow through.  PC-PLCBc (28.5 kDa) is indicated by the arrow. 

 

5.2.1.1 Crystallization and Soaking Experiments 

 

The purified enzyme/mutant was dialyzed twice (100-fold) against 0.1 M sodium 

acetate (EM Science), pH 6.0, at rt and aliquoted into glass test tubes.  The tubes were 

placed on a heating block at 70 °C for 15 min, cooled on ice for 5 min and then 

centrifuged at 30,000 g for 15 min at 4 °C.  The supernatant was aliquoted into glass test 

tubes.  These tubes were placed on a heating block at 85 °C for 10 min and cooled on ice 

for 5 min prior to centrifuging at 30,000 g for 15 min.  After discarding the supernatant, 

the pellet was washed twice with pure water (30 mL).  The PLCBc pellet was dissolved in 

4 mL per ~3 mg PLC 6.0 M guanidinium HCl (Aldrich), containing 0.1 M sodium 

           1            2          3         4           5            6           7 
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acetate, at pH 6.0 and allowed to incubate for 1 h at rt.  The sample was dialyzed twice 

(100-fold) against 1 mM DMG (Sigma), pH 7.3, 0.1 mM ZnSO4 (Baker) at 4 °C to refold 

the protein.  Saturated (NH4)2SO4 (Fisher) was then added until the solution became 

cloudy, and the suspension was spun down in a microcentrifuge at 14,000 rpm for 3 min.  

The enzyme was resuspended in 30% (NH4)2SO4 (Fisher) to a final concentration of ~4 

mg/mL.   

Vapor diffusion drops were set in which 7 µL of ~4 mg/mL PC-PLCBc in 30% 

saturated (NH4)2SO4 was applied to a cover slip and placed over 24-well plates 

containing 45% saturated (NH4)2SO4.Crystals appeared within 2 d and were allowed to 

grow for at least 1 w.  In that time, some crystals measured 0.5 x 0.3 mm and belonged to 

the P43212 space group.   Crystals of wt and mutant PLC were soaked in 20% glycerol, 

45% (NH4)2SO4 for 2 m prior to freezing in liquid N2.   

Crystals intended for ligand complexes were soaked in up to 10 mM phospholipid 

analogue for up to 1 week.  Soaking of the phosphatidylserine analogue 24 was 

performed as follows.  Crystals were soaked in .5 mM 24, 45% saturated (NH4)2SO4 for 

~6 h, then transferred to 1.0-1.5 mM 24, 45% saturated (NH4)2SO4 and allowed to soak 

overnight.  The latter crystals were cryoprotected in 20% glycerol, 1.0-1.5 mM 24, and 

45% saturated (NH4)2SO4 prior to data collection. 
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5.2.2 Growth Receptor Binding Protein-2 Src Homology Domain 2 (Grb2-SH2) 

Expression 

 

Sg13009 cells (Qiagen), originally obtained from Novartis, were transformed with 

the PEQ vector with the gene of Grb2-SH2 inserted.  Cells were plated on L.B. agar 

containing 0.1 g/L amp and 0.035 g/L kan and incubated overnight at 37 °C.  A 30 mL 

L.B. culture containing 0.1 g/L amp and 0.035 g/L kan was inoculated with a single 

colony and allowed to grow overnight at 37 °C.  This culture was added to 1 L L.B. 

containing 0.1 g/L amp and 0.035 g/L kan and allowed to grow in a shaker at 225 rpm at 

30 °C until O.D.λ600 reached 0.5-0.9.  IPTG was added to a final concentration of 1.0 

mM, and the cells were allowed to grow for an additional 15 h before centrifugation.  

Pellets were stored at -80 °C until use in the subsequent step.  Optimal growth times and 

IPTG concentration for the highest protein yield were determined by varying conditions, 

taking samples, and performing SDS-PAGE (Figure 5.2). 

 

 

Figure 5.2: Expression of Grb2-SH2 from Sg13009 cells.  Arrow indicates Grb2-SH2 at 

~14 kDa. 
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Purification 

 

One pellet was resuspended in 40 mL of 25 mM Tris,1 mM EDTA at pH 7.5 and 

lysed using a French Press (500 PSI, high pressure).  The lysate was centrifuged at 

35,000 g for 15 min.  The supernatant was then loaded onto a phosphotyrosine column 

pre-equilibrated in buffer A.  The column was washed extensively with buffer A and 

eluted with 25 mM Tris containing 1mM EDTA, 200 mM NaCl at pH 7.5.  Fractions 

containing Grb2-SH2 were dialyzed in buffer A and loaded onto a Q-Sepharose 

(Amersham) column.  The flow through obtained contained pure (~>95%) Grb2-SH2 as 

visualized by SDS-PAGE (Figure 5.3). 

 

Figure 5.3: SDS-PAGE of samples obtained throughout purification. 

 

5.2.2.1 Separation of Monomer and Dimer Grb2-SH2 
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Gel filtration (Superose 12 prep grade, Amersham) (See supplemental data) 

indicated two molecular species in the purified protein.  Good separation of the peaks 

could be obtained if the flow rate was set at 0.5 mL/min and less than 500 µL were 

loaded onto the gel filtration column.  A denaturing gel revealed only one band (Figure 

5.2), suggesting the two peaks could be dimeric protein.  Supporting this view, the same 

sample run on a non-denaturing gel separated as two distinct bands (Figure 5.4). 

 

Figure 5.4: Non-denaturation PAGE on purified Grb2-SH2 sample reveals two bands 

(indicated by arrows). 

 

Monomeric Grb2-SH2 was separated from the monomer/dimer mixture for all 

isothermal titration microcalorimetry experiments.  It was found pure monomer 

converted to dimer if the protein was concentrated.  Therefore, all protein used for ITC 

was obtained directly off the size exclusion column.  In addition, 1 mM 95% pure 

monomeric Grb2-SH2 could be obtained by first concentrating protein eluting from the 

Q-Sepharose column to ~100 mg/mL and then loading less than 500 µL onto a gel 

filtration column (flow rate 0.5 mL/min).  During the latter gel filtration run, only the 
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center of the peak representing monomer was taken in order to achieve the purest and 

highest concentration of monomeric Grb2-SH2.       

 

5.2.2.2 Isothermal Titration Calorimetry 

 

Purified Grb2-SH2 (50-75 µM) was extensively dialyzed (500-fold, twice) in 50 

mM HEPES and 150 mM NaCl at pH 7.5 at 4 ºC.  ITC experiments were repeated with 

ligands 17 and 19 in the buffer Tris also (See supplemental data).  Lyophilized ligands 

14-21 were weighed out using an analytical balance and dissolved in the same buffer 

used to dialyze the protein to a final concentration at roughly 15 times that of the protein 

(typically 750-1mM µM).  The pH of the buffered ligand solution was brought to within 

0.1 units to the pH of the protein solution.  All solutions were then filtered using a 0.22 

µm filtered and degassed. 

ITC runs were conducted by injecting (250 µL syringe) ligand into a cell 

containing approximately 1.8 mL of the Grb2-SH2 solution.  Typically, 30 injections 

were made and ligand was injected to a 3 molar excess.  All ITC experiments were 

performed using a Microcal instrument and data were analyzed using ORIGIN graphing 

software.   

 

5.2.2.3 Crystallization 

 

All crystallization trials were performed using the vapor-diffusion method.   

Typically protein was dialyzed in a buffer or water and concentrated to 15-50 mg/mL.  
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For co-crystallization trials, the amount of ligand needed to make it be at a 1.5 molar 

excess was weighed out and added to the concentrated protein sample.  A small volume 

(2-5 µL) of protein (with or without ligand) was applied to the center of a plastic cover 

slip.  24-well plates were filled (0.4 mL) with various crystallization facilitating solutions 

and petroleum jelly was added around each well.  A small volume of well solution (2-5 

µL) was added to the (2-5 µL) of protein in place on the cover slip.  The cover slip was 

then applied over the corresponding well solution, allowing for vapor diffusion.  All 

crystals were grown at room temperature unless noted.  All crystals were frozen in liquid 

nitrogen for data collection.   

 

Crystallization of Apo Dimeric Grb2-SH2 

 

Purified Grb2-SH2 was dialyzed in 50 mM HEPES at pH 7.0 and concentrated to 

approximately 15 mg/mL.  The well solution was composed of 1.0-1.3 M NH4SO4, 0.1 M 

MES, at pH 6.0.  Initially small crystals were found to grow.  Larger crystals could be 

obtained if the well solution and protein solution were mixed in an equal volume:volume 

ratio and filtered using a .22 µm filter prior to setting drops.  Crystals, grown in the space 

group I422, were cryoprotected in the crystallization conditions made 20% glycerol. 

 

Co-crystallization of Dimeric Grb2-SH2 and 14 

 

Purified Grb2-SH2 was dialyzed in 50 mM HEPES, pH 7.0 and concentrated to 

~15 mg/mL.  Ligand 14 was added to a 1.5 M excess and the well solution was composed 
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of 0.1 M sodium cacodylate, 0.1 M calcium acetate, 18% PEG 8000, at pH 6.0.  Better 

quality crystals could be obtained at 4 ºC versus room temperature and grew in the P6222 

space group.  Crystals were cryoprotected in the crystallization conditions made 25% 

ethylene glycol.   

 

Co-crystallization of Monomer Grb2-SH2 with 16 or 17 

 

Purified Grb2-SH2 was dialyzed in water and concentrated to ~15 mg/mL.  

Ligand 16 or 17 was added to a 1.5 M excess and vapor diffusion drops were composed 

of an equal volume of protein and 3-5 M sodium formate.  Large crystals, grown in the 

P43212 space group, appeared within a few days.  These crystals did not require 

cryoprotection. 

 

Co-crystallization of Monomer Grb2-SH2 and 18 

 

Purified Grb2-SH2 was dialyzed in 50 mM sodium cacodylate, pH 6.0 and 

concentrated to 50 mg/mL.  Ligand 18 was added to a 1.5 M excess and the solution was 

heated at 50 ºC for 10 m.  The solution was cleared by centrifugation and mixed with 

well solution containing 3-5% (v/v) PEG 400, 1.9-2.2 M (NH4)2PO4, 50 mM sodium 

cacodylate at pH 6.0.  Crystals grew in the space group P21 and were cryoprotected in the 

crystallization conditions made 25% glycerol. 
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5.2.3 Data Collection, Refinement, and Molecular Manipulation 

 

All crystals were frozen in liquid nitrogen and data were collected on either a R-

Axis 4++ or a Mar345 detector.  Images were processed and scaled using HKL2000 

(Xdisplay, Denzo, and Scalepack).179  CCP4 was used for identifying a molecular 

replacement solution.  Molecular replacement solutions for Grb2 were obtained using the 

published structures with PDB codes of 1JYR (monomer) and 1JYU (dimer).111  

Molecular replacement solutions for PLCBc were obtained using the published apo PC-

PLCBc structure (PDB code: 1AH7).146  All structures were refined using the CNS suite 

of programs.180  Structural manipulation and electron density interpretation were 

performed using the program, O.181 
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Chapter 6: Supplemental Data  

6.1 Isothermal Titration Calorimetry Data for Chapter 2 
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Binding of 15 to Dimeric Grb2-SH2 
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Binding of 15 to Guanidinium-HCl to Grb2-SH2 

-0.5 0.0 0.5 1.0 1.5 2.0 2.5 3.0 3.5 4.0 4.5

-5

-4

-3

-2

-1

0

Data: REFOLDED_NDH

Model: OneSites

Chi^2 = 3330.52

N 0.9727 ±0.00570

K 6.152E5 ±3.649E4

∆H -4808 ±38.69

∆S 10.34

 REFOLDED_NDH

 REFOLDED_Fit

Molar Ratio

k
c
a
l/
m

o
le

 o
f 

in
je

c
ta

n
t

 



 138 

 

 

6.2 Gel Filtration Studies of Grb2-SH2 for Chapter 2 

Gel filtration of Grb2-SH2 purified from phosphotyrosine column and anion 

exchange column (Protein concentration at 25 µM). 

Size Exclusion on Grb2-SH2 Purified 
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Gel filtration on Grb2-SH2 purified from phosphotyrosine column, anion exchange 

column, and concentrated to 1 mM. 
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Gel filtration on Grb2-SH2 purified from phosphotyrosine column,  anion and 

cation exchange columns 

 

Gel filtration on Grb2-SH2 purified from phosphotyrosine column and ion 

exchange column.  Prior to run, ligand 14 was added to 3 M excess and the mixture 

heated for 10 m at 50 ºC. 
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6.3 Isothermal Titration Calorimetry Experiments for Chapter 3 
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Binding of 16 to Monomer Grb2-SH2 
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Binding of 18 to Monomer Grb2-SH2 
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Binding of 17 to Monomer Grb2-SH2 
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Binding of 19 to Monomer Grb2-SH2: 
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Binding of 20 to Monomer Grb2-SH2 
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Binding of 17 to Monomer Grb2-SH2 in Tris 
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Binding of 19 to Monomer Grb2-SH2 in Tris 
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