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THE STUDY OF PROTEIN/LIGAND COMPLEXES:
IMPLICATIONS FOR RATIONAL DRUG DESIGN

by Francesca Toschi

Ligand binding may involve a wide range of structural changes in the receptor
protein, from hinge movements of entire domains to small side-chain rearrangements
in the binding pocket residues.

While changes in the backbone of proteins are sometimes negligible, side-chain
rearrangements are generally observed. Knowledge of the extent to which side-chain
conformational changes occur is very important to improve drug design and dock-
ing prediction algorithms, particularly since most of these algorithms adopt a rigid
receptor hypothesis.

In this thesis, the extent of side-chain motion in known apo- and holo- X-ray
crystal structures is examined. Different methods to characterise side-chain confor-
mational changes occurring in protein-ligand complexes were employved. A dataset of
PDB structures was chosen and apo-/apo-, apo-/holo- and holo-/holo- protein pairs’
torsion angles compared.

Side-chain conformational changes were defined on the basis of both constant and
environment- and residue- dependent thresholds. Also. recently published rotamer
libraries were employed and the probabilities of the different rotamers found com-
pared.

The results of the analysis provide interesting insights into the intrinsic flexibilities
of protein active sites, and the extent of side-chain conformational change on ligand
binding. The general patterns and features are potentially useful for the prediction

of conformational changes occurring in proteins upon ligand binding.
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Chapter 1

Introduction and Overview

1.1 Introduction

Protein flexibility and rearrangement upon ligand binding is one of the main compli-
cating factors in structure-based drug design. Since even small changes in the receptor
conformation can dramatically change ligand binding affinities. considering a single
and rigid receptor structure is a dangerous limitation; protein flexibility and/or dif-
ferent structures of the same protein should ideally be included in ligand docking.}
The energy landscape of most proteins can in fact be described as a folding funnel
in which many highly unfavourable states collapse via multiple routes into possibly
several favourable folded states.? A single structure cannot describe adequately these
substates; protein structures deposited in the PDB, although representing a statistical
average of many similar conformations existing in the crystal lattice, only provide

one of the many possible conformations accessible to a protein. Moreover, crystal
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structure conformations can also be influenced by crystallisation conditions. such as
pH, temperature and crystal packing effects,®> and by the methods employed to solve

and refine the structures.

While the motions that take place upon ligand binding can be quite significant.
involving substantial backbone reorganisation, side-chain conformational flexibility is
the most common. Obtaining a better understanding of side-chain flexibility, would
therefore be very useful in structure-based drug design. The approach to this prob-
lem that has been undertaken in this thesis is to analyse experimmental protein-ligand
structures, comparing multiple structures of the same protein in the presence and
absence of different ligand molecules, to determine what side-chain rearrangements
take place. This study will yield useful insights into the intrinsic flexibility of protein
systems, and allow ligand-induced conformational changes to be resolved; motions
that depend on genuine ligand binding effects and those which can be ascribed to
spontaneous conformational changes and/or possible crystallographic artefacts will
be distinguished. The ultimate objective is clearly to determine whether it is possible
to model side-chain flexibility in protein-ligand binding studies through the predic-
tion of likely side-chain conformations using knowledge derived from experimentally

determined protein structures.

1.2 Overview
The overall aims of this project are the following:

1. Selection of a data-set of PDB structures belonging to different protein families
comprising several apo- and holo- structures of the same protein solved at good

resolution.

2. Definition of side-chain conformational changes occurring in each pair of apo-

[N
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/apo-, apo-/holo- and holo-/holo- proteins of the data set on the basis of differ-
ent angular thresholds and rotamer libraries. Evaluation of average backbone

Root Mean Square deviation within the same protein system.

3. Identification of possible cross-correlations in residues’ conformational changes.

4. Identification of possible correlations between the observed percentages of con-
formational changes induced by ligand binding and the ligands’ similarity coef-

ficients.

5. Evaluation of side-chain flexibility trends to check whether protein structures
solved by the same author(s) are more likely to show less conformational changes

than structures solved by different groups of crystallographers.

6. A detailed analysis of side-chain flexibility across a range of protein systems,
to determine the extent of side-chain motion as a function of side-chain solvent
exposure, and amino acid location in the protein structure. This study will help
to resolve the issue of whether a given conformational change is systematic and
driven by ligand binding. or merely that which would be expected given random

influences such as the effect of the crystallisation conditions.

~J

More in depth analysis of specific protein systems. Comparison of the observed

side-chain flexibility with other relevant literature data.

In the following chapters of this thesis, protein flexibility, together with existing
methods for calculating side-chain flexibility, will be reviewed. Ten protein ligand
systems will be identified, and representative protein structures obtained from the
protein databank. Flexibility analyses will be reported on all systems, with the final

chapters focusing in more detail on three of the more interesting proteins (HIV-1
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protease, endothiapepsin, and streptavidin), for which other experimental thermody-

namic data are available.



Chapter 2

Protein Motions

2.1 Protein Flexibility

Proteins are dynamic structures that are intrinsically mobile; the accessibility of
alternative conformational states is essential for their assembly, regulation, biological
activity and catalysis.*

After polypeptide chains have been synthesised by ribosomes. proteins leave the
ribosomes and begin to fold.> This is a complex process which is still little understood;
however, it is thought that secondary structure elements come first then, because of
their hydrophobic effect, these elements fold into the tertiary structure, excluding
water molecules from the interior of the protein.® The general backbone topology de-
velops first, then side-chains tightly pack; there is some evidence that atomic packing
is driving the last step in the folding pathway.°

The flexibility of proteins is also essential for their function. For example, enzymes
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must absorb their substrates, stabilise their transition state, and release their prod-
ucts. Also, membrane proteins might have to transmit a message from the outside
to the inside of the cell; most proteins can bind a range of different ligands, and thus
they must be able to adapt their structure to some extent. In many cases, substantial
differences in conformation can result from relatively modest external stimuli, such
as a pH change.! Growing experimental evidence also suggests that proteins consist
of a myriad of different possible conformations that are in equilibrium; a protein can
shift from one conformational state to another. in the presence or absence of external
stimuli or ligands.?

The need to account for the dynamic behaviour of proteins is fundamental in
rational drug design; the accurate prediction of binding modes between ligands and
proteins relies on it. The choice of only one, rigid, protein structure, even if very
efficient from a computational point of view, is in fact arbitrary and insufficient;
computational methods that are able to study, predict and include different confor-

mational states of a protein are becoming more and more common.”

2.2 Protein Motion Classification

Protein motions can be classified in one of two ways: on the basis of size and on the
basis of packing.*8

Applying the size classification, protein movements fall into three categories of
decreasing size: motions of subunits, motions of domains and motions of fragments
smaller than domains.? Of course, the motion (i.e. rotation) of individual side-chains
is also possible, often occurring on the protein surface. However, this is on a much
smaller scale than the motion of fragments or domains, it also occurs in all proteins

and is normally observed in subunits, domains and fragment motions. Side-chain
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motions can thus be considered a kind of background. intrinsic protein flexibility:
they can also bring about movements of the backbone, and thus be the primary cause
of large displacements of domains, fragments and any other structural parts.’

The packing classification divides motions into various categories depending on
whether or not they involve sliding over a continuously maintained and tightly packed

interface.*

2.2.1 Size Classification

Almost all large proteins are built from domains, and domain movements provide.
excluding side-chains motions, the most common examples of protein flexibility. The
motion of fragments smaller than domains usually involves the motion of surface
loops, but it can also involve the motion of secondary structure elements.®

Often domain and fragment motions involve the closing of the protein around a
binding site, with a bound substrate favouring a “closed” conformation. This closure
around a binding site has been analysed in particular detail and its observation has
probably been the basis of the ligand binding “induced-fit” theory.’® Active site clo-
sure positions important chemical groups around the substrate, shields it from water,
prevents the escape of reaction intermediates, and optimises favourable interactions
between residues and ligands.

Subunit motion is distinctly different from fragment or domain motion; it affects
two large sections of a protein that are not covalently connected and is often involved
in allosteric transition and regulation. An example of subunit motion is provided by
hemoglobin, in which the motions of the subunits change the affinity with which this

protein binds to oxygen.!!
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2.2.2 Packing Classification

Motions of protein domains and smaller units can be categorised on the basis of
packing. The tight packing of atoms inside proteins provides a constraint on protein
structure;® usually the atoms inside a protein cannot move much without colliding
with neighbouring atoms, with the exception of cases where there is a cavity or
packing defect. Also, internal interfaces between different parts of a protein are

12.13 and are formed from interdigitating side-chains; maintaining

packed very tightly
packing throughout a motion means that the side-chains at the interface maintain
their relative orientation and inter side-chain contacts in both conformations (e.g.
open and closed).

Individual movements within a protein can be described in terms of two basic
mechanisms, shear and hinge.?® depending on whether or not they involve sliding
over a continuously maintained interface. These are illustrated in Figure 2.1.

Complete protein motions can be built up by many of these smaller movements
and are classified as shear if they predominantly contain shear movements and as
hinge if they predominantly contains hinge movements.

The shear mechanism is the sliding motion occurring in proteins that maintain
well-packed interfaces. Because of the constraints on interface structure, individual
shear motions have to be very small; side-chain torsion angles maintain the same
rotamer configuration and there is no appreciable backbone deformation. The whole
motion is parallel to the plane of the interface and is limited to total translations
of about 2 A and side chain rotations of 15°. Since individual shear motions are so
small, a single one is not sufficient to produce a large overall motion; several shear

motions must be summed to give a large effect, similar to each plate in a stack of
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Figure 2.1: Domain closure represented for (A) hinge and for (B) shear mechanisms.

While the overall motion is built up by many small local motions and is parallel to the

interface between domains in (B), motion in (A) corresponds to a few large conformational

gha,nges occurring at the hinge and is perpendicular to the newly created interface between
omains.

plates sliding slightly to determine an overall considerable bending of the whole stack.

Hinge motions occur when there is no continuously maintained interface constrain-
ing the motion. They usually occur in proteins that have two domains or fragments
connected by linkers, i.e. hinges, that are relatively unconstrained by packing. A few
large torsion angle changes in the hinges are sufficient to produce almost the whole
motion; the rest of the protein rotates essentially as a rigid body, with the axis of the
overall rotation usually passing through the hinges. The overall motion is perpendic-

ular to the plane of the interface; the interface exists in one conformation but not in
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the other, similar to the opening and closing of a book.
Protein hinges are characterised by an exposed main chain and by few packing

14.15 Most main chain atoms are instead usually buried beneath layers

constraints.
of other atoms (mainly atoms of side-chains) that prevent them from undergoing
large torsion angle changes. Hinges do not appear to be related to chain topology or
secondary structure; they can be found in loops, sheets and helices.! It is important
to remember that most shear motions do contain hinges that join the various sliding
parts; the existence of a hinge is not the main difference between the two basic
mechanisms. Rather, it is the existence of a continuously maintained interface.

An example of multiple-hinge protein motion is represented by lactate dehydro-
genase (Figure 2.2). Upon binding lactate and NAD, this enzyme undergoes a large
conformational change. with a surface loop (particular enlarged in Figure 2.2 (b))
moving about 10 A to cover the active site.'” This motion occurs at two hinges:
while the first has few steric constraints and depends on large conformational changes
in only two torsion angles, as in a classic hinge motion, the second has many more
constraints and distributes its deformation over more torsion angles. The motion of
the second hinge, which is part of a helix connected to the end of the loop, causes
the helix to stretch and split into two distinct components, and side-chain repacking
to occur at the interface with the end of a neighbouring helix. Through a network of
contacts (most involving hydrophobic residues), the motion of the loop is propagated
to parts of the protein that are not in direct contact with the ligands. These moving
structures (five helices and three other loops move approximately 2 A) are on the
surface of the protein; the whole enzyme can therefore be subdivided into concentric

shells of increasing mobility.!”

10
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Figure 2.2: Motion of Lactate Dehydrogenase (LDH) upon pyruvate and NADH binding.
(a) Superimposed structures of uncomplexed (grey) and complexed (cyan) LDH. The sub-
strate’s and coenzyme’s accessible surface areas are shown. Large conformational changes
occur: a surface loop moves roughly 10 A to cover the active site (enlarged in (b)). Appre-
ciable movements of five helices and three other loops are observed.

In most hinge motions the interdomain screw axis coincides with the backbone
region where the rotational transition occurs. However, this is not always the case:
proteins where the interdomain screw axis (i.e. the “mechanical hinge”) is distant
from the region of the backbone where the rotational transition occur are known
(e.g. endothiapepsin, tomato bushy stunt virus).’® In these cases, the interdomain
screw axis is found where interactions among residues from the different structures are
preserved; the overall rotational transition can be located in the side-chain dihedrals of
the residues, belonging to different domains or fragments, that establish noncovalent
interactions between them.'® The hinge is, in these cases, created by the intrinsic

flexibility of these noncovalent interactions and of their side-chain dihedrals (Figure

15
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Figure 2.3: (a) Domain motion in which the interdomain screw axis (black circle) and
the region where the rotational transition occurs (arrow) are the same. (b) Case in which
the mechanical hinge is distant from the backbone region where the rotational transition
occurs. The screw axis goes in fact through a part of the protein where interactions between
residues that are not close in sequence (patterned region in the figure) are not preserved
during the motion.

Screw axis (mechanical hinge)

Backbone rotational transition

:

Interacting regions

Most of fragment and domain motions fall within the hinge/shear classification.
However, there are a number of exceptions: mechanisms that are clearly neither hinge
nor shear, such as partial refolding of the protein that usually causes dramatic changes
of the overall structure, order-to-disorder transitions, pro-enzymes that dramatically
change structure after cleavage.

For the motions of subunits, different categories from hinge or shear may be ap-

plied:

1. allosteric motions (e.g. haemoglobin);

2. non-allosteric motions;
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3. complex and large motions involving many subsidiary submotions that can be

classified as subunit or domain motions themselves.

2.3 Protein Motions and Ligand Binding

It is now commonly accepted that proteins are molecules in constant motion.? The
long-held rigid “lock and key theory”. according to which a protein exists in a single
well-defined state with only one complementary ligand, was overtaken in the middle

1018 which recognizes that flexibility

of the last century by the “induced-fit™ theory,
in proteins is essential for protein and enzyme activity. According to this theory, a
ligand binds to the lowest energy conformation of the protein. which is then distorted
in order to accommodate it; this change in the protein structure causes a precise
three-dimensional reorientation of the amino acid active site groups in a way that is
necessary for protein function.

However, the theory behind protein-ligand binding is now moving away from this
historical induced-fit theory. A new model describing proteins as molecules in equi-
librium between different conformers that are possibly very similar in energy and
constantly interchanging is now gaining large and growing experimental and theoret-
ical evidence.? %29 Alternative structures of the same protein exist for the unbound
form that differ on many different size levels (e.g. the movement of one atom between
two different stable position in a side-chain. the rotation of one or more side-chains,
the movement of a loop, the shift of a helix. etc). Ligands might increase the pro-
portion of one of the subpopulations of conformers simply by shifting the equilibrium
to the conformer they preferably bind;% 21?2 the “lock™ (i.e. the receptor) is not de-
scribed as rigid anymore but exists in a structural ensemble with some conformations

fitting the “key” (i.e. the ligand). These fitting conformations are selected by the key

13
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and not induced by it.

The evidence that the crystal structure of the unbound receptor is often different
from the complexed form might find an explanation in the fact that, under crystalli-
sation conditions, the unbound “open” conformation is the most populated, while
ligands probably bind to alternative conformations. adjusting the equilibrium in their
favour without the need for the 'induced-fit’ mechanism. The crystal structure of the
unbound protein represents a weighted average of the conformation ensemble and
may, depending on the shape of the energy landscape, correspond to a state with a

free energy higher than the minimum (Figure 2.4).7

Energy

Conformational Coordinates

Figure 2.4: Conformations (a) to (f) are accessible to a protein in solution. The two
energetically most favourable, (¢) and (e), might be resolved in high resolution crystal
structures; their weighted, higher free-energy state average, somehow similar to (d), could
instead be resolved in lower resolution structures.

The range of conformations that are accessible to a protein in solution can be
described by the laws and distributions of statistical mechanics. The lower the bar-
riers between the diverse conformers at and around the bottom of the folding energy
funnel, the more flexible the molecule and the larger the number of conformations
it can adopt. As stated by Teague in a recent review,?® funnels characterised by an
irregular bottom might determine broad range. non-specific binding. while funnels
characterised by a few minima with high barrier between them or a smooth single

14
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minima could imply rigid, more specific binding. The degree of substrate specificity
of a receptor is thus likely to be correlated to its flexibility and function; for example.
relatively nonspecific proteolytic enzymes or endonucleases possess a higher degree of
flexibility, while enzymes with a narrow substrate specificities have fewer and more
similar conformations.?

While alternative conformational states can be defined by significant differences in
protein structure and large energy barriers. more modest conforiational substates can
involve smaller energetic barriers. In many cases significant conformational changes
appear to be a consequence of modest external stimuli (such as ligand binding, pH
variations, different crystallisation conditions) that act with two different mechanisms:
kinetic regulation (when the barrier between two conformational states is reduced or
eliminated by the stimulus) or thermodynamic regulation (when the free energy of an
alternative state is lowered and becomes the new free energy minimum).? However,
both multiple protein conformational states (characterised by significant differences in
protein conformation and large energy barriers) and multiple protein conformational
substates (differing for more modest coordinate changes and smaller energy barriers)
are often observed in the absence of specific external condition variations. Multiple
substates can sometimes be observed in a single crystal solved at high resolution.?

Protein rearrangements upon ligand binding in order to optimise ligand-protein
interactions, something occurring in the backbone and particularly in protein side-
chains, cannot be ruled out even if ligands largely bind to pre-existing protein con-
formations.?® The capability of proteins to bind different ligands may fall beyond
the simple consideration of ensembles and distributions; the conformational-selection

model and the induced-fit model are equivalent from a thermodynamic point of view?®
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and do not necessarily rule each other out. In the process of redistributions of protein

conformations, a certain extent of induced-fit may still operate locally.?

2.4 Protein Flexibility in Rational Drug Design

The evidence that proteins can accommodate many molecules in their binding sites,
rearranging themselves with relatively little penalty either by small torsional changes
in their side-chains or by large domain motions. has clear implications for rational
drug design. The use of a single protein structure is only useful to find ligands that
are able to bind that particular state of the subensemble or for proteins existing in
a single well-defined conformational state (i.e. in the case of a system corresponding
to the “lock and key” theory).

The use of a single protein structure has for a long time been the standard in ratio-
nal drug design and often still is because of its speed and computational efficiency. It
is in fact usually impractical to perform long time scale calculations on each possible
conformer of a protein, as well as to screen every possible conformer of a ligand in
a large database of compounds with each possible conformational state of a protein.
However, advanced methods have been recently introduced to take into account pro-
tein flexibility in computational drug design.!*™2%2> In general. they can be divided
into methods that employ experimentally determined structures and methods that
use instead computer-generated conformations.

The use of multiple protein structures (MPS) is probably one of the best options
to take into account the full flexibility of a protein. These structures can come
from NMR studies, multiple crystal structures, multiple conformations generated by
molecular-dynamics simulations, low-frequency normal modes, simulated annealing

and other computational techniques.
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This section only tries to present some examples of the many recently developed
methods that include protein flexibility in drug discovery; full reviews about this topic

are available in recent literature,”:24:26

2.4.1 Computational Generation of Protein Conformations

Soft-Docking

The first attempt to accommodate small conformational changes in proteins was made
by Jiang and Kim in 1991:?" the protein was held fixed and a “soft” scoring function
applied allowing for some overlap between the ligand and the protein. Soft scoring
functions only include a small estimate of the flexibility of the receptors; the search
for successful ligands is still limited to a restricted range of drug molecules’ sizes
and conformations. Soft scoring functions are however computationally very efficient;
there is no additional time required to calculate the fit of the ligand to the receptor,
and the new function is relatively simple to implement in existing programs. This
efficiency is the reason why there are still improvements being made to soft docking

methods.?8

Sampling Side-Chain Conformations in the Receptor

One of the earliest incorporations of side-chain mobility in protein-ligand docking
made use of a rotamer library (Leach, 1994).? Rotamer libraries include the lowest
energy conformations of residue side-chains and provide a good estimate of accessible
conformational states; the problem of energy barriers between different conformations
is overcome (i.e. there is no risk of remaining trapped in a local minima as in other
minimisation routines) and the search of the conformational space available to the
receptor is relatively quick.
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More recently, Schaffer and Verkhivker®

employved a larger rotamer library to
generate conformations of the side-chains, and in a second step minimised the docked
ligand and the local side-chains in order to get the strongest possible contacts between
the ligand and the receptor.

Docking optimisation routines are often applied only to a subset of atoms sur-
rounding the ligand. They can use simulated annealing. steepest descent or conjugate
gradient minimisations in order to optimise the energy, and Monte Carlo sampling
and multicanonical molecular dynamics techniques to improve the conformational
sampling. In multicanonical Monte Carlo. the energy surface is smoothed and un-
favourable conformations allowed; after emploving this technique Nakajima et al.®!
fully re-introduced the energy landscape and finally assessed the binding properties
of the structures with a Boltzmann-weighting of the multicanonical sampling.

New interesting optimisation methods employ novel algorithms to avoid being
trapped in local minima. For example, a method proposed by Apostolakis et al.??
allows the ligand to initially adopt a conformation having some overlap with the
receptor, i.e. a soft docking technique, then gradually switches on the van der Waals

terms of the potential function to induce minor conformational changes in the ligand

and in the receptor to avoid steric clashes.

Generation of Subensembles

Molecular dynamics (MD) or Monte Carlo (MC) simulations are probably the most
rigorous way to generate a subensemble of states. The free energy values calculated
using these methods are very reliable and often comparable with experimental data;*?
however, the comparison of different ligands using these methods is probably too slow

and inefficient for rational drug design.
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The issue of conformational sampling in standard MD simulations has been ad-
dressed by Philippopoulos and Lim.** who compared the results of a 1.7 ns MD simu-
lation with an ensemble of 15 structures obtained by NMR. Conformational sampling
for the MD simulation and the NMR structures was found to be consistent. but the
MD simulation appeared be less exhaustive than NMR data in sampling the con-
formational space, with the experimental structures showing more flexibility both in
the side-chains and in the backbone atoms of the protein. The results of the MD
simulation were also compared to two X-ray structures: a correlation between the

thermal factors of the atoms and the MD and NMR. data was found.

Simplified versions of MD simulations with an implicit solvation model have been
implemented to overcome the problem of slowness and inefficiency in conformational
sampling. For the same reason, much of the protein structure has often been held
fixed and only the binding site and the protein ligands fully sampled.3®

A different method aimed at improving the efficiency and speed of MD simulations
without penalising the level of conformational sampling of the system and with the
inclusion of explicit solvent was developed by Mangoni et al.3¢ This group applied
the Molecular Dynamics Docking (MDD) method. In this technique. the centre of
mass motion of the ligand is separated from its internal and rotational motions and
a separate coupling to different thermal baths for both types of motion of the ligand
and for the motion of the receptor is applied. By varying the coupling to the baths
it is possible to increase the kinetic energyv of the centre of mass of the ligand (i.e. its
translational motion) without increasing the temperature of the internal motions of
the receptor, the ligand and the solvent (which are kept at room temperature). This
allows a fast exploration of the receptor surface, even in solution and in the presence of

full flexibility of the binding site. The presence of explicit water prevents the system
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from assuming improbable conformations; different weights for the ligand-receptor or
ligand-solvent interactions were found to be necessary to avoid the shielding of the
ligand-receptor interaction by the explicit molecules of water.

Masukawa et al. generated multiple protein conformational states by running an
MD simulation; these states were than kept fixed in a docking procedure and the
resulting docked structures overlaid to identify the complementary binding regions
conserved over many protein structures.’’ The complementary regions were then
used to describe a “dynamic pharmacorphore” model that was exploited to look for
successful inhibitors in the Available Chemicals Directory (ACD). The same principle
was also employed on multiple crystal protein structures:* the so-obtained dynamic

pharmacophore model was again found to be more efficient than a single protein

structure in ranking known protein inhibitors.

2.4.2 Methods Employing Experimentally Determined Structures

Kuntz and coworkers employed the multiple protein structures (MPS) technique for
the first time, in 1997.3 They generated interaction grids for both NMR and X-
ray protein structures and averaged them in order to create composite grids for the
DOCK program; the accuracy and the speed of the calculations were dramatically
improved.

In an extension of the FlexX software a different approach has been developed to
take into account protein flexibility.*® Multiple crystallographic structures of a protein
were employed and backbone and side-chain regions in good agreement after MPS
superimposition averaged; the conformational space of the more flexible, disordered
regions was instead sampled using known structures.

In a method based on GRID and Consensus Principle Component Analysis (GRID/
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CPCA), MPS interaction grids were analysed to find similarities among the different
structures, and flexible regions (i.e. regions for which MPS interactions grids are sig-
nificantly different) instead related to structural characteristics of the proteins that
may determine their specificity.!

One of the most recent approaches using MPS was made in 2002 by Osterberg et
al.:*? they used the AutoDock software on 21 structures of HIV-1 protease complexed
with peptidomimetic inhibitors and systematicallv compared four different methods
to combine the resulting interaction grids. The two optimal methods to produce
weight-averaged grids were found to perform well for all the 21 inhibitors.

The potential benefits of combining the information from an entire protein family
in the search of small-molecule drugs has been discussed.*® The design of combinato-
rial libraries based on related protein structures and the application of these libraries
across a family of related enzymes was proposed by several groups of researchers. 4445
Essential folds and general folds appear in fact cohserved across families of proteins
and the flexibility of the receptor seems to be based on observed evolutionary differ-
ences. Broad-spectrum ligands could thus be designed by employing a set of homol-
ogous structures; otherwise, the observed differences and peculiarities could be very

useful in order to find specific ligands.

2.5 Summary and Conclusion

Proteins are intrinsically dynamic molecules. Their flexibility is essential for their
assembly, regulation, biological activity and catalysis.
In this chapter, protein motions have been reviewed and classified. They can be

distinguished on the basis of their size (motions of subunits, domains, fragments and
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side-chains) or on the basis of packing, in terms of shear motions (if they maintain a
continuously tightly packed interface) and hinge motions (if the interface between the
moving protein parts exist in one conformation but not in the other one). Individual
shear motions are very small; the tight packing of protein internal interfaces constrain
backbone torsion to only small deformations, and side-chain torsion angles to the
same rotamer configuration (rotations up to about 15°). For this reason, several
shear motions must be summed to produce an appreciable effect. The whole shear
motion is parallel to the plane of the interface. Hinges are normally located in protein
regions that are relatively unconstrained byv packing. A few large torsional changes
in them are generally sufficient to produce almost the whole motion. The overall
motion is perpendicular to the plane of the interface, which exists in one conformation
(“closed” conformation) but not in the other (“open” conformation). Most domain
and fragment motions can be classified as prevalently hinge or shear motions. For the
motions of subunits, different categories apply: we can distinguish allosteric motions,
non-allosteric motions, and complex large motions involving manyv submotions that

can be classified as subunit or domain motions themselves.

Protein motions are very often observed when ligand binding occurs. As illus-
trated in the second section of the present chapter, the long-held “induced-fit” theory
is now being overtaken by the “conformational selection™ and “populations switch”
models. Alternative structures for the same protein exist and are constantly inter-
changing in equilibrium conditions; ligands might increase the proportion of one of
the subpopulations of conformers simply by shifting the equilibrium to the conform-
ers they preferably bind. The lower the barriers between the different conformers at
and around the bottom of the conformational energy landscape, the more flexible the

molecule and the larger the number of conformations it can adopt. Energy funnels
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characterised by an irregular bottom might determine broad range, non-specific bind-
ing; funnels characterised by a single, smooth minima, or by a few minima with high
barriers between them, could imply rigid, more specific binding.

The fact that proteins can accommodate many molecules in their binding sites,
rearranging themselves with relatively little penalty by either small torsional changes
in their side-chains or large domain motions, is fundamental for rational drug design.
Treating the receptor as rigid is not a valid option; it can only help to identify ligands
for a particular narrow state of the protein conformational subensemble. In the last
section of this chapter. some examples of many recent methods that accommodate
protein flexibility in computational drug design were given. In general. they can
be divided into methods that employ multiple experimental determined structures,
and methods that use computer-generated conformations. Flexible docking, MPS
methods, side-chain conformations generation by using rotamer libraries or MD and
MC simulations are all methods that have been developed towards the end of the last
decade and that are the subject of ongoing improvements and modifications.

A full understanding of protein flexibility in ligand binding. something essential
to improve its accommodation in rational drug design, still has to be achieved. In
particular, it is often difficult to distinguish conformational changes actually due to
the formation of a complex between the protein and a specific ligand, conformational
changes that instead just depend on the intrinsically mobile nature of proteins, and
conformational states that are observed because of poor resolution structures. biased
refinement methods procedures. or crystallisation conditions that determine a protein

2 Many groups of researchers

conformation that does not actually exist in solution.
have addressed this problem; the study of conformational changes observed in multiple

proteins X-ray structures is the subject of the next chapter.
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Chapter 3
Side-Chain Flexibility Analysis

3.1 Side-Chains and Protein Flexibility

Ligand binding may involve a wide range of conformational changes in proteins, from
hinge movements of entire domains to small side-chain rearrangements in the binding
site residues. However, changes in the backbone of proteins are sometimes negligi-
ble, while only side-chain reorientation occurs upon ligand binding;*® also, side-chain
conformational changes generally accompany all larger scale motions of protein struc-
ture, thus representing a kind of intrinsic protein mobility.* The knowledge of the
extent and the characteristics with which side-chain rearrangements occur is conse-
quently very important to improve docking prediction algorithms. and an index of
amino-acid side chain flexibility would be potentially useful in molecular biology and

protein engineering studies.

Unfortunately, there are several issues that limit reliable side-chain modelling.
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For example, a vast number of possible combinations of side-chain conformations is
possible. Also, experimental or computational data are generally insufficient to give
a true picture of protein flexibility and motions. This is because X-ray structures are
either “snapshots”™ or an average of the many conformations available to a protein,
and MD simulations take a long time and are dependent on the force field. Finally.
when analysing X-ray structures, it is often difficult to distinguish genuine protein
conformational states and/or changes of conformation. with motions that are instead
dependent on crystallographic refinement artefacts and/or conditions. Several at-
tempts to overcome these problems have been made by different groups of researchers;
some examples are described in the following sections. The analysis of available pro-
tein X-ray structures is at the basis of all the methods and studies described in this

chapter.

3.2 Rotamer Libraries

3.2.1 Rotamers and Rotamer Libraries

Side-chain conformer predictions have an essential role in the modelling of protein
structures and molecular docking; several widely used approaches are based on ro-
tamer libraries. These consist of a list of discrete side-chains torsion angles and their
associated probabilities, as determined from their frequency of occurrence in the Pro-
tein Data Bank (PDB).

Early work based on structural surveys and energy calculations?”48 indicated that
side-chain dihedral angles in proteins generally correspond to the potential energy
minima of the isolated amino-acids. In recent years, following the increase of high

resolution crystal structures in the PDB, few side-chains have in fact been observed
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to significantly deviate from one of the isolated amino acid minima.*® On one hand.
this could be due to the use of rotamer preferences in modern refinement programs;°°
on the other hand, the weighting factors normally employed by refinement programs
are too weak to dominate the experimental data in high-resolution structures.

The observation that side-chain y1 and 2 torsions fall into clusters in the y space
and that therefore a library of rotamers can usefully be defined, was confirmed in 1987
by Ponder and Richards.*® By using 19 crvstal structures with resolution equal or
better than 2.0 A, they derived a side-chain rotamer-library in which the centres of
the clustering in the x1 and x2 conformational space corresponded to relaxed states
of the side-chains, i.e. states where atomic contacts were not made with backbone
or other side-chains atoms. They found that most side-chains are limited to a small
number of the many possible y1.x2 minima. For example, while Leucine has nine
possible x1,x2 conformers, only two account for 88% of the residue’s observations in
the survey.

As the database has grown, several groups have since compiled updated rotamer
libraries;> ™53 their availability, together with the concept of rotamers, has changed
the handling of side-chains in homology modelling, Monte Carlo and combinatorial
calculations, and rational drug design.

It is common practice to compile rotamer libraries using only high-resolution struc-
tures (most often with a cutoff at 2.0 A) and to use all residues of a chosen structure
unless missing atoms mean the x angles are undefined. To build their “Penultimate
Rotamer Library”, Lovell et al.’* used a resolution cutoff at 1.7 A and omitted side-
chains having alternative conformations, missing atoms, steric clashes and with any

B-factors greater or equal to 40. In their opinion, the use of these local quality in-
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dicators is crucial to exclude inaccurate rotamers from libraries. In particular, the
B-factor cutoff was found to be the most powerful and simplest filter to remove poor
quality rotamers from their library. All of the rotamers listed by Lovell et al. corre-
spond to local energy minima: their observations suggest that significantly strained
side-chain conformations are rare in proteins, and only occur for good reasons.*

x1 rotamer preferences show detectable patterns as a function of the v and ¢
backbone dihedral angles.®® These preferences can be explained by a simple steric
conformational analysis: certain rotameric states will be higher in energy because of
steric interactions that cause the side-chain to twist out of the wayv of neighbouring
atoms, inflicting a high dihedral energyv on the residue. The steric interactions can
be “backbone-independent”, i.e. not dependent on the local backbone conformation
of the residue, or they can be “backbone-dependent”. i.e. dependent on the local
backbone conformation. Steric analysis and theoretical calculations® show that the
most common rotamers usually correspond to the lowest energy minimum given the
local backbone conformation.

Dunbrack and Karplus® compiled a “Backbone-Dependent Rotamer Library” that
gives the side-chain y1 rotamer distribution and the y1 average angles for each amino
acid type and each 10° by 10° region of the v'. ¢ conformational space of the backbone.
The library was calculated from 132 protein chains in 126 PDB entries refined at a
resolution equal to or better than 2.0 A. While proteins sharing the same sequence
have been included in the list, several groups of homologous proteins were included
to increase the size of the dataset. Rotamer populations for each y torsion angle
were calculated. For all side-chains except Ala, Pro and Gly, the x1 angular ranges
used to define the rotameric state corresponded to the rotamers of the tetrahedral

carbon atom: bins were created for angular values ranging from -120° to 0° (gauche™
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conformer), 0° to 120° (gauche™ conformer), 120° to 240° (trans conformer). The
same limits were used for the x2 dihedral angle of all the amino acids that have y2
except for proline, the aromatics, asparagine and aspartic acid. For proline. both
x1 and x2 were placed into two bins comprising values greater than 0° and values
less than 0°, i.e. corresponding to the two possible proline conformations C7-ezo and
C?-endo. x2 values of phenylalanine, tyrosine and histidine were divided into bins
of 0° to 60°, 60° to 120° and 120° to 180°. If x2 was less than 0°, a value equal to
x2+180° was used, since most crystal structures do not distinguish if Phe, Tyr and
sometimes His residues have a value of 2 or x2+180°. This is true also for Asp and
Asn, for which x2 or x2+180° were treated as equivalent and the following limits
employed: -90° to -30° (gauche™ conformer), -30° to 30° (¢rans conformer) and 30°
to 90° (gauche™ conformer). Trp was treated as either 0° to 180° or -180° to 0°. For
the x3 and x4 angles, (Lys, Arg, Glu, Gln), ranges analogous to the ones generally
employed for y1 were used, with the exception of glutamate and glutamine x3. In
their case, the limits employved for aspartate and asparagine y2 were adopted.

The Dunbrack and Karplus®® analysis was later completed by a Bayesian statistical
analvsis®® of the backbone-dependent rotamer library. In Bayesian analvsis, the prior
distribution of data (obtained either from previous data or by pooling some of the
present data) is combined with the data to form the a posterior: distribution, i.e. a
compromise between the prior distribution and the data. This statistical analysis
provides a better estimate of a parameter of interest than the data alone provide.
In fact, the a posteriori distribution is more than a point estimate for a parameter;
it is instead a probability distribution over the full range of allowed values of the
parameter.

For the x2, x3 and x4 rotamer prior distributions, the probability of each ro-
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tamer was assumed to be only dependent on the previous ) angle in the chain: for
the backbone-dependence of the y1 rotamers, prior distributions were derived from
the product of the ¥-dependent and ¢-dependent probabilities. The “Conditional
Backbone-Independent Rotamer Library”™ by Dunbrack and Cohen consists of prob-
ability distributions of x2, y3 and x4 rotamers conditional on the y1 rotamer. in
contrast to traditional backbone-independent rotamer libraries. For all side-chains
except Asn and Asp, there is little or no dependence of y2 on ¢ and ¢; rotamers for all
side-chain types except Asn and Asp are thus assumed to be backbone-independent,
i.e. dependent on onlv the identity of the x1 rotamer. In the case of Asp and Asn.
the x2 rotamer probabilities for each rl rotamer type change instead dramatically

with ¢ and v; these are thus included in the x1 and x2 population analysis.

3.2.2 Limitations of the Rotamer Approximation

The availability of rotamer libraries and the concept of rotamers have changed the
handling of side-chains in homology modelling, Monte Carlo, combinatorial calcula-
tions, molecular docking and drug design.

However, despite the enormous advantages that derive from the rotamer approx-
imation (most of all in the speed and efficiency of side-chain placement algorithms),
one should not forget that it suffers from several drawbacks. On one hand, a rotamer
represents a rigid conformation of the side chain whereas. in a real protein. side-chains
are flexible, and their potential energy is a dynamic quantity that depends on the in-
stantaneous conformation of a side-chain and on the instantaneous conformation of
all the other side-chains.®® On the other hand, even if the “right” rotamer for a given

side-chain (i.e. a rotamer belonging to the same local potential energy minimum as

the corresponding true average side-chain conformation) exists in a rotamer library,
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this rotamer might deviate substantially from the true average side-chain conforma-
tion. Because of this, even if the side-chain is modelled with the correct rotamer, it
will be affected by errors in its atomic coordinates.5

It was to overcome these problems that Mendes et al. developed a method based
on a flexible rotamer model (FRM).”® In FRM a rotamer is not a single, rigid con-
formation of a side-chain but a continuous ensemble of conformations of which the
classic rigid rotamer is the average.

Another issue regarding the limitations of the rotamer model concerns the “non-
rotameric” side-chains that are found in proteins. i.e. residues whose y1 or x2 deviate
significantly from the nearest associated rotamer.

Schrauber et al. (1993)°! compiled a rotamer library investigating how the num-
ber of side-chain conformations in a set of protein structures could be assigned to
rotamers in this library. They found that their library, together with the one previ-
ously compiled by Ponder and Richards (1987),%° covered only 90% of the observed
x1 and 80% of the conformations when considering both x1 and x2. Applying a reso-
lution threshold equal to 2.0 A, they observed an improvement in the “rotamericity”,
i.e. in the percentage of residues that are found to be rotameric within the structures.
Similarly, improvements in the rotamericity as resolution improves were observed by
Carugo and Argos (1997)°" and Heringa and Argos (1999).%%59

Heringa and Argos studied the relative and spatial positioning of “nonrotameric”
side-chains, i.e. side-chains with atypical and strained dihedral angles in well-refined
protein tertiary structures. They confined the analysis to buried protein cores, that
are believed to be less subject to erroneous side-chain positioning, defining residues

as buried if they had a solvent accessible surface area (ASA) equal or less than 5
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A258 Their analysis revealed that 50% of the proteins with two or more nonro-
tameric residues (defined by them as residues whose x1 or x2 deviated more than 20°
from the nearest associated rotamer) displayed clusters of two or more (up to five)
nonrotameric residues. These clusters showed lower crystallographic temperature
factors than isolated nonrotameric residues; according to Heringa and Argos,®® this
characteristic could suggest that spatially concentrated strain in protein folds could
be minimized by lowered vibrational energy. Nonrotameric clusters also seemed to
present tighter packing than rotameric ones, to prefer coils regions rather than he-
lices and strands and to be preferentially composed by residues such as histidine,
arginine, tyrosine and, to a lesser extent. leucine. The relation between the spa-
tial positioning of nonrotameric residues and ligands was also studied:*® c:iusters of
nonrotameric side-chains were found to be associated with ligand binding sites. The
authors compared 20 apo-protein structures (i.e. uncomplexed forms) to the corre-
sponding holo-proteins (i.e. complexed forms); they suggested that ligand binding
induced nonrotameric states, and thus strain. in the holo-protein forms.>®

A study of the steric strain in the backbone of proteins, that is evident in the
portions of the main-chain that are in disallowed regions of the Ramachandran map,
had already been carried out in 1991 by Herzeberg and Moult.®® Later, Schrauber et
al.®! suggested that the interiors of proteins are not relaxed; strain exists, especially
in certain regions of the protein, and they hypothesized that this could contribute
to protein movements in solution. Similarly. Heringa and Argos® observed that the
increased strain in ligand-protein complexes does not seem to be compensated by
augmented hydrogen bonding or salt bridge formation involving the side-chains that

become nonrotameric in the complexed form; in their opinion this internal energy
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gain might help the formation and the ejection of enzymatic products. representing
a kind of dynamic “rechargeable battery™® that could promote protein motion and
activity. However, their survey was limited to 20 holo-/apo- protein pairs, for which
some contradictory evidence was observed. and a totally different point of view was
supported by Petrella and Karplus (2001).° Their study was aimed at comparing
the energetics of rotameric and nonrotameric residues. to investigate whether non-
rotameric side-chains commonly observed in crystal structures are real or artefacts.
They predicted side-chain orientations for 24 proteins for which structures with a
resolution equal or better than 2.0 A existed. using the CHARMNM energy function.
They also calculated the probability of nonrotameric side-chains by performing an
umbrella-sampling molecular dynamic simulation of isolated amino acids, in vacuum
and in an average protein and aqueous dielectric environment. Their conclusion was
that, while most of the nonrotameric conformations are real. many are likely to de-
pend on artefacts of the X-ray refinement. This hypothesis is consistent with the
statistical results obtained by Thornton and MacArthur.®? who observed a system-
atic variation of the mean values of y1 rotamers with resolution. This correlation
was more significant for some residue types (e.g. Ser. Thr, Leu, Lys) and absent
for others (e.g. the aromatics). B-factor values appeared to be higher than aver-
age for the residues with the strongest correlation trend. Thornton and MacArthur
suggested that this observation could depend on the existence of multiple rotameric
states; the averaged electron density produced by a dual occupancy at low resolution

could instead be resolved into its individual components at higher resolutions.%?
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3.3 Analysis of Conformational Changes Occuring Upon Lig-
and Binding

3.3.1 Najmanovich et al.

In a recent study by Najmanovich et al.,*S two non-redundant databases of paired
protein structures in complexed and uncomplexed forms from the PDB database were
constructed (980 and 353 entries respectively). The aim of the work was to analyze
side-chain rearrangements upon ligand binding; the number and identity of binding
pocket residues that undergo side-chain conformational changes were determined. A
PDB entry was considered the apo-protein of a given holo-protein if their amino acid
sequences were identical and if none of the binding pocket residues of the apo-protein
were in contact with another ligand not present in the holo-protein. A resolution equal
or better than 2.5 A was prerequisite. Side-chain dihedral angles for binding pocket
residues in both holo- and apo-proteins were compared: a threshold of 60° of at least
one torsional angle was chosen to define a conformational change. The group chose
this angular value after performing the analyses at three different threshold values;
the trends observed using 45°, 60° and 75° thresholds appeared to be all similar, and
the differences in the amount of conformational changes not so pronounced. Also, the
probability for a certain residue type to change side-chain conformation upon ligand
binding was insensitive to the variation of the threshold.

In general, the study showed that only a small number of residues in the binding
pocket undergo significant conformational changes; e.g. 85% of cases show changes

46

in three residues or less.®® The resulting flexibility scale had the following order:

Lys > Arg, Gln, Met > Glu, Ile, Leu > Asn, Thr, Val, Tyr, Ser, His, Asp > Cys,

Trp, Phe, which means that, for instance, Lys side chains in binding pockets change
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conformation 25 times more often then the Phe side chains. Even though normalizing
for the number of flexible dihedral angles in each amino acid attenuated this scale,
the trend of large, polar amino acids being more flexible in the pocket than aromatic
ones remained.

In general, 94% of x1 and 95% of 2 torsional angles did not undergo conforma-
tional change (a more detailed analysis for each residue showed larger differences in
the averages). The parameter used to estimate the extent of backbone movements

was the maximum displacement of the Ca atoms in the apo- and holo-protein entries:

Admaw = Malx ;) ’da’po - d’?jOlo (31)

ij

In the previous formula, (i,j) denotes all pairwise combinations of Ca atoms from
residues in contact with the ligand. 75% of the cases showed a Adpq, of less than 1
A, and only 12% had backbone displacements larger than 2 A; the authors concluded
that backbone displacements in binding pockets are on average less important than
side-chain flexibility. No correlation between backbone movement of a residue and
the flexibility of its side chain was found in the study: in the few cases where very
large backbone displacements occurred (i.e. Adpgy > 18 A) the fraction of residues
undergoing side-chain conformational changes was not larger than average. This
suggested that the flexibility of side-chains in pockets subject to very large motions
does not differ from that of side-chains involved in smaller backbone displacement.*®

Finally, the authors analysed pairs of apo-protein entries sharing the same amino
acid sequence; changes of more than 60° were rarer among apo-/apo- compared to
apo-/holo- protein pairs; the flexibility scale for the two surveys showed however the

same trend, suggesting that this is probably an inherent property of amino acids.
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3.3.2 Fradera et al.

More recently, Fradera et al.% analysed and compared the binding sites of 8 different
proteins for which different high-resolution structures with different ligands exist.
They calculated Root Mean Square deviation (RMSd), cavities’ volumes and classical
Molecular Interaction Potentials (¢cMIP)% of protein binding sites in order to quantify
ligand-induced changes.

80 structures of 8 different proteins (lvsozyme. dethiobiotin synthetase, cvtochrome
P-450 CAM, papain, trypsin, D-xylose isomerase, chymotrypsin, thymidine kinase)
were chosen; for 6 of the 8 protein families. an apo-structure was included in the
dataset. Only one monomer for dimeric proteins was randomly selected; a resolution
cutoff “equal or around to 2.0 A3 was applied. The structures belonging to the same
protein family generally shared the same sequence; mutations were accepted only if
far from the binding site. Binding sites were defined as the residues having at least
one atom less than 4 A from any atom of all ligands in the protein set. Complexes
were oriented by superimposing the backbones of the protein binding sites.

RMSd calculations were performed on all heavy atoms. on only backbones and
on only side-chains of the proteins, always using the backbones as the reference in
fitting.

Cavities at the binding sites were computed using SURFNET® after removing
the ligands; the shape of the binding site cavity was numerically compared using
grids identically defined in all proteins of a family. Each grid point was assigned to 1
(point inside cavity) or 0 (point outside cavity or further than 4 A from any binding
site’s atoms); the 3D matrices defined by the grids were than used to calculate the

accessible volumes of each structure. The absolute and relative changes induced by

35



Chapter 3. Side-Chain Flexibility Analysis

ligand binding in the accessible volume of the binding site cavity were elaborated
and similarity indices obtained for pairs of compared proteins: the indices provided
information regarding not orily the volume but also the shape of the cavities.

c¢MIP were calculated using three chemical groups (an sp® aliphatic carbon. a
positive oxygen and a negative oxygen) placed in a grid that covered all the analysed
binding sites. Spearman coefficients were then calculated for all the pairs of structures;
each probe and cross-correlation matrix describing the degree of similarity between all
possible pairs of proteins were finally examined with Principal Component Analysis
(PCA).%3

In all cases, more than 95% of the variance could be explained by the first and
second principal components, that were than used to cluster the binding sites in terms
of reactivity.

The RMSd of binding sites’ backbone was found to be in general fairly small;
significant deviations are represented by lysozyme and dethiobiotin synthase (whose
backbone movements, even if less than 1 A, are not negligible) and D-xylose isomerase,
whose backbone is exceptionally rigid.

Regarding the changes in binding site cavities, a strong variability among proteins
was found. For example, the relative change in the accessible volume of the binding
site was less than 10% for D-xylose isomerase and greater than 60% for thymidine
kinase. Significant variability was also found in the shape of binding sites. Great
flexibility and capacity to adapt (i.e. a small similarity index of binding sites) was
found for thymidine kinase, while great similarity of binding sites (i.e. rigidity) ob-
served for D-xylose reductase. The authors concluded that small RMSd changes can

still introduce important variations in the volume and shape of protein binding site
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pockets.
The analysis of clusters produced by plotting the first and the second components

obtained by PCA and cMIP analyses revealed two different kinds of situations:

1. families of structures not clearly clustered (lysozyme. thymidine kinase, papsin

and chymotrypsin);

2. families where most structures are found in one cluster (dethiobiotin synthetase,

trypsin, D-xylose isomerase, cytochrome P-450 CAM).

In the protein families belonging to the first case, different possible situations are
observed: lysozyme is for example characterised by a total random distribution in the
PCA plot (i.e. by a large flexibility of the binding site), while thymidine kinase can
be solved into three different subfamilies that correspond to three different classes of
ligands. However, the recognition differences of the first case did not seem to depend
clearly on the presence or absence of the ligands. For example. lysozyme’s similarity
indexes were found to be totally similar for unbound/bound form comparisons and
for bound/bound form comparisons.

Regarding protein families where most structures are found in one cluster and
only a few outliers detected, the binding sites probably have a favourite conformation
that is still subject to changes, perhaps in the presence of certain conditions. This, for
example, is the case of trypsin: the only outlier present in its plot is generated by the
rotation of the side-chain of Gln 192. Similarly. the different side-chain orientations of
Tyr 193 and Phe 96 in cytochrome P-450 CAM determine the unique characteristics
of one of its outlier structures, while in the case of D-xylose isomerase some small
side-chain movements of several polar residues (His, Glu and Asp) determine the

peculiarities of two isolated protein structures. In the case of dethiobiotin synthase,
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an outlier corresponding to the unbound structure is determined both by side-chain
rearrangements and backbone conformational changes.

Only in the case of dethiobiotin synthase does an outlier corresponds to an un-
bound protein. In the opinion of the authors, the fact that the largest differences in
the recognition properties appears in the binding sites of complexed proteins suggests
that the analysed proteins do not follow a two-step induced-fit mechanism but. rather.
a conformation-selection model, in which the inherent flexibility of binding sites al-
low different molecules to fit. Similarly, the conformational changes of side-chains
and backbones were not necessarily larger when unbound and bound structures were
compared.

6 concluded that proteins are more conservative in

The authors of this survey
terms of electrostatic distribution characteristics rather than in steric properties. In
their opinion, the results of their analysis could support the fact that electrostatic
properties are the main reason determining differential binding in proteins. In a
recent review, Teague®® observed that flexible receptors can often bind to structurally
diverse ligands that occupy almost the same volume within a binding site, while a
broad range of different residues’ orientations is common.

Fradera et al.%® also judged the cross-correlations of MIP found between holo-
structures bound to different ligands to be poor, even when structures are solved by
the same authors and in the same conditions; this highlights the potential dangers of
using a single protein structure in molecular docking. In the authors’ opinion, these

risks could he overcome by choosing a representative protein structure with the help

of ¢cMIP analysis and PCA-Spearman’s cross correlation matrices.%
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3.4 Study of the Inherent Flexibility of Protein Side-Chains

3.4.1 Zhao et al.

Zhao and coworkers® compiled and analyzed a data set of 123 paired protein struc-
tures for which multiple high-quality uncomplexed atomic structures were available.
Side-chain flexibility was quantified by evaluating the changes of torsional angles.
yielding a set of residue- and environment- specific confidence levels which describe
the range of motion around x1 and x2 angles. The data-set was restricted to high-
quality structures, and the effects of the selection criteria on the results were tested:
the least stringent resolution cutoff that yielded a consistent set of final confidence
levels was 2.2 A. Moreover, in order to choose structures with a relatively rigid back-
bone conformation, an iterative superimposition process was performed; its goal was
to match the rigid core of the proteins and to omit their flexible loops or terminal
extensions. All the backbone atoms for each pair of proteins were superimposed, and
those with a difference greater than 1 A excluded. A new backbone superimposi-
tion was then performed and the process repeated until convergence. Finally, a more
stringent cutoff of 0.5 A on the root-mean-square-deviation (RMSD) was applied, and
protein pairs showing large flexible regions omitted from the analysis.

For each group of paired proteins, each amino acid position in the chain was
compared to the identical position in the matched chains, and the results for each
amino acid type represented in a diagonal plot. In this graph, the x1 angle of the given
residue in two different structures was reported along the two perpendicular axis: if
the amino acid adopted the same conformation in two structures, the corresponding
point resulted along the diagonal. If the residue adopted two different conformations

in the two structure analysis, it fell off the diagonal. Residues completely buried
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within the protein (represented below the diagonal of the graphs) were distinguished
from the solvent exposed ones (points above).

Most points were arrayed close to the diagonal in these graphs. showing that
there is typically no change in the y1 torsion angle of a given residue from structure
to structure. Also, they clustered into the three regions corresponding to staggered
conformations, just as expected from previous rotamer studies.?®% The off-diagonal
points, i.e. the points which change conformation from structure to structure, jump-
ing to a different staggered conformation, also clustered in the regions of staggered

conformations.

As one might expect, the large aromatics clustered closely along the diagonal,
showing that they are packed into well-defined niches in proteins. Polar and charged
residues however showed much variability, and while large buried aromatic residues
appeared to be well locked within the packed core of the protein, the smaller aliphatic
amino acids surprisingly showed large motions also when buried. For example, the
Val plot is nearly symmetrical, reflecting a similar flexibility inside and outside the
protein. Ser was instead markedly inflexible inside proteins. presumably because of
its ability to form structural hydrogen bonds with the neighbouring portions of the
chain. The flexibility of each amino acid type (taking into account also the smaller
level of motion we observe when a side-chain adopts a slightly different position but
stays within a given staggered conformation) was quantified as the angular thresholds
that contained 90% of the observed structures.

In general, the obtained thresholds reflect the common-sense ideas about side-
chain flexibility: buried residues are far less mobile than surface residues, and while
Lys and Arg required a large angular tolerance to cover 90% of the observations, the

large aromatic amino acids are less flexible, with most moving less than 10° between
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the different structures of a given protein. When looking at all environment values.
we can see the expected order of flexibility: Ser > Lys, Glu. Gln, Arg. Met > Leu.
Asn, Asp, Val, Thr > lle, His, Cys, Trp, Tyr, Phe. The large aromatics (Phe, Tyr
and Trp) showed limited flexibility both when exposed and when buried. Surprisingly-
Leu showed the largest amount of motion when buried (19.6°); we might expect the
small aliphatic amino acids Ile. Val, and Leu to have the greatest mobility when
buried since they lack of specific hydrogen-bonding or salt-bridge interactions with
neighbouring parts of the protein. The fact that the largest of these three has the
greatest flexibility might be a result of steric hindrance in the 3-branched structure

of Val and Ile.

The exposed residues were not seen as uniformly flexible. The large polar or
charged residues (Arg, Lys, Glu and Gln) were found to be very flexible, but many
of the smaller polar and charged residues appeared to be markedly inflexible; for
example, Asn and Asp showed about 15° of flexibility, and His only 11°. Exposed Ser
was the most flexible residue at 102.7°, while Thr (13.5°) could reflect the effect of
(B-branching.

A similar analysis was performed for x2 angles, and the differences in x2 in each
paired residue were compared and plotted with the differences in y1; the distribution
of points in these plots showed a random distribution, with no correlation between
x2 and 1.

The rationale of this research was that, while most analysis of side-chain confor-
mations study the range of motion available to a given residue type, they do not
analyze the flexibility of a given residue within a given protein environment. Steric
contacts with the local peptide backbone and interactions with neighboring parts of

the protein and solvent limit the intrinsic flexibility of each residue.
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Since the proteins being compared were identical and did not contain bound lig-
ands, the authors assumed that the differences between the paired structures are a
result of the intrinsic flexibility under the influence of the different environments in
each crystal determination. However, one must be aware that artefacts can arise from
the process of crystallographic structure solution. such as the use of rotamers during
the refinement of undetermined regions, and that the results could represent only a
few snapshots of the range of flexibility that might be present in solution.

The authors suggest that the confidence levels and angular tolerances obtained
by their analysis could provide better metrics to score any side-chain discrimination
methods, since they depend both on the residue type and its local environment.
The standard threshold of 40° for the difference in x1 angles, which is widely used to
define correct and incorrect prediction of side chain position.%” could be inappropriate
in most circumstances. In fact, according to this study for most buried residues this
tolerance is far too generous, while for some surface residues it is too restrictive.
Rotamer analysis derived from surveys of databases that include a single structure
for each protein possibly do not give an accurate estimate of the flexibility of residues
within proteins, since they provide an estimate of the range of conformations that
are available to a given side-chain when observed in all environments. The effects
of the protein environment tend to average out. and the distribution of rotamers
is dominated by the steric contacts between the side-chain and the protein main
chain. The normal range of motion available to a given amino acid residue, when
placed within a protein, is instead determined by a combination of short-range steric
forces, along with the interactions with neighbouring portions of the chain and the
surrounding environment. An analysis of the motions in individual residues from the

paired-protein database can instead quantify the flexibility of a residue within its
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normal protein environment.

The confidence levels are more restrictive than an estimate derived from the spread
of points in a rotamer analysis, indicating that the motion of a given residue within
a protein is more restricted than expected from a comparison of different residues in
the chain. This is evident from the diagonal plots, presented in the article, which
report on the x and y axis the y1 angle of a given residue found in two different
structures of the same protein. The data points along the diagonal on the graphs
cluster into elliptical rather than circular regions, with a greater spread along the
diagonal (representative of the range of conformations across many proteins) than
the spread perpendicular to the diagonal (representative of the range of conformation

of a given residue position in a given protein).

3.5 Summary and Conclusion

Side-chain flexibility and motions play a crucial role in ligand binding. In this sec-
tion, some studies and methods aimed at analysing and describing them have been
presented.

The prediction of side-chain conformations in homology modelling, rational drug
design and molecular docking is often based on rotamer libraries. Rotamers are ap-
proximate representations of the configuration of the torsion angles within an amino
acid side-chain; they are usually derived from statistical analysis of experimental
structures, and they generally correspond to local minima on the side-chains’ poten-
tial energy maps. However, rotamer libraries derived from large datasets may often
include very rare conformations, most of which are probably subject to a large dihe-
dral energy strain. Some of these “nonrotameric” conformations could be real, but

others are likely to depend on artefacts of the X-ray refinement. This hypothesis is
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consistent with analyses that show a systematic variation of the mean values of y1
rotamers with resolution.5?

Dunbrack and Karplus have compiled a “backbone-dependent™ rotamer library
where the distribution of the y1 rotamer is expressed as a function of the ¥ and ¢
torsion angles.®® The x1 rotamer distribution shows in fact detectable patterns as a
function of the ¥ and ¢ backbone dihedral angles; these preferences can be explained
by a simple steric conformational analysis.

Despite some limitations that intrinsically affect the concept of rotamers (e.g. the
representation of a side-chain as a single, rigid conformation, the dependency on the
quality and accuracy of experimental data from which they are derived), rotamer
libraries are still commonly employed to reduce the search space and successfully
predict side-chain positions.%®:%®

To analyze side-chain rearrangements upon ligand binding, Najmanovich et al.45
compared paired protein structures in complexed and uncomplexed forms from the
PDB database. They determined the number and identity of binding pocket residues
that undergo side-chain conformational changes using a threshold of 60° in at least
one torsional angle to define a conformational change.

The study showed that only a small number of residues in the pocket undergo
significant conformational changes. The flexibility scale had the following order: Lys
> Arg, Gln, Met > Glu, Ile, Leu > Asn, Thr. Val, Tyr, Ser, His, Asp > Cys, Trp,
Phe. Even when normalizing by the number of flexible dihedral bonds in each amino
acid, the trend of large, polar amino acids having a greater flexibility than aromatics
remained. The flexibility of side-chains in pockets subject to very large backbone mo-

tions did not differ significantly from that of side-chains involved in smaller backbone

displacements.?® The comparisons of pairs of apo-/apo- protein entries revealed rarer
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conformational changes than apo-/holo- protein pairs: the flexibility scale for the dif-
ferent residue types was however the same, probably being an intrinsic property of
amino acids.*®

A more recent study from Fradera et al.%3

was also aimed at comparing and
quantifying residues’ conformational changes in the binding site of apo- and holo-
proteins sharing the same sequences. They chose 80 protein structures belonging to
8 different protein families and calculated the RMSd, the volumes and the classical
Molecular Interaction Potentials of their binding sites.

The RMSd of the binding sites™ backbone was found to be in general fairly small,
even if some significant variations among the different protein families were observed.
Regarding binding-site cavities’ volumes and shapes. a strong variability among the
different protein families was found; the authors concluded that small RMSd changes
can still introduce important variations in the volume and shape of protein binding
site pockets.%3

The analysis of clusters produced by plotting the first and the second components
obtained by PCA and ¢MIP analyses revealed two different kinds of situations: fam-
ilies of structures that were not clearly clustered, and families where most structures
were found in one cluster. The recognition differences revealed in the first case did
not seem to necessarily depend on the presence or absence of the ligands; similar
behaviour for unbound/bound comparisons and for bound/bound comparisons were
found. Protein families where most structures are found on one cluster and only a few
outliers are detected probably have binding sites with a favourite conformation that
is subject to changes, perhaps in the presence of specific stimuli. The peculiarity of
the outliers’ structures in the graphs could generally be explained by some different

side-chain orientations in the binding site.
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The poor cross-correlations found between holo-structures highlights the potential
risks of using a single protein structure in molecular docking.

Distinguishing their analysis from those of Najmanovich and co-workers® and
Fradera et al..% Zhao et al.%® focused their attention on uncomplexed protein struc-
tures. They analysed a dataset of paired protein structures for which multiple high-
quality uncomplexed atomic structures exist; side-chain flexibility was evaluated and
a set of residue- and environment- specific confidence levels that contained 90% of the
x1 and x2 observed flexibility obtained. In doing so, Zhao et al. hoped to determine
the intrinsic flexibility of the amino acid side-chain in protein crystal structures since.
in principle, the pairs of protein structures compared should be identical.

Compared to the large aromatics, polar and charged residues showed much vari-
ability, and while large buried aromatic residues appeared to be quite rigid in the core
of the protein, the smaller aliphatic amino acids surprisingly showed large motions
also when buried. Ser was markedly inflexible inside proteins, presumably because of
its ability to form structural hydrogen bonds with the neighbouring portions of the
chain, but was instead the most flexible residue when exposed. As we might expect,
buried residues were less mobile than surface residues. and polar residues such as Lys
and Arg required a large angular tolerance to cover 90% of the observations. The
small aliphatic amino acids showed the greatest mobility when buried, probably be-
cause of the lack of specific hydrogen-bonding or salt-bridge interactions within the
protein; many of the smaller polar and charged residues (e.g. Asp and Asn) appeared
to be markedly inflexible.

Since the Zhao et al. study compared pairs of apo-proteins sharing the same se-
quence, i.e. the intrinsic flexibility of amino acid side-chains in the same environment,

the angular thresholds obtained by this research should reflect steric contacts with
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the peptide backbone and interactions with neighbouring parts of the protein. Ro-
tamer analysis derived from databases that include a single structure for each protein
estimate instead the range of conformations available to a certain residue type in all
the environments; as highlighted by the diagonal plots presented in their survey, the
confidence levels obtained by Zhao et al. are more restrictive, and probably more

reliable, than an estimate derived from a rotamer analysis.%

3.6 Aim of this Project

As described in the last two chapters, several kinds of flexibility are observed in
experimentally determined structures of protein-ligand complexes. In most cases
only a few side-chains vary in the active site; however, rearrangements of single loops
or other secondary structure elements and large motions involving entire domains are
also commonly observed.

Side-chain flexibility is essential for molecular docking purposes. The rearrange-
ment of a single side-chain can have considerable consequences in molecular recogni-
tion: for example, the shift of a tyvrosine’s side-chain from a gauche™ to a trans con-
formation implies a motion of about 9 A of its hydroxyl group.®® Also. the inclusion
of side-chain flexibility in rational drug design could compensate for the uncertainty
of the available protein models. It has been estimated that the standard deviation
of refined atomic positions at 2.0 A resolution is in the range of 0.15 A to 0.25 A,
implying a precision of dihedral angle determination of hetter than 10°.%° However,
the constraints and the method of refinement, and the connectivity of the involved
atoms can largely affect the accuracy of atom positions.”® Main chain atoms have
lower positional errors than side-chain atoms bound to two non-hydrogens neighbours;
these, in turn, have lower errors than side-chain atoms with one non-hydrogen neigh-
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bour, and side-chain atoms with only one non-hydrogen neighbour have the greatest
uncertainty of all.”®

The aim of this project is to analyse and obtain a better understanding of side-
chain conformational changes, particularly under the influence of a ligand. The ul-
timate goal is to determine whether it is possible, using knowledge derived from the
PDB, to predict the conformation of a particular side-chain on binding by a given
ligand. Multiple PDB structures of different proteins were analysed to identify and
distinguish genuine ligand-binding induced conformational changes, motions that de-
pend on the intrinsic flexibility of proteins. and possible artefacts arising from crystal
structure refinement methods.

Najmanovich et al. 60° angular cutoff.*® Zhao et al. residue type and environment

6 and the Dunbrack and Karplus backbone dependent rotamer

specific thresholds,
library® were employed to define conformational changes. The results obtained on

applying these different methodologies were compared and assessed, and different

conformational behaviours and trends in various protein families characterised.
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Chapter 4
Conformational Analysis: Data Set,

Methods and Results Overview

4.1 Choice of the Data Set

To analyse the characteristics and the extent of side-chain motion in proteins, a data
set of ten proteins was chosen for which multiple PDB apo- and holo- protein struc-
tures at high resolution exist. The 10 selected proteins are glutathione S-transferase,
HIV-1 protease, carbonic anhydrase II, thrombin, cytochrome P-450 CAM, strepta-
vidin, trypsin, D-xylose isomerase, ribonuclease A and endothiapepsin.

These proteins were mainly chosen for the relatively high number of crystallo-
graphic structures at good resolution that are deposited in the PDB; other extensively
studied protein systems, such as HIV-1 reverse transcriptase or neuraminidase, do not
offer a similarly large number of PDB entries at low resolution. Also, the 10 protein

systems were chosen since they are representative of a quite heterogeneous ensemble
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of different protein families. HIV-1 protease and endothiapepsin are in fact aspar-
tic proteases, thrombin and trypsin serine proteases; carbonic anhydrase is a lvase,
cytochrome P-450 CAM an oxidoreductase. D-xylose isomerase is an intramolecular
oxidoreductase, ribonuclease A is a hydrolase and glutathione S-transferase a trans-
ferase. Streptavidin is a biotin binding protein, veryv well known for its exceptionally
strong affinity for biotin.

FASTA searches™ were performed to identify PDB entries sharing an identical
amino acid sequence for each of the 10 protein systems: entries with a sequence iden-
tity less than 100% (minimum sequence identity 97.7%) were occasionally accepted
if mutations occurred far from the binding site and did not appear to interfere with
protein function and/or folding.

Residues including one or more PDB atoms with an occupancy less than 1 were
discarded. A 2.5 A resolution cutoff was generally applied; a subset of structures
having a resolution equal to or better than 2.0 A was obtained from the larger dataset
and analysed separately.

All holo-protein structures were inspected to identify and consider as ligands only
the molecules that are actually bound within the protein active site. Water molecules
and salt ioné V\;ere excluded, with the only exception of anions that bind the catalytic
zinc atom of carbonic anhydrase. Peptidic ligands, especially found in the case of
proteases, were included in the survey.

If multiple entries sharing the same ligand were found within the same protein
system, only that at best resolution was included in the main datasets. If several
entries sharing the same ligand at the same resolution were found, only the first in
alphanumerical order was arbitrarily considered. The holo-proteins discarded in this

way were put set-aside and kept for eventual analyses at a second stage, to characterise
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side-chain conformational changes occurring in the presence of the same ligand and
to get a feel for the extent of “random™, non systematic conformational changes.

The selected PDB entries are listed in Table 4.1. Structures chosen for glutathione
S-transferase, HIV-1 protease, carbonic anhydrase II and thrombin are human. The
species of origin for trypsin and ribonuclease PDB entries is bovine, while cytochrome
P-450 CAM is bacterial (pseudomonas putida). along with those of streptavidin (strep-
tomyces avidinii) and D-xylose isomerase (streptomyces rubiginosus). The selected
structures of endothiapepsin are instead derived from the chestnut blight fungus (en-
dothia parasitica).

In this thesis, only data relative to structures solved at 2.0 A or better will be
generally presented. The comparison of these results with those obtained with a
different resolution cutoff (2.5 A) is described at the end of the present chapter (section

4.3.7).

4.2 Methods

Within a protein system, all possible apo-/apo-, apo-/holo- and holo-/holo- protein
pairs were compared to characterise side-chain flexibility and backbone atoms’ Root
Mean Square Deviation in:

1. different PDB structures of the same uncomplexed protein (apo-/apo- protein

comparisons);

2. complexed and uncomplexed forms of the same protein (apo-/holo- protein com-

parisons);

3. the same protein complexed with the same ligand and/or with different ligands

(holo-/holo- protein comparisons).
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Resolution < 2.0 A Resolution € [2.0, 2.5) &

Apo-Proteins Holo-Proteins Apo-Proteins Holo-Proteins

Glutathione 16GS 13GS 18GS 10GS 12GS
S-Transferase 1AQV  1AQW 20GS 3PGT
21GS 2GSS
3GSS  6GSS
9GSS

Carbonic 1CA2 2CBA 1AVN 1BCD 1CA3 1HCA 1A42 1AMG
Anhydrase II 2CBB 2CBE 1BV3 1CAH 4CA2 4CAC 1BN1 1BN3

1CAN 1CIL 1BN4  1BNN
1ICNW  1CNX 1BNQ 1BNT
1CRA 1F2W 1BNU 1BNV
1G1D  1G5h2 1IBNW 1CAH
1G53 1G54 1CAY 1CIM
118Z 1190 1CIN 1CNY
1191 1IF4 1EOU  1IF6
1IF5 1IF7 1IKWR 10KL
1IF8 1IF9 10KM 10KN
1IRAY 1RAZ 5CA2
2CA2 2CBC
2CBD  3CA2
HIV-1 1G6L 1AJV  1AJX 1C70 1GNO
Protease 1DIF 1G2K 1HBV  1HIH
1G35 1HPS 1HOS  1HPS
1HPV  1HSG 1HTR 10HR
1HGT 1HVI
1HVJ 1HVK
1HVL  1IIQ
2BPV  2BPY
7TUPJ
Thrombin 1C5L 1AES 1AFE 1HAH 1HGT 1A2C 1ABI
1AY6 1BA8 1THR 1THS 1AWF 1C4U
1C1U 1C1v 1C4V  1FPH
1CIN  1C5N 1IHT 1KTS
1C50  1EBI 1KTT 1INRS
1G30 1G32 1QHR 1QJ1
1HS8I 1IHS 1QJ6 1QJ7
1PPB  1UMA 1ITMB 1TMT
2HGT 4THN
5GDS 7TKME
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Resolution < 2.0 A

Resolution € [2.0, 2.5) &

Apo-Proteins

Holo-Proteins

Apo-Proteins Holo-Proteins

Trypsin

Streptavidin

D-Xylose

Isomerase

1TLD
2PTN

1SLF
217D
2RTB

1XIB

1TPO
3PTN

212C
21ZE
2RTC

1X1IS

1AZ8
1BJV
1BTX
1CIN
1C1T
1C2H
1C5P
1C58
1EB2
1FoU
1G36
1G3C
1GIo
1GI5
1GJ6
1JRS
1K10
1IMAX
IMTW
1QL7
1TNH
1TNJ
1TPP
1TYN
1XUJ
2BZA

1LCZ
1SLG
1SRF
1SRI
1STR
1VWL
2RTH

1GW9
1XIC
1XIE
1XIG
1X11
3XIS
9XIA

1BJU
IBTW
1BTZ
1C1P
102G
102K
105Q
105T
1FOT
1G34
1G3B
1GHZ
1GI4
1GI6
1JIR
1K1IN
1K1P
1IMTS
1QCP
ITNG
1TNI
1TNL
1TPS
1XUI
1277

1SLE
1SRE
1SRG
1SRJ
1STS
21ZF

1IMNZ
1XID
1XIF
1XIH
1X1J
4XIS

1AQ7
1K 11

1K1L
1XUF

1I9H
1SRH

1AVJ]
1K1J
1K1M
1XUK

1LCW
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Resolution < 2.0 A

Resolution € [2.0, 2.5) A

Apo-Proteins

Holo-Proteins

Apo-Proteins

Holo-Proteins

Cytochrome
P-450 CAM

Ribonuclease A

Endothiapepsin

1PHC

1AFU 1XPS

1XPT

4APE

1CP4

1PHB
1PHG
6CPP

1AFK
1EOS
S8RSA

1E50
1E81

1EED
1EPL
1EPN
1EPP
1ERS8
2ER7
3ER5
4ER2

1GEK
1PHD
2CPP
7CPP

1AFL
1JVU
9RSA

1E80
1E82
1ENT
1EPM
1EPO
1EPQ
9ER6
3ER3
4ER1
5ER1

INOO 4CPP
5CPP 8CPP
1A2W  1JVT
1JVV
4ER4  2ER9
1EPR

Table 4.1: PDB entries analysed in the present thesis. For each entry the PDB accession
code is listed. Entries are divided into apo- and holo- proteins and according to their

resolution.
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In the case of dimeric and tetrameric proteins (HIV-1 protease. glutathione S-
transferase, ribonuclease, xylose D-isomerase and streptavidin), only monomers shar-
ing the same chain ID were compared. For example, in a pair of dimeric proteins
comprising chain A and B, side chain conformational changes were obtained by com-
paring chain A and chain B of the first protein respectively with chain A and chain
B of the second. In PDB entries having different chain IDs. the first chain of the first
PDB structure was compared with the first chain of the second structure. the second
chain with the second chain of the second structure and so on. This approach is how-
ever arbitrary; the differentiation between monomers in complex structures can be
made only if the ligands belong to the same structural families or if the structures are
frames of a molecular dynamics simulation of the same complex. To determine to what
extent conformational changes depend on the choice of the chains that are compared,
flexibility analyses were also carried out comparing all chains of a PDB entry with all
chains of the other PDB entries (data not shown). The percentages of conformational
changes obtained in this way are generally greater than those obtained by selectively
comparing one chain against another chain in two protein structures. However, the
differences between the percentages obtained in the two different ways are not sys-
tematic, and flexibility trends are not significantly affected by the “all chains against
all chains” methodology of study; results obtained with the more straightforward and
less data intensive methodology of study were therefore chosen and presented in this

thesis.

Several methodologies were employed to define conformational changes in the com-
pared protein structures. In accordance with the study by Najmanovich et al.,*6 an
angular threshold of & 60° was used to define side chain conformational changes.

Also, the specific angular thresholds defined by Zhao et al.% were employed to iden-
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x1 Angle Difference

Exposed Buried
Arg 37.0 13.9
Asn 15.0 8.7
Asp 13.8 8.0
Cys 7.3 9.5
Gln 53.6 10.7
Glu 53.6 13.0
His 11.2 7.1
Ile 124 8.7
Leu 28.6 19.6
Lys 42.1 14.7
Met 47.5 17.7
Phe 8.0 6.4
Ser 102.7 16.1
Thr 13.5 9.3
Trp 9.0 6.7
Tyr 8.0 6.2
Val 21.0 10.0

Taléée 4.2: Angular thresholds (°) including 90% of x1 observations in Zhao et al. data
set.

tify 1 conformational changes; these thresholds, listed in Table 4.2, differ for different
residue types and for buried and exposed residues (section 3.4). Finally, x1 and x2
rotameric states and their relative probabilities were defined employing the Novem-
ber 2000 release of “backbone dependent” and “conditional backbone independent”
rotamer libraries developed by Dunbrack and Cohen.5%:%

To make a distinction between the x angles and their corresponding rotamers, x1
rotamers were denoted as rl, y2 rotamers as r2, and so on.>> Since each side-chain
torsion angle can normally assume one of the three rotameric states corresponding to
the classical conformations gauche™, gauche™ and trans, there can be, for example, 81

possible rotameric states for residues with four rotatable torsions in their side-chains

o6
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(e.g. lysine); only two possible rotameric states are instead allowed for proline. whose
x1 can only assume the gauche™ or gauche™ conformations. For residues with at least
two rotatable bonds in their side-chains, the y1,x2 rotamer was denoted as r12: rl12
can assume 9 different states depending on the 9 different possible combinations of

rl and r2 conformations.

For each pair of compared structures, the number and the identity of residues
whose 11, 12 and r12 rotamers and/or whose rank differ were identified. The “rank”
of a residue is an integer. ranging from 1 to 9. that describes how far the actual
r12 rotamer is from the most probable r12 rotamer, given the ¢ and ¢ values of
the residue. For instance, rank = 1 means that the given rl and r2 are the most
probable for the ¢ and ¢ of that residue; if instead rank = 9, rl and 12 are the least
likely r1 and r2 rotamers that can be found in the PDB, given the residue’s ¢ and
¥ angles.” It must be noted that the rank of two corresponding residues can differ
even if the relative y1 and x2 angles are almost the same; this can mainly happen if
the corresponding ¢ and % angles fall into a different bin of the backbone dependent
rotamer library’s conformational space.

Several errors and/or ambiguities can occur in X-ray protein structures. For ex-
ample, protein X-ray crystallography produces an electron density map that rarely
allows carbon, nitrogen and oxygen atoms to be distinguished. Since their electron
densities appear to be symmetrical. x2 torsions in asparagine and histidine residues
and 3 torsions in glutamine residues can be assigned with difficulty; their orientation
in a PDB entry is thus usually defined on the basis of the most favourable hydrogen
bond network established with other protein residues. As the aim of this thesis is to
analyse protein structures as deposited in the PDB without changing and/or correct-

ing them, no measures were taken to modify them; the possible “flip” of Asn, His and
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Gln residue side chains is thus part of the “noise” that inevitably affects our results.
For side chain groups that are chemically symmetrical, a different action was applied.
Because of symmetry, most PDB structures do not distinguish whether phenylanine,
tyrosine and aspartate have a x2 or x2 + 180° angular value, and if glutamate has
a x3 or x3 + 180° value. To avoid redundancy in results, both angular values were

considered possible for these symmetric residues when applying Najmanovich et al.48

and Zhao et al.%¢ methodologies of study.

In PDB structures there is often little information about y3 and y4.5! The posi-
tion of the corresponding side-chain atoms is in fact usually poorly determined and,
consequently, the convention of using a fully extended conformation is often applied.
Further, the rotation around the bonds corresponding to x3 and x4 is less restricted,
given the absence of bulky substituents in the long methylene chains of Glu, Gln and
Lys that could raise the rotational barrier for these dihedral angles. For these reasons,
and since the resolution of the structures in the larger dataset can be up to 2.5 A, the

results reported in this thesis will be mainly restricted to x1 and x2 rotamers and

conformations.

Flexibility analyses were carried out on both all residues and on only binding site
residues. The binding site of each protein system was defined as composed of the
residues in contact with at least one atom of a ligand in the holo-protein data set.
If any one residue was identified as being part of the binding site of a particular
holo-protein, it was considered as being part of the binding site of all holo-protein
structures. Atomic contacts were identified using the LPC and CSU servers (Sobolev

et al.);”® these are available through the PDB and define contacts on the basis of the

van der Waals radii of the involved atoms and their interatomic distances.
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All analyses were performed both by considering separately buried and exposed
residues, and without any distinction based on residues” accessibility. Residues in the
data set were defined as buried or exposed with the same procedure emploved by
Zhao et al.:% the accessible surface area (ASA) of each residue was calculated with
the NACCESS program,™ using a probe radius of 1.4 A and including only heavy
amino acid atoms in the calculation. The ASA of each residue was then compared
to that of the same residue in the extended polypeptide Ala-X-Ala, where X is the
particular amino acid type; if the exposed surface of the residue was 20% or less of
the surface area of the same residue in the extended polyvpeptide, the residue was
classified as buried. A residue was instead classified as exposed if its solvent-exposed
surface area was greater than 20% the surface area of the extended polypeptide.

To quantify the geometrical changes occurring in the protein backbone, backbone
atoms’ Root-Mean Square deviation (RMSd) was computed for all possible pairs of
protein structures. The program ProFit™ was employed to perform the least squares
fitting procedures and the RMSd calculations. The atoms chosen for the fitting
procedure and the RMSd calculation were the same; residues and atoms that did not
exist or had been discarded due to the occupancy criteria in one protein were not
considered.

To investigate whether similar ligands induce similar conformational changes in
the same apo-proteins, Tanimoto similarity coefficients™ were computed for all possi-
ble pairs of ligands binding to the same protein and plotted against the percentages of
side-chain conformational changes observed in the corresponding holo-/holo- protein
pair. The Tanimoto coeflicients were computed employing bi-dimensional 1024-bit

77

Daylight fingerprints,”” which calculate all pairwise distances for atoms in a molecule

and represent them as a signature key, i.e. as a bit string where each position cap-
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turing the presence or absence of a unique pattern. As a similarity value for pairwise

comparison of fingerprints the Tanimoto coefficient (7¢) is calculated as:

To = ]\7‘43/(]\7‘4 + Np — ]\'TAB) (4.1)

where N4p is the number of common bits set on, and N4 and Np are the bits set
on in the fingerprints of the first (A) and the second (B) molecules. respectively.™
Molecules with a high T'c are considered similar. Since the default path range of 1024-
bit Daylight fingerprints is 0-7 bonds, they do not discriminate between molecules that
differ only in bond paths longer than the maximum; multipeptidic ligands are thus
treated as disconnected amino-acid molecules, and their sequence informations is lost.
For this reason, peptidic ligands were excluded from this kind of study. In the case
of endothiapepsin, for which only peptidic ligands exist. no ligand similarity analyses
were performed.

While Tanimoto similarity coefficients were provided by another worker using the
Daylight Fingerprint Toolkit,”” most of the analyses described in this thesis were
performed by code written by the author in Perl, a language particularly convenient

for text processing. Perl scripts were also employed to invoke C or C++ programs.

4.3 Results Overview

4.3.1 Root Mean Square Deviation

Table 4.3 reports the average Root Mean Square deviation (RMSd) of backbone atoms
for all possible apo-/apo-, apo-/holo- and holo-/holo- protein comparisons within the
10 different systems. The extent of backbone rearrangement appears to be generally
small; HIV-1 protease, endothiapepsin, streptavidin, thrombin and ribonuclease are,
in order, the systems for which backbone atoms show the greatest flexibility.
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Protein System RMSD (4)
protein comparisons
apo-/apo- apo-/holo- holo-/holo-

HIV-1 Protease 0.59 0.50
Endothiapepsin 0.46 0.37
Ribonuclease 0.37 0.30 0.30
Streptavidin 0.11 0.35 0.45
Thrombin 0.35 0.34
Glutathione S-Transferase 0.24 0.29
Trypsin 0.21 0.23 0.24
Carbonic Anhydrase 0.12 0.19 0.26
Cytochrome P-450 CAM 0.18 0.18
D-Xylose Isomerase 0.17 0.16 0.18

Table 4.3: RMSd in A between the structures of the ten analysed protein families. The
averaged RMSd for all possible apo-/apo-, apo-/holo- and holo-/holo comparisons within a
protein system is reported: the same backbone atoms were considered in the fitting and in
the RMSd calculation procedure.

The RMSd that is detected by comparing apo- against apo- proteins is potentially
linked to the intrinsic flexibility of proteins, i.e. to conformational changes that do not
depend on ligand binding and might inevitably bias our observations. As it appears
from the apo-/apo- protein comparison results reported in Table 4.3, the analyses
performed on ribonuclease and, to a lesser extent, D-xylose isomerase and trypsin,
might be complicated by some intrinsic backbone flexibility. Nevertheless, the apo-

/apo- protein comparison RMSds appear small enough to justify our conformational

analysis on all ten selected protein systems.

4.3.2 Different Amino Acid Conformational Changes

Figures 4.1-4.4 represent the percentages of different residue types for which x1 and
X2 torsions change more than 60°; while Figures 4.1 and 4.3 refer to all protein

residues, Figures 4.2 and 4.4 correspond to only binding site residues. The error bars

61



Chapter 4. Conformational Analysis: Data Set, Methods and Results Overview

50

Il apo-/apo- comparisons
45+ M apo-/holo- comparisons |
I holo-/holo- comparisons

401 1
351 1

30 b

% of residues changing y,cnf

it ST WEAN ) 1 S THIEE— L0 ST el R~ ST QST WL e, FNSR  eBY , LEET 7 RN I
QO = f (ORISR = TR ) < s =
hle DR e o = R R R

Figure 4.1: Percentages of x1 conformational changes revealed for different residue types
when a 60° angular cutoff is applied; all residue results.

in these figures, as for all the figures in the present chapter, represent the standard
error on the averages.

Figures 4.5 and 4.6 report the percentages of conformational changes observed
when Zhao et al. residue- and environment- specific angular thresholds® are applied,
while the percentages of x1 and x2 that change rotameric state according to Dunbrack
and Cohen rotamer libraries are represented in Figures 4.7-4.10. Again, Figures 4.5,
4.7 and 4.9 refer to all protein residues, while Figures 4.6, 4.8 and 4.10 describe only
binding site residues conformational changes.

Residues have been ordered on the x axis of this section’s graphs in accordance
with the x1 flexibility trends, as revealed for all protein residues with Najmanovich

i 1%

et a and Dunbrack et al.°° methodologies of study. Since these methods employ
undifferentiated angular thresholds to define conformational changes, they are likely
to reveal the absolute propensity to move of different residue types. The x1 general
flexibility scale that is obtained for all protein residues is: Ser, Glu > Cys > Arg >

Lys, Val, Gln, Thr > Met, Asn, Leu, Ile > Phe, His > Tyr, Trp. If x2 percentages

62



Chapter 4. Conformational Analysis: Data Set, Methods and Results Overview

w250

G H apo-/apo- comparisons

R 45} | apo-/holo- comparisons |

cc» M holo-/holo- comparisons

2 40r ]

]

S

o 3o 4

)

3

% 30 i

2

w

0.5 (25 2

X
20+ 4
15| 4
10 5
5F 4
SO hemielisE o e Sa T s e o e

D e e ST = L e B e (<

Figure 4.2: Percentages of x1 conformational changes revealed for different residue types
when a 60° angular cutoff is applied; only binding site results.
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Figure 4.3: Percentages of x2 conformational changes revealed for different residue types
when a 60° angular cutoff is applied; all residue results.
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Figure 4.4: Percentages of x2 conformational changes revealed for different residue types
when a 60° angular cutoff is applied; only binding site results.
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Figure 4.5: Percentages of xy1 conformational changes revealed for different residue types
by Zhao et al. methodology of study; all residue results.
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Figure 4.6: Percentages of x1 conformational changes revealed for different residue types
by Zhao et al. methodology of study; only binding site results.
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Figure 4.7: Percentages of rl conformational changes revealed for different residue types
when Dunbrack and Cohen rotamer libraries are employed; all residue results.
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Figure 4.8: Percentages of rl conformational changes revealed for different residue types
when Dunbrack and Cohen rotamer libraries are employed; only binding site results.
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Figure 4.9: Percentages of r2 conformational changes revealed for different residue types
when Dunbrack and Cohen rotamer libraries are employed; all residue results.
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Figure 4.10: Percentages of r2 conformational changes revealed for different residue types
when Dunbrack and Cohen rotamer libraries are employed; only binding site results.

of conformational changes are considered, the flexibility scale obtained applying Naj-
manovich et al. methodology of study becomes: Asn > Arg, Lys > Leu > Glu > Ile,
Gln > Met, Asp > His, Phe > Trp, Tyr. Apart from some residue types (e.g. Asp),
the flexibility scale obtained for r2 with Dunbrack and Cohen rotamer libraries is not
very different: Asn, Asp > Arg, Lys, Leu > Glu, Gln > Ile > Met, His > Trp > Tyr,
Phe.

Broadly speaking, these flexibility trends are similar to those found by Naj-
manovich et al.: long, polar, sterically non bulky side-chains appear to be the most
flexible, while aromatic residues seem to be the most rigid. However, in the present
thesis data set residues such as serine, aspartate, asparagine and cysteine seem sig-
nificantly more flexible than what Najmanovich and coworkers found.*® At the same
time, residues such as methionine change side-chain conformation significantly less
often.

Different trends can be observed in the graphs obtained by applying Zhao et al.

residue- and environment- specific angular thresholds®® (Figures 4.5 and 4.6). Since
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these thresholds were defined as the angular intervals comprising 90% of y1 side-chain
torsions in a data set of apo-protein structures. peaks on these graphs correspond to
residues whose y1 flexibility is significantly greater than average. Applying these
thresholds to all protein residues. the scale of apo-/holo- and holo-/holo- protein
conformational changes detected in the data set of the present thesis is: Cys > Asp,
Phe, Ile > Val, Thr. Ser, Tyr. Thr, Glu. > Trp. Arg > Gln. Lys. Leu > His > Met.
Clearly, the flexibility of Phe, Tyr. Trp and His appears to be unusually high for
these aromatic residues, that seldom change their side-chain torsions by more than
60° and/or rarely change their rotameric state (Figures 4.1 and 4.7). Zhao et al.
angular thresholds for these residues are in fact very small; only exposed His residues
must change more than 10° for a conformational change to be detected. The residue
for which the highest unexpected percentage of conformational changes is detected is
Cys; this residue, whose x1 confidence levels determined by Zhao and co-workers are
equal to 7.3° for buried residues and 9.5° for exposed residues, appears to be unusually
flexible also when Najmanovich et al. and Dunbrack et al. angular thresholds are
applied. This tendency. stronger in all protein residues rather than in binding site
residues, might depend on the relatively small size of the present thesis’s data set.
The aim of this thesis is to disentangle random, spontaneous motions of protein
side-chains from motions that actually depend on ligand-binding effects. Ideally, the
differences between the conformational changes that are observed in binding sites
versus all protein residues should help to distinguish these different kinds of motions.
However, the error bars on the graphs representing this differences are too large
to allow the observation of any systematic effect (see for example Figure 4.11).To
unambiguously identify ligand induced conformational changes of individual amino

acids using this data, a larger dataset should be analysed and/or different protein
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Figure 4.11: Differences between the x1 percentages of conformational changes occurring
in the binding site and in all protein residues; negative values reveal greater flexibility of
binding site residues. Conformational changes defined using a 60° angular cutoff.

systems considered.

It is interesting to compare the percentages of conformational changes that are
detected in apo-/apo- versus apo-/holo- and holo-/holo- protein comparisons. With
only few exceptions, fewer protein motions seem to occur in uncomplexed protein
structures with all the methods of analysis. However, this trend is much more con-
sistent when Zhao et al. angular thresholds are employed (Figures 4.5 and 4.6); this
method of study only detects percentages of conformational changes in the uncom-
plexed PDB entries of greater than 10% in the case of arginine binding site residues.
This fairly low x1 flexibility in apo-/apo- protein comparisons is something one would
expect, since these angular thresholds were obtained comparing a data-set of apo-
protein structures. However, it is somewhat striking, given the high flexibility that
the same angular thresholds reveal for apo-/holo- and holo-/holo- protein compar-
isons. The standard errors associated with the apo-/apo- comparisons overlap with
those of the apo-/holo- and holo-/holo- comparisons only in the case of Arg (all and

only binding site residues) and Lys, Gln, His and Trp (only binding site residue data);
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when Najmanovich et al. and Dunbrack and Cohen methods are applied (Figures 4.1.
4.2, 4.7 and 4.7), apo-/holo and holo-/holo- protein comparisons results are in fact
significantly different from apo-/apo~ protein comparisons ones only in very few cases.

These results suggest that Zhao et al. specific angular thresholds are probably
more useful than generic, undifferentiated thresholds in identifying unusual, system-
atic conformational changes in proteins; unusually high peaks in these graphs are
more likely to spot conformational changes that depend on ligand binding effects
rather than the intrinsic propensities of different residues to move.

However, one should keep in mind that the selection criteria emploved by Zhao
et al. (resolution cutoff equal to 2.2. A. side-chain flexibility analvsis performed only
on proteins and regions characterised by low backbone flexibility) are different from
the ones employed in this thesis, and this might affect the results. Also, the apo-
protein data set of the present thesis is significantly smaller than that employed by
Zhao et al.; while Zhao and coworkers compared three apo-protein structures for a
protein system, for a total of 123 pairs (i.e. 41 different protein systems),%¢ only five
out of ten protein systems analysed in this thesis have more than one apo-protein at
resolution equal or better than 2.0 A (4 uncomplexed protein structures for carbonic
anhydrase II, trypsin and ribonuclease A, six for streptavidin and two for D-xylose
isomerase).

The restricted size of this thesis’s data set is likely to be the reason why the
percentages of apo-/apo- protein conformational changes are always less than 10%,
something surprising since Zhao et al. angular thresholds were obtained as the con-

fidence levels that comprise all the analysed residues but 10%. In the next chapters,

the issue of other possible reasons of bias (e.g. apo-protein structures prevalently
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obtained by the same author or group) will be investigated.

4.3.3 All-Environment Flexibility Trends

Applying Dunbrack and Cohen’s rotamer definitions,”® Najmanovich et al. £ 60°
angular cutoff*¢ and Zhao et al. specific angular thresholds®® to define side-chain con-
formational changes, different flexibility trends emerge for the ten analysed protein
systems. To evaluate a general protein flexibility order. the percentages of confor-
mational changes observed in both apo-/holo- and holo-/holo- protein pair analyses
were evaluated and compared.

On the y axis of Figures 4.12. 4.13 and 4.14, side-chain propensities to move are
represented by means of y1 and y2 percentages of observed conformational changes
in the analysed protein systems (Najmanovich et al.. and Zhao et al. methodologies
of study); Figures 4.15. 4.16 and 4.17 depict instead side-chain flexibility trends as
the percentages of rl, r2 and rank (Dunbrack and Cohen’s rotamer definitions) that
change in the different protein systems.

Some general trends in terms of protein flexibility are broadly speaking conserved
with all methodologies of study. HIV-1 protease. endothiapepsin and ribonuclease A
are the most flexible protein systems. Streptavidin immediately follows, appearing to
be slightly less flexible than thrombin only when Dunbrack and Cohen rotamers defi-
nitions are applied, while the other protein systems show a variable order of flexibility
with different methods of analysis and for different  torsions. Roughly speaking, the
flexibility order resulting from all methods of analysis is: HIV 1 protease > endothia-
pepsin > ribonuclease A > streptavidin > thrombin > trypsin > cytochrome P-450
CAM > carbonic anhydrase II > glutathione S-transferase > xylose D-isomerase

(Figures 4.12, 4.13, 4.14, 4.15, 4.16 and 4.17).
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Figure 4.12: Percentages of x1 torsions that change more than +60° in apo-/holo- and

holo- /holo- protein comparisons; data relative to only binding site residues and to all
residues.
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Figure 4.13: Percentages of x2 torsions that change more than +60° in apo-/holo- and

holo-/holo- protein comparisons; data relative to only binding site residues and to all
residues.
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Figure 4.14: Percentages of x1 torsions that change more than Zhao et al. specific angular

thresholds in apo-/holo- and holo-/holo- protein comparisons. Data relative to only binding
site residues and to all residues.

30 T
ol
m .
2 —— apo-/holo- all residues
E 251 —— apo-/holo- binding site
i —— holo-/holo- all residues
[ o e <
< holo-/holo- binding site
8
= 20 [ <y
o
(2]
)
s
S
15 g
X
10 4
5+ 4
0 Q & © c £ o2 = o s o®
o 7] 2] ~§ i 2 g ‘B ,Em £ - » g
>3 s 3 S E S5 & 58 20 25
Io & S 2 e £% = =2 k) XE
8 3 Q = sc o ) ]
x £ 5 2 5 58 og £y o038
8 g ] o o
i = 2

Figure 4.15: Percentages of x1 torsions that change their rotameric state (rl) in apo-

/holo- and holo- /holo- protein comparisons; data relative to only binding site residues and
to all residues.
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Figure 4.16: Percentages of x2 torsions that change their rotameric state (r2) in apo-

/holo- and holo-/holo- protein comparisons; data relative to only binding site residues and
to all residues.
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Figure 4.17: Percentages of residues that change r1 and/or r2 and/or rank. Data relative
to apo-/holo- and holo-/holo- protein comparisons, binding site residues and all residues of
the 10 analysed protein systems.
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x1 and x2 do not generally show the same flexibility patterns. For example, x1
in D-xylose isomerase appears to be significantly more rigid than x2, especially in
residues that are part of the binding site and when an angular threshold of +60° is
applied (Figures 4.12 and 4.13). Also, x2 in HIV-1 protease is always remarkably
more flexible than y1, while in the binding site of cytochrome P-450 CAM, 2 is
instead more rigid than y1 (Figures 4.12. 4.13. 4.15 and 4.16).

Apo-/holo- protein comparisons and holo-/holo- protein comparisons can show
very different trends too. HIV-1 Protease and endothiapepsin show for example signif-
icantly greater conformational changes in apo-/holo- rather than holo-/holo- protein
comparisons with all methods of conformational analyses (Figures 4.12, 4.13, 4.14,
4.15 and 4.16). Apo-/holo- and holo-/holo protein comparisons in the other systems
generally give much more similar results.

Since data are inconsistent, trying to infer anything more than a broad flexibility
trend from these graphs is problematic; apart from a few exceptions (HIV-1 protease
and endothiapepsin). the proteins’ flexibility trends are inconsistent when different
methods of analysis are applied. If a single method had to be selected as most reliable,
arguably the Zhao et al. methodology of study should be preferred, given the way it
was parametrised.®® However, the other two methodologies of study could possibly
highlight specific protein characteristics too.

The unavailability of Zhao et al. 2 angular thresholds makes the comparisons of
the results obtained for x2 with all methodologies of study impossible; in the next

sections, only results for x1 side-chain torsions will be presented.
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4.3.4 Buried and Exposed Residues Flexibility Trends

Figures 4.18 to 4.23 represent the percentages of y1 conformational changes that are
observed when a distinction between buried and exposed residues is made.

The broad flexibility scale that is obtained from these graphs is similar to that
obtained from the preceding section; again, different methods of analysis lead to
different results.

In the graphs obtained using undifferentiated angular thresholds®®:% (Figures 4.18.
4.19, 4.22 and 4.23). the distance between the black and red lines and the blue and
green lines is very large, i.e. a significant difference between exposed and buried
residues’ conformational changes is revealed. If Zhao et al.% methodology of study is
applied (Figures 4.20 and 4.21), the spread of these data is much smaller; moreover,
there is a significantly greater consistency between apo-/holo- and holo-/holo- protein
comparisons results, especially with respect to the Dunbrack and Cohen method of
study (Figures 4.22 and 4.23). Zhao et al. specific angular thresholds once more seem
particularly helpful to disentangle ligand-binding dependent conformational changes
from random motions dependent on residues intrinsic flexibility; peaks on these graphs
potentially highlight important peculiarities of the analysed protein systems.

The characteristics of the 10 analysed protein systems and the differences and/or
similarities among the results obtained with the three methods of analysis are much
more easily depicted by plotting the differences between the percentages of confor-
mational changes observed in buried and exposed residues (Figures 4.24-4.29). The
shapes and the patterns on these graphs are very similar across all the employed
methods of analysis; by plotting differences on the y axis some of the “noise” arising

from how conformational changes are defined has been eliminated.
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Figure 4.18: Percentages of buried and exposed x1 torsions that change more than 60°

in apo-/holo- protein comparisons; data correspond to only binding site residues and to all
residues.
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Figure 4.19: Percentages of buried and exposed x1 torsions that change more than 60°

in holo- /holo- protein comparisons; data correspond to only binding site residues and to all
residues.
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Figure 4.20: Percentages of buried and exposed x1 torsions that change more than Zhao

et al. specific angular thresholds in apo-/holo- protein comparisons; data correspond to
only binding site residues and to all residues.
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Figure 4.21: Percentages of buried and exposed x1 torsions that change more than Zhao
et al. specific angular thresholds in holo-/holo- protein comparisons; data correspond to
only binding site residues and to all residues.
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Figure 4.22: Percentages of buried and exposed x1 torsions that change their rotameric

state (rl) in apo-/holo- protein comparisons; data correspond to only binding site residues
and to all residues.
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Figure 4.23: Percentages of buried and exposed x1 torsions that change their rotameric

state (rl) in holo-/holo- comparisons; data correspond to only binding site residues and to
all residues.

i



Chapter 4. Conformational Analysis: Data Set, Methods and Results Overview

20+ — all residues -
—— binding site

10+

o L

Buried - exposedy, cnf changes (%)

1
o £ ) £ £ ] c o @ Y
-3 @ % 5 5 oa B 2 EZ 28
18 =3 ] S £! 58 % 58 OS 985
Io o ° 8 9o =2 = a9 E >0
=2 g ] a £ Be = =2 &3 XE
Crmieel e v B s ok OF I ha s
0 2 (7] oF oo
2 © &
I

Figure 4.24: Differences between the x1 percentages of conformational changes occurring
in buried and exposed residues (apo-/holo- comparisons); positive values reveal greater
flexibility of buried residues. Conformational changes defined using a 60° angular cutoff.
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Figure 4.25: Differences between the x1 percentages of conformational changes occurring
in buried and exposed residues (holo-/holo- comparisons); positive values reveal greater
flexibility of buried residues. Conformational changes defined using a 60° angular cutoff.
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Figure 4.26: Differences between the x1 percentages of conformational changes occurring
in buried and exposed residues (apo-/holo- comparisons); positive values reveal greater
flexibility of buried residues. Conformational changes defined using Zhao et al. thresholds.
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Figure 4.27: Differences between the y1 percentages of conformational changes occurring
in buried and exposed residues (holo-/holo- comparisons); positive values reveal greater
flexibility of buried residues. Conformational changes defined using Zhao et al. thresholds.
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Figure 4.28: Differences between the x1 percentages of conformational changes occurring
in buried and exposed residues (apo-/holo- comparisons); positive values reveal greater

flexibility of buried residues. Conformational changes defined using Dunbrack and Cohen
rotamer libraries.
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Figure 4.29: Differences between the x1 percentages of conformational changes occurring
in buried and exposed residues (holo-/holo- comparisons); positive values reveal greater

flexibility of buried residues. Conformational changes defined using Dunbrack and Cohen
rotamer libraries.
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As expected, Najmanovich et al.%® and Dunbrack et al.® methods show for
most proteins greater conformational changes in the residues that are exposed to the
solvent. An opposite trend is revealed by apo-/holo- comparisons in the binding site
of cytochrome P-450 CAM. carbonic anhydrase and HIV-1 protease. in which buried
residues show greater flexibility than exposed ones. Holo-/holo- comparisons confirm
the same tendency for cytochrome P-450 CAM and carbonic anhydrase.

If the thresholds defined by Zhao and coworkers are instead applied. greater flexi-
bility is in general detected for residues that are buried from the solvent. Again, buried
residues in the binding site of HIV-1 protease, carbonic anhyvdrase and cytochrome
P-450 CAM are significantly more fiexible than exposed ones, both in apo-/holo- and
holo-/holo- protein comparisons. In addition, the same trend is observed for thrombin
and D-xylose isomerase (Figures 4.26 and 4.27).

In summary, the 10 analysed proteins can broadly be split in two classes: proteins
in which binding site buried residues are the more flexible. and proteins in which
binding site exposed residues move the most. HIV-1 protease. carbonic anhydrase and
cytochrome P-450 CAM clearly belong to the first class; ribonuclease, glutathione S-
transferase and trypsin consistently belong to the second one. Since Zhao et al.
thresholds take into account residues’ intrinsic flexibility, they are the most reliable;
thrombin and D-xylose isomerase too can thus be considered part of the first class.

Endothiapepsin, and streptavidin are borderline proteins.

4.3.5 Differences between apo-/holo- and holo-/holo- protein confor-

mational changes

Figures 4.30, 4.31 and 4.32 report on the y axis the difference between the percent-

ages of x1 conformational changes observed in holo-/holo- and apo-/holo- protein
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Figure 4.30: Differences between the x1 percentages of conformational changes occurring
in holo- /holo- and apo-/holo- protein comparisons; positive values reveal greater conforma-

tional changes in pairs of holo-proteins. Conformational changes defined using Najmanovich
et al. thresholds.

comparisons when the angular thresholds respectively defined by Najmanovich et al.,
Zhao et al. and Dunbrack et al. are applied.

Again, by plotting differences rather than raw percentages on the y axis, consis-
tently similar graphs are obtained for the three different methods of analysis, and
trends that are more independent from arbitrary rotamer definitions are depicted.

In the aspartic proteases HIV-1 protease and endothiapepsin, significantly greater
apo-/holo- conformational changes are detected with all methodologies of analysis,
both in all residues and in only binding site residues. These two protein systems are
the only ones for which backbone RMSd is significantly greater for apo-/holo- rather
than holo-/holo- protein comparisons (section 4.3.1). Glutathione S-transferase (only
binding site residues) and trypsin (all residues and binding site residues) show a
similar trend with Zhao et al. angular thresholds; when Dunbrack and Cohen rotamer

libraries are employed, this is also revealed for thrombin (all residues and only binding
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Figure 4.31: Differences between the x1 percentages of conformational changes occurring
in holo-/holo- and apo-/holo- protein comparisons; positive values reveal greater conforma-

tional changes in pairs of holo-proteins. Conformational changes defined using Zhao et al.
thresholds.
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Figure 4.32: Differences between the x1 percentages of conformational changes occurring
in holo-/holo- and apo-/holo- protein comparisons; positive values reveal greater conforma-

tional changes in pairs of holo-proteins. Conformational changes defined using Dunbrack
and Cohen rotamer libraries.
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site residues).

Interestingly, the spread of the data is this time greater with the Zhao et al.
methodology; the greater difference hetween all residues and only binding site residues’
data might depend on the different effect that ligand binding exerts on different pro-
teins and different parts of these proteins. In the next chapters. a deeper analysis of

specific protein cases will be undertaken to confirm or exclude this hypothesis.

4.3.6 Differences Between All Residues and Only Binding Site Residues

Results

It might be argued that the trends observed in the 10 analysed protein systems only
depend on protein specific structures and /or characteristics. without any dependency
on the effect and peculiarities of the ligand binding process. A possible approach
to disentangle random, spontaneous conformational changes from those that actually
depend on ligand binding is to compare the differences between the percentages of
only binding site residues’ and all residues’ conformational changes.

On the y axis of the graphs presented in Figures 4.33, 4.34 and 4.35, the differences
between x1 conformational changes observed in the binding site and in all the residues
of the 10 protein systems have been plotted.

When a 60° angular cutoff is applied (Figure 4.33), greater percentages of binding
site residues conformational changes are observed for all proteins except thrombin
(apo-/holo- and holo- /holo- comparisons), trypsin (apo-/holo- comparisons), carbonic
anhydrase (holo-/holo- comparisons) and D-xylose isomerase (apo-/holo- and holo-
/holo- comparisons). Binding site rl rotamer changes are less than those observed
in all residues only in the case of thrombin (holo-/holo- comparisons), glutathione S-

transferase, trypsin and D-xylose isomerase (Figure 4.35), while the total percentages
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Figure 4.33: Differences between the x1 percentages of conformational changes occurring
in the binding site and in all protein residues; positive values reveal greater flexibility of
binding site residues. Conformational changes defined using a 60° angular cutoff.
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Figure 4.34: Differences between the x1 percentages of conformational changes occurring
in the binding site and in all protein residues; positive values reveal greater flexibility of
binding site residues. Conformational changes defined using Zhao et al. thresholds
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Figure 4.35: Differences between the x1 percentages of conformational changes occurring
in the binding site and in all protein residues; positive values reveal greater flexibility of

binding site residues. Conformational changes defined using Dunbrack and Cohen rotamer
libraries.

of conformational changes defined using Zhao et al. specific angular thresholds are
greater in the binding site of all protein systems but glutathione S-transferase (holo-
/holo- comparisons) and D-xylose isomerase (apo-/holo- comparisons).

It is remarkable that there is a concordance between the results obtained apply-
ing the three different methodologies of analysis. HIV-1 protease, endothiapepsin,
ribonuclease, streptavidin (i.e. the protein systems that generally show greater flex-
ibility) and cytochrome P-450 CAM always show greater percentages of conforma-
tional changes in their binding site residues. Applying Zhao et al. specific angular
thresholds, this trend is found in all protein systems but glutathione S-transferase.

Agreement between the different methods of analysis is found also when a dis-
tinction on the basis of the residues’ accessibility to the solvent is made (Figures
4.24, 4.25, 4.26, 4.27, 4.28 and 4.29). When a 60° angular cutoff and Dunbrack and

Cohen rotamer libraries are applied, only binding site residues generally show greater
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conformational changes in their buried residues (HIV-1 protease. carbonic anhydrase
and cytochrome P-450 CAM in Figures 4.24. 4.25. 4.28 and 4.29); the same proteins
show the greatest differences between binding site and all residues employing Zhao
et al. angular thresholds (Figures 4.26 and 4.27). Also. in those protein systems for
which binding site exposed residues are more flexible than buried, the differences be-
tween the percentages of conformational changes that occur in exposed and in buried
residues are with only few exceptions greater in the binding site of the proteins.

In summary, binding site residues are consistently more flexible than the whole
protein, possibly reflecting an effect of ligand binding on protein side-chain conforma-
tions. This is generally more true for holo-/holo- rather than apo-/holo- comparisons;
HIV-1 protease is the only protein system for which the difference between binding
site and all residues conformational changes is consistently greater for apo-/holo- pro-
tein comparisons. When Zhao et al. angular thresholds are applied. the same trend
is also revealed, to a lesser extent, for glutathione S-transferase and endothiapepsin.
However, although consistent and possibly dependent on a systematic ligand-effect,
these trends are arguably statistically insignificant; the error bars are quite large
when compared to the absolute values of the plotted data. Deeper analyses of spe-
cific protein systems are necessary to infer correct conclusions from these graphs;
their shapes and patterns could depend on genuine ligand binding effects, but also
on specific characteristics and/or limitations of the studied data set (e.g. too feW

apo-structures).
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4.3.7 Comparisons of the Results Obtained for Structures Solved at

2.0 A or better and 2.5 A or better

All the data reported so far are relative to structures solved at 2.0 A or better. To
analyse the dependency of the observed conformational changes on the PDB struc-
tures’ resolution cutoff, a larger data set of structures solved at resolution up to 2.5
A was also analysed (see Table 4.1). Graphs similar to those previously shown were
obtained for this data set. Moreover, differential graphs plotting the difference be-
tween the percentages of conformational changes detected in the larger data set and
the percentages of conformational changes observed in the subset of structures solved
at resolution equal or better than 2.0 A were obtained.

No significant differences were found between the flexibility trends of two data
sets when the percentages of conformational changes of different residue types were
compared across all protein systems. In fact. while structures solved at higher reso-
lutions generally tend to show more flexibility in their side-chains, differential graphs
such as that represented in Figure 4.36 are consistently characterised by error bars
greater or equal to the corresponding difference values, not allowing any meaningful

conclusions to be drawn.

If different protein families are distinguished. most protein systems show signif-
icant differences in the graphs that plot the percentages of conformational changes
observed in the data set at the worse resolution minus the percentages of conforma-
tional changes observed in the data at the better resolution. These protein systems
include thrombin and cytochrome P-450 CAM (see for example Figure 4.37), carbonic
anhydrase and trypsin (for x2), and, to a minor extent, HIV-1 protease (Figure 4.37),

endothiapepsin (for rl), streptavidin and glutathione S-transferase (for r2).
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Figure 4.36: Differences between the percentages of different residue types that change
x1 by more than Zhao et al. specific angular thresholds in structures solved at resolution
< 2.5 A and < 2.0 A. Positive values reveal greater flexibility of PDB structures solved at

higher resolution. Data relative to apo-/apo-, apo-/holo-, holo-/holo- protein comparisons
and only binding site residues are reported.
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Figure 4.37: Differences between the percentages of x1 torsions that change more than
+60° in structures solved at resolution < 2.5 A and < 2.0 A. Positive values reveal greater
flexibility of PDB structures solved at higher resolution. Data relative to binding site
residues and all residues in apo-/holo- and holo-/holo- protein comparisons.
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Given the significant differences observed for the data sets at different resolution
cutofls, the use of protein structures at resolution greater than 2.0 A is not recom-
mended for the above mentioned protein systems. and especially for those for which
the greatest and most consistent deviations are observed (i.e. thrombin. cytochrome
P-450 CAM and trypsin). A significant influence of protein resolution on side-chain
flexibility trends cannot be unequivocally ruled out in the case of the protein systems
whose data sets at different resolution cutoffs show only little or no differences in their
flexibility trends, but whose data sets’ sizes are very different (see Table 4.1). For
example, the differences in side-chain conformational changes detected in the case of
streptavidin, for which only three holo-protein structures at resolution greater than
2.0 A have been analysed, might well be more significant than those observed in the
case of carbonic anhydrase, for which a similar number of structures at resolution
equal or better than 2.0 and 2.5 A have been studied.

In the case of xylose D-isomerase, no conclusion of any sort can be drawn, since

all the analysed structures have resolution equal or better than 2.0 A.

4.3.8 Relationships Between Holo-Protein Side-Chain Conformational

Changes and Ligand Similarities

To investigate the correlation between the similarity of ligands and the conforma-
tional changes they induce in the same apo-protein structure, Tanimoto similarity
coefficients™ were computed for all possible pairs of non-peptidic ligands. 1024-bit
Daylight fingerprints and the default path range number of considered bonds (0-7)
were employed.

In general, no significant correlations between the observed percentages of confor-
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mational changes and the 2D-similarity of the corresponding ligands were found. The
only trend which can be observed is that, in the case of HIV-1 protease. ribonuclease
and cytochrome P-450 CAM, very similar ligands do not seem to generate large con-
formational changes in the corresponding holo-proteins. This observation should be
tested however with a larger number of very similar ligands.

Some of the graphs describing the relationships between ligands™ similarities and
the percentages of conformational changes observed in the corresponding holo-protein
pairs will be shown in the following chapters, which focus on specific protein systems.
In the case of endothiapepsin, for which all ligands are peptidic, no reliable Tanimoto
similarity coefficients can be calculated with 1024-bit Daylight fingerprints, and no

graphs were produced.

4.4 Conclusion

Data sets of apo- and holo- protein structures at resolution equal to or better than
2.5 A and a dataset of resolution equal to or better than 2 A were chosen.

PDB entries were identified with FASTA searches; mutations in the protein se-
quences were occasionally accepted if they did not interfere with ligand binding and /or
protein function. The ten protein systems belonging to the final data set are glu-
tathione S-transferase, HIV-1 protease, carbonic anhydrase II, thrombin, cytochrome
P-450 CAM, streptavidin, trypsin, D-xylose isomerase, ribonuclease A and endothia-
pepsin.

Most of the analyses described in this thesis were performed by code written by
the author in Perl. Perl scripts were also employed to invoke C or C++ programs.

To study the dependence of side-chain flexibility on PDB structures’ resolution,

the results obtained for the two data sets at different resolution cut-offs (2.0 A and 2.5
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A) were analysed. While the differences observed between the flexibilities of different
residue types averaged across the ten protein systems are not significant. several
systems show significant discrepancies when separate proteins are considered. This
suggests that PDB structures solved at resolution greater than 2.0 A should not be
employed in the case of protein systems for which great differences between the two
different data sets’ results are observed (such as thrombin, cytochrome P-450 CAM
and trypsin). Caution should also be applied when using structures solved at more
than 2.0 A for proteins that only show slight flexibility differences, and Jor for which
an insufficient number of structures solved at more than 2.0 A were analysed (e.g.
streptavidin). In the present thesis, only the results obtained for the data set at the
best resolution are described throughout.

Side-chain conformational changes were defined on the basis of Dunbrack and Co-
hen rotamer libraries®® and employing Najmanovich et al.#® and Zhao et al.% angular
thresholds. Conformational changes were evaluated for all possible apo-/holo-, holo-
/holo- and apo-/apo- protein pairs. Buried and exposed residues were distinguished
on the basis of their solvent accessible surface areas.™

Backbone Root Mean Square deviation was calculated using the program ProFit"™
for all possible pairs of structures within the 10 selected protein systems. Backbone
rearrangements in the chosen data set seem to be generally small; the protein systems
with the highest RMSd appear to be HIV-1 protease (apo-/holo- protein comparisons
RMSd = 0.59 A, holo-/holo- comparisons RMSd = 0.50 A) and endothiapepsin (0.46
A and 0.37 A). The two aspartic proteases are also the only proteins for which apo-
/holo- side-chain conformational changes are greater than holo-/holo- ones with all

methods of analyses.
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Generally speaking. no correlations were found hetween the similarity of ligands
and the conformational changes they induce in the same apo-protein structures. In
the case of HIV-1 protease, cytochrome P-450 CAMN and trypsin. large side-chain
conformational differences are not observed in holo-proteins bound to very similar
ligands.

The flexibility order that is obtained for different residues types with Najmanovich
et al. and Dunbrack and Cohen thresholds is broadly speaking in agreement with
what one would expect; polar residues with long, non-bulky side-chains are the most
flexible, while large, bulky aromatic residues seldom change conformation. Similar
levels of flexibilities are detected in apo-/apo-, apo-/holo- and holo-/holo- protein
comparisons.

Zhao et al. specific angular thresholds highlight unusual motions rather than the
intrinsic propensities of residues to move; with this approach, residues such as Cys,
Phe, Tyr and Trp are among the most flexible for the present data set. Also, the
conformational changes identified by this methodology of study in apo-/apo- protein
comparisons are significantly lower than those detected in complexed forms of the
proteins.

HIV-1 protease, endothiapepsin and ribonuclease A are consistently the most flex-
ible proteins in the data set. Streptavidin and thrombin follow, while the flexibility
order of the remaining protein systems is subject to variations when different torsions
are considered and different methods of study are employed.

In HIV-1 protease, endothiapepsin, streptavidin and cytochrome P-450 CAM,
binding site residues are always more mobile than all protein residues. When a
distinction between buried and exposed residues is made, trends are always more

pronounced in binding site residues. If buried residues are always more mobile (HIV-1
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protease, cytochrome P-450 CAM and carbonic anhydrase IT), they are in the binding
site. Similarly, for those protein systems in which exposed residues are instead always
more flexible than buried, this tendency is always greater for binding site rather than
all protein residues.

In summary, the three different methods of analysis here employed sometimes
lead to consistent results, especially in the case of the most flexible proteins (HIV-
1 protease, endothiapepsin, ribonuclease and streptavidin) and cvtochrome P-450
CAM, for which all approaches of analysis generally detects similar trends. When
the flexibility trends obtained with the three different methods of study appear to
be totally inconsistent, different graphs. with differences rather than raw percentages
plotted on the y axis. can often reveal similar trends. However, many discrepancies
in the results are obtained., and significant “noise” in the observed conformational
changes must be expected.

It is probable that, among the methods employed in this thesis, Zhao et al. specific
angular thresholds are the most likely to detect systematic, ligand-binding dependent
side-chain conformational changes, for a number of reasons. First, since they were
obtained by comparing identical pairs of apo-proteins. they should reflect the intrin-
sic flexibility of residues under the influence of their given local environments, and
not average out the effects of local backbone and side-chain interactions as do most
rotamer libraries and side-chain flexibility studies do. Moreover, the results that are
obtained by applying these angular thresholds to the data set of this thesis seem to be
the most consistent. For example, y1 binding site conformational changes revealed by
this method are greater than all residues conformational changes in 18 out of 20 of the
apo-/holo- and holo-/holo- protein comparisons (Figure 4.34). Also, the signiflcantly

lower flexibility of residues detected by this methods in apo-/apo- protein compar-
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isons, suggests the hypothesis that this approach could the most reliable. helping to
identify motions that are genuinely ligand-binding dependent rather than random.
spontaneous ones.

It must however be remembered that the percentages of conformational changes
obtained in this thesis with Zhao et al. angular thresholds might inevitably be an
overestimation of genuine ligand binding induced fit. First. for the way in which
Zhao et al. angular thresholds were defined. 10% of the different residues’ side-chain
torsions fell outside these thresholds even when a relatively restricted data set was
analysed.® Moreover. the selection criteria and the size of Zhao et al. data set
differ from the ones employed in this thesis. Also, Zhao et al. angular thresholds are
available only for x1 torsions.

In the next chapter, side-chain conformational changes occurring in HIV-1 pro-
tease will be analysed in depth. Their characteristics and trends, and their com-
parisons with other workers’ results, can provide useful insights on ligand binding

induced fit in specific proteins.



Chapter 5
HIV-1 Protease

5.1 Introduction

The final aim of this thesis is to identify and characterise ligand binding induced fit in
proteins, and to disentangle systematic ligand effects from random protein motions.
Highly fiexible proteins that undergo greater conformational changes in their binding
sites are probably more likely to show genuine ligand-binding induced fit. Since HIV-1
protease is the most flexible protein of the present thesis data set and its binding site
residues undergo greater side-chains rearrangements than all protein residues with all

46.55.66 (see chapter 4), this aspartic protease was chosen for

methodologies of study
the more in depth conformational analyses described in this chapter. Many previous
studies of HIV-1 protease have been carried out to define the backbone flexibility and
the nature of its ligand-binding process; the reliability of the methods employed in

this thesis, and the extent to which they provide similar or novel data on protein
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flexibility, will be assessed by comparing their results with previous work.

5.2 HIV-1 Protease and Aspartic Proteases: Structure

Aspartic proteases are a family of widely distributed enzymes found in vertebrates.
fungi, plants and retrovirus. They are all characterised by specificity for extended
peptides and for being inhibited by pepstatin, an amino acetylated peptide of sequence
Iva-Val-Val-Sta-Ala-Sta (where Iva stands for isovaleric acid and Sta for the unusual
amino acid statine), and by a low optimum pH. They all catalyse the cleavage of
a peptidic bond, employing two catalytic aspartate residues in the protein binding

sites.

Some members of this family, such as the aspartic protease encoded by the hu-
man immunodeficiency virus (HIV-1 protease), or renin (that plays a crucial role in
the regulation of blood pressure in mammals), have recently become the object of

mtensive studies because of their medical relevance.

Aspartic proteases are characterised by two adjacent and coplanar aspartic side
chains in their active site. They can be categorised in two sub-families: pepsin-like
proteases, which consist of two similar but not identical lobes, and retroviral proteases
(retropepsins), which are dimers consisting of two identical subunits.

Structural changes occurring in aspartic proteases upon ligand binding are gen-
erally minor, with the exception of the pepsin-like enzymes’ single [-hairpin loop
known as the "flap” and the two equivalent flaps in retropepsins, which can move by
up to 9 A between the free and inhibited forms of an enzyme.”™ In all pepsin-like
aspartic proteases, the conserved residue Tyr 75 (pepsin numbering), located near
the tip of the flap, has been postulated to be involved in the capture and cleavage of

the substrates.
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As a member of the family of aspartic proteases, the catalytic activity of HIV-1
protease depends on a dyad of aspartic acid residues at the centre of the active site,
Asp25 and Asp25’, part of the highly conserved catalytic triad sequence Asp-Thr-Gly.
As for the other members of its family. this enzyme shows a pH-dependent catalytic
activity (optimum catalytic constant at pH 5-6) and the characteristic two-domain

structure.

The function of HIV-1 aspartic protease is to hydrolyse viral polvproteins into
functional protein products that are essential for viral assembly and activity. Since
the inactivation of this enzyme results in the production of immature, non infectious
viral particles, HIV-1 protease is an excellent target in anti-AIDS drug design, and
has been the focus of intensive research. Several HIV-1 protease inhibitors are already
employed as effective drugs which slow the growth of the virus. Drugs bind tightly
to the protease, blocking its action. and the virus perishes because it is unable to
mature into its infectious form. The first atomic structures of HIV-1 protease were
reported in 1989; now, hundreds of structures are available in the PDB and in the
proprietary databases of pharmaceutical companies, making HIV-1 protease one of
the best-studied enzymes.

The protein is a symmetric homodimer; each monomer contains 99 amino acids
and comprises one a-helix and two antiparallel 3-sheets.” Aliphatic residues stabilise
each monomer in a hydrophobic core; moreover, the dimer is stabilised by noncova-
lent interactions, hydrophobic packing of side chains and interactions involving the
catalytic residues. The active site of the protein is located in a deep cleft at the
dimer interface, approximately at the centre of the molecule, and is covered by two
extended turns of J-sheets (the so-called “flaps™), which are essential for HIV-1 pro-

tease flexibility and ligand binding (Figure 5.1).
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Tip of the flap

Flap elbow

Fulcrum

Cantilever

(a) HIV- 1 protease secondary structure. In each monomer, N-terminal 3-strand a (residues
1-4) is followed by a turn and S-strand b (residues 9-15). After another turn and @-strand ¢
(residues 18-23), the loop that contains the catalytic triad (Asp25-Thr26-Gly27) is found.
B-strand d and the extensive loop comprising the so-called “elbow” (residues 38-42) follow;
they form the “flap claws” together with f-strands o’ and b’ (residues 43-49 and 52-58)
and residues 49-51 (the “tip of the flap”). S-strand ¢’ comprises residues 69 to 78; a loop
at residues 79-82 continues into strand d’ (residues 83-85). Helix h (residues 86-94) and
B-strand e (residues 95-99) are found C-terminal of the protein. Several studies” 8! have
identified a hinge between two (-strands of HIV-1 protease, in the region between residue
11 and 21 (“fulcrum”).

(b) Top view. The flaps are very flexible in solution; they cause regular exposure of

the otherwise inaccessible active site and, together with the catalytic loops between
[G-strand ¢ and [-strand d, form a sort of “claw” which is essential to ligand binding.

Figure 5.1: Cartoon representation of the homodimer HIV-1 protease complexed to cyclic
sulfamide inhibitor AHA006 (1AJV PDB entry). S-sheets and helices are coloured in orange
and red; catalytic aspartate residues Asp 25 and Asp 25’ are represented in balls and stick.

101



Chapter 5. HIV-1 Protease

The motion of the flaps allows or prevents the access of natural substrates and
inhibitors into the active site pocket. Several studies classified this conformational
change as a predominantly hinge motion of fragments smaller than domains; the
hinge has been located in the “fulcrum” region, comprising residues from 11 to 21
(Figure 5.1). Also, interdomain correlated motions suggest that the flap motion occurs
with a compensatory change in residues 59-75, that act as a sort of a “cantilever”
(Figure 5.1); the flap is observed to close down as the cantiliver moves up, and some
mutations in the cantiliver residues deactivate the protease and give non infectious
virus particles, suggesting a key role of this region in the functional energetics of the
protein.®!

In the “open” conformation, the tips of the flaps are approximatively 7 A far from
each other, leaving enough space for the substrate polypeptide chains or inhibitors
to fit into the active site. In the ligand-bound form of the enzyme, the so-called
“closed” conformation, the flaps are instead folded over the inhibitor, held in this
position by hydrogen bonds between Ile 50 and Ile 50’ (NH groups) and a water
molecule (hydrogen bonded to the inhibitor) or to the ligand itself.

The open form of HIV-1 protease was once believed to be the only conformation of
the unbound form of HIV-1 protease. However, NMR studies have shown the flap tips
to be highly mobile in solution, adopting a variety of conformations from fully closed

82 Moreover, “closed-flap” X-ray structures of unliganded HIV-1 protease

to open.
have been solved and deposited in the PDB. The PDB entries of these structures
are 1G6L® (the apo-protein employed in the present thesis) and 1LV1, respectively

solved at 1.90 A and 2.1 A resolution.®® While the first is a single C95M mutant

that conserves the native protein’s activity and backbone structure,®® the second is
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a double mutant (C95M/C1095A) in which the mutation of Cys 1095 causes the
movement of catalytic residues 23-26/1023-1026 towards the flap. This motion might
facilitate the access of substrates to the active residues in the binding site cleft; in
fact, a greater autolysis rate of the double mutant protease was found. indicating
that the subtle movement of the catalytic residues is of extreme importance for the
enzymatic activity.®

The conformation and the dynamics of the flaps have been probed by theoretical®
opening in HIV-1 protease. An initial impulse for flap opening was provided by
applying harmonic restraints to non-flap residues: within 200 ps of simulation, the
two flaps opened to a 25 A gap. following backbone conformational changes at Lys 45,
Met 46, Gly 52 and Phe 53. In contrast. similar molecular dynamics simulations on the
M46I mutant, which is associated with drug resistance, indicates that this mutation
stabilises the flaps in a closed conformation. Some theoretical calculations estimate
that the open and the closed flap conformations have similar potential energies and
are thus equally accessible for native HIV-1 protease.®® while others estimate that the
difference in potential energies between the two forms of the enzyme is 3.0 kcal/mole,
the open conformation being favoured entropically and enthalpically.®” In general, it is
believed that the flaps occupy a shallow energy minimum, so that small perturbations
and/or crystallographic conditions can easily affect their conformation. It is likely
that crystal contacts are responsible of trapping the flaps of HIV-1 protease in the
open conformation.?

In addition to large flap motions, HIV-1 protease undergoes substantial confor-
mational changes in its binding site, as its cleft site tightens around a substrate.

This allows the protease to change its shape and accommodate ligands with widely
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different shapes and volumes. often assuming asymmetric conformations in its two
1MONOIMers.

When closed- and open- flap structures are superimposed, the Ca and backbone
RMSd are significantly greater than 1 A; the average backbone RMSd is instead less
than 0.6 A for apo- /holo- and holo-/holo- protein comparisons in the present dataset
(see section 4.3.1). The comparison of ligand-bound structures of HIV-1 protease
with the closed-flap apo-protein 1G6L is expected to be more rational and useful in

identifving ligand-binding induced conformational changes.

5.3 Background to Protein: Past Work

5.3.1 Structure and Dynamic Behaviour of HIV-1 Protease: X-ray
Structure Comparisons, Molecular Dynamics and Normal Mode

Analyses

In a recent study by Zoete. Michielin and Karplus.™ the flexibility of different re-
gions of HIV-1 protease was examined as a model system for the analysis of protein
flexibility. A database consisting of 73 X-ray structures of HIV-1 protease differing
in terms of sequence, ligands or both was used, and the root-mean-square differences
of their backbone calculated. These results were compared with those obtained by
molecular dynamics simulations, normal mode analysis. and X-ray B-factors. Finally.
the various approaches were used to examine the correlations between different parts

of the structure.
HIV-1 protease complexes with identical sequences were collected into families.
=

The family containing the largest number of members (25) is the one having the

same sequence as the unliganded 3PHV structure, an apo-protein showing an open
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flap conformation solved at 2.70 A (hence not included in the present thesis data set).
This sequence was considered the consensus sequence of structures, and 3PHV used as
a template of the apo-protein structure. Among the three pairs of complexes sharing
the same ligand. the structures with the worst resolution were excluded from the
general analysis to eliminate redundancy. However. they were emploved to calculate
variations between X-ray structures of identical complexes. The complexes of this
family are representative of the great diversity of HIV-1 protease ligands; they include
symmetric and asymmetric molecules, cyclic urea and cyclic sulfonamide. peptide-like
linear molecules, penicillin derived molecules, etc.

For all 73 structure. the global average RMSD for backbone atoms was found to
be 0.56 (£0.15) A, ie. slightly larger than the average RMSd for pairs of HIV-1
protease holo-structures analysed in this thesis (0.50 A). The backbone RMSd of
each residue was found to range from 0.25 A for the most stable residues of the active
site (23-32) to 1.0-1.4 A for the most variable regions of the protease, i.e. the flap
elbows around residue 40, and residues 11-21, where a hinge between two [-strands
can be located (“fulcrum”). Two other regions that show structural variations are
residues 79-83, i.e. the outer part of the active site in contact with the solvent, and
the loop between [-strands b’ and ¢’ in Figure 5.1 (the “cantilever”, residues 65-72,).
The most rigid zone, i.e. the region containing the active site triplet, is localised in a
loop stabilised by a network of hydrogen bonds. Residues in the binding site belong
to both rigid and flexible regions; residues 8, 10, 23, 25, 27-30, 32 and 84 are located
in regions that appear to undergo only small variations, whereas residues 47-50 and

81-82 are in more variable zones.

For the 22 consensus sequence HIV-1 protease complexes, the RMSd average and
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distribution were essentially the same. Also. despite smaller RMS deviations, the
mean global RMSd for backbone atoms of complexes with the same ligand and differ-
ent sequences are similar to both those observed for the whole set of 73 complexes with
different ligands and sequences and for the 22 complexes set with different ligands
and identical sequence.

For PDB structures sharing identical ligands and sequences (i.e. 1HSG and 2BPX,
2BPV and 2BPW, 2BPY and 2BPZ PDB entries), the global average RMSd was 0.42
A between 1HSG and 2BPX. and only 0.13 A between 2BPY and 2BPZ (the authors
did not mention data for the comparison of the two structures 2BPV and 2BPW).
The deviations between the structures 1HSG and 2BPX are larger around residues
18, 40, 52, 68 and 82, similar to what was observed for the other sets of experimental
structures. In the case of 2BPY and 2BPZ, the differences are essentially at a noise
level, though somewhat larger around residues 18. 32, 40, 68 and 80. All these
structures have been obtained by the same group; however, the crystal structure for
1HSG was obtained in 1994 by soaking a crystal of HIV-1 protease with a liquor that
differed from that employed to obtain the others (solved in 1998). Zoete et al. suggest
that this could explain the larger RMSd between 1HSG and 2BPX.

Since the trends of the RMS deviations found in the different crystal structures
are similar, independent from the specific nature of the stimuli (such as the ligand and
buffer condition), the authors concluded that the variation the RMSd as a function
of residue number is an inherent property of the protein energy surface rather than
a consequence of different ligand structures and/or small variations of the protein
sequence or crystallisation conditions.

400 ps dynamics molecular dynamics simulations (MD) were also conducted on
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the enzyme complexed with six ligands belonging to different structural families (PDB
entries 1HVI, 1AJX, 1THOS. 10HR, 1HPX, 1HSG) and forming tight complexes with
HIV-1 protease. For all the six compounds except one, a water molecule is present in
the active site, establishing hydrogen bonds with the ligand and residue Ile 50 of both
chains; the exception (1AJX) is a complex formed by a cyclourea, whose structure
was developed to replace this active site water molecule. One complex (1HPX) was
chosen since both X-ray and NMR structures are available; the others were selected
on the base of the symmetry (IHVI, 1AJX. 1HOS) or asymmetry (10HR, 1HPX.
1HSG) of their structures.

RMS fluctuations for backbone atoms of each residue of the two monomers of

the PDB complex 1HPX were calculated and comparec to experimental atomic RMS

fluctuations. These can be obtained from the PDB B-factor using the formula:
8 5,1 o
B = 37 (Ar?) (5.1)

where B is the B-factor and r; is the RMS fluctuation of atom 1.

Zoete et al. found an overall agreement in trend and magnitude between the fluc-
tuations calculated with the MD for backbone atoms and the experimental B-factors.
The experimental NMR parameters were in agreement too witlﬁ the MD fluctuations;
moreover, the RMS fluctuations per residue obtained with the six simulations essen-
tially showed the same trends and amplitudes as those obtained from crystal structure
comparisons.

Some differences were observed in the different complexes that can be explained
on the basis of the different inhibitor/protease interactions; for example, symmetric
ligands and ligands occupying the sub-sites of HIV-1 protease in a symmetric way re-

sult in a similar dynamic behaviour of the two monomers, while asymmetric ligands
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appear to result in different kinds of motions in the two monomers. However, the
trends for all the 6 complexes are similar, and the authors suggest that the dynamic
behaviour of HIV-1 protease backbone in protease/ligand complexes is mainly influ-
enced by the intrinsic flexibility of the protein. while specific interactions between
the protease and ligands only play a secondary role. In fact. the structure variations
observed in the different complexes remain small. In the opinion of the authors.”™ the
regions of the protease that are in contact with the ligands generally show less RMSd
fluctuations than the other parts of the protein.

In the opinion of Zoete and co workers.”™ the high similarity between the deviations
found in different equilibrium crystallographic structures and the magnitude of the
fluctuations obtained from the MD simulations is a confirmation of the hypothesis
that the X-ray structures of the HIV-1 protease complexes are likely to correspond to
different local minima on the potential energy surface of the protease. This is expected
to consist of multiple local minima that differ little in energy and are separated by
low energy barriers. Moreover, these results demonstrate that information on the
dynamic properties of a given protein can be obtained by comparing diflerent crystal
structures; this a rational basis for the analyses performed in this thesis.

Normal mode analysis of the native closed HIV-1 protease, both in the presence
(PDB structure 1HVI) and absence of a ligand (3PHV), was also carried out by
Zoete et al. The resulting RMS fluctuations per residue number were very similar to
those obtained by the other approaches. As expected. their amplitudes were however
smaller; larger-scale fluctuations in proteins involve significant anharmonic contri-
butions, related to the multiminima character of the potential surface. The results
obtained for the protease in the absence of the ligand and of the active site water

molecule show RMS fluctuation per residues that are essentially similar to that ob-
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served in the presence of the ligand. The fluctuation around residues 41 and 53 are a
bit larger without the ligand. indicating a higher mobility of flaps and flaps’ elbows
in the unliganded protease. Large localized asymmetries were found in the absence
of the ligand between the two monomers in a loop. the tip of the flap, and proline 80
(end of the active site, in contact with the solvent).

Zoete et al.concluded that ligands have little systematic effect on backbone RMSd
of HIV-1 protease, and that the backbone dynamic behaviour of this protein is mainly

influenced by the intrinsic flexibility of the protein.

5.3.2 Structure-Based Thermodynamic Study of HIV-1 Protease In-

hibitors

Bardi, Luque and Freire applied structure-based thermodynamic analyses (see ap-
pendix A) to quantitatively parametrize and predict the energetics of binding of 13

89-91 were obtained for the

inhibitors to HIV-1 protease.®® Residue stability constants
aspartic protease applying the algorithm COREX (see appendix B) on the structure
of the ligand-free protein (PDB entry 1HHP) and of the holo-protein structures after
the ligands were removed (PDB entries 1HVI, 1HVJ, IHVK, 9HVP, 1HVL, 1HPV,
1SBG, 1HBV, 1HPS, 2UPJ, 1IGNO, 1PRO and 1HIH). The states employed to cal-

culate the stability constants were generated with a sliding block of windows of 16

amino acids each.

While the generic portion of the Gibbs energy AGge,, that arises from the for-
mation of secondary and tertiary structure (van der Waals interactions, hydrogen
bonding, hydration and conformational entropy) was calculated by separating its en-

thalpic and entropic components, the additional contributions to the Gibbs energy of
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binding (AGi.n,, originating from ionization effects, and AGy,, due to the change in
translational degrees of freedom) were not.

The authors succeeded in predicting their free energies of binding with a standard
deviation of £1.1 kcal/mol and an uncertainty of £10%; the correlation between the
predicted and the experimental free energies of binding was very good, yielding a
slope of 0.982 and a correlation coefficient of 0.85.

In the present thesis. the apo-protein 1IHHP was discarded since its resolution is
2.70 A, i.e. well above the cutoffs applied to the data set. Of the 13 holo-proteins
studied by Bardi et al.,®® only 9 of the holo-proteins were included in the present data
set; 9HVP and 2UPJ were excluded as their resolution is higher than 2.5 A. Also,
1SBG and 1PRO were not included in the study since their sequences differ from that
of the other holo-proteins, and the number of holo-protein structures analysed in the
present thesis was considered sufficient.

According to Bardi et al.. the binding of the 13 inhibitors to the enzyme is domi-
nated by the hydrophobic effect. In fact, both the inhibitor and the protease bury a
significant non-polar surface upon ligand binding; the average fraction of non-polar
area buried from the solvent in the protein is 0.737 £ 0.02, i.e. much more than the
fraction that is normally buried by a globular protein upon folding (0.55-0.60). In
agreement with these observations, the major contribution to AGyinging is provided
by the favorable entropy resulting from the release of water molecules associated with

the desolvation of those surfaces.

Given the highly hydrophobic nature of the inhibitors and their lack of strongly po-
lar groups, the electrostatic interactions contribute very little to the intrinsic enthalpy
of binding, and hence to the free energy of binding. The only significant electrostatic

contributions are established by Asp 25, 29 and 30, which can contribute up to 0.7
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kcal/mol to the ligand binding process, depending on the given inhibitor.%®
The binding pocket was mapped according to the energetics of binding. Broadly
speaking, the same residues contribute to the binding energetics. although with dif-

ferent contributions with the different inhibitors. This reflects the fact that all the

inhibitors in the set target the same site on the protease. If the different energetic
contributions of single residues are considered, the binding site is defined by residues
belonging to four non contiguous regions in the protein. First, the amino acids in the
zone comprising the catalytic aspartate. i.e. Asp 25, Gly 27, Ala 28, Asp 29 and Asp
30, are the major contributors to the binding energetics. Also, the flap region (Met
46, Tle 47, Gly 48, Gly 49, Ile 50), the strand between residues 80-86 (especially Pro
81, Val 82 and Ile 84) and Arg 8 significantly contribute to the favourable free energy
of binding. Bardi et al. found that, probably because of the roughly symmetrical na-
ture of the inhibitors, the two chains of the protease contribute in a symmetrical way
to the energetics of binding.®® The catalytic zone always gives the most important
contribution to the energy of binding.

The residue stability constants calculated with the COREX algorithm®:®! indi-
cate the two regions comprising residues 23-32 (i.e. the ones surrounding the catalytic
triad) and 82-92 (i.e. residues that are part of the h a-helix in Figure 5.1) as the most
stable regions in the protease. These regions, close to each other in three-dimensional
space, are the main components of the hydrophobic core of the protein and are part
of its dimerization interface; the active site triad is in particular located in the most
stable part of the molecule.®® These results are in agreement with those obtained

1™ and by crystallographic analyses in general; the catalytic triad is

by Zoete et a
involved in an intense network of hydrogen bonds, and the loop on which it is located

strongly interlocks with the symmetric counterpart by extensive hydrophobic inter-
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actions. The region of the protease showing the lowest stability constants appeared
instead to correspond to the flaps (residues 40-60). which appear to be unstructured
even under native conditions. Again, this result is in accordance with all studies car-
ried out on HIV-1 protease.> ™% The stability constants of this region were similar
both when the unbound structure of the enzyme and the bound protein structures af-
ter the ligands had been removed were employed, proving that in the bound complexes
the flap is stabilized by interactions with the inhibitor, and not with the protein.
The residues that contribute to the energetics of binding appeared to belong to
both the most stable (residues Asp 25. Gly 27, Ala 28. Asp 29. Asp 30. Pro 81. Val
82, Ile 84) and to the least stable regions of the protease (residues Met 46, Ile 47,
Gly 48; Gly 49, Ile 50).88 The former exists in the active, ligand-bound conformation
even in the absence of the ligand; the latter is unstructured before binding and is
forced to assume a precise conformation only by the interaction with the inhibitor.
This dual character of the binding site from a flexibility point of view®? appears to be
essential to the efficacy and to the dynamics of binding: residues that can energetically
influence the ease of motion of the flaps, and that are not even in direct contact with

the inhibitor, can influence the overall binding process.”?

5.4 Results: HIV-1 Protease Side-Chain Conformational Changes

The holo-proteins analysed in this thesis (see Table 4.1) share the sequence that can
be defined as the consensus sequence for HIV-1 protease; each residue number of their
chain is occupied by the amino acid with the highest probability of presence at that
position.” 1G6L, the PDB entry employed as reference apo-protein structure in this

thesis, is a single C95M mutant of HIV-1 protease that conserves the activity and
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Figure 5.2: Ribbon representation of an apo-protein structure of HIV-1 protease (PDB
entry 16GL, grey) superimposed to a holo-protein structure of the protease (PDB entry
1AJV, purple; the structure of the sulfamidic inhibitor AHAO006 is shown). The RMSd of

all backbone atoms in the two protein structures is 0.68 A.

backbone structure of the native protein®8* (see section 5.2). While all the other
solved apo-protein structures of HIV-1 protease are characterised by an open-flap
conformation and, more importantly, a resolution greater than 2.5 A, 1G6L structure

presents a closed-flap conformation of HIV-1 protease, and was solved at 1.90 A
Figure 5.2 shows the superimposed ribbon representations of the apo- and holo-
proteins 1G6L and 1AJV PDB entries respectively coloured in grey and purple.
When a closed-flap conformation of the protein is considered, backbone conforma-
tional changes occurring upon ligand binding are not dramatic, even if somewhat
larger than the average conformational changes generally detected in identical pairs
of proteins at good resolution.™

Previous studies have described the ligand-induced conformational shift of HIV-

1 protease as a predominantly hinge motion of the flaps, whose hinge is located
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in the “fulcrum” region, comprising residues 11-21 (Figure 5.1). Also, many other
interdomain correlated motions have been described for this enzyme;™®*%9 however,
while previous studies have focused their attention on backbone RMS deviation of
HIV-1 protease, the aim of this section is to investigate side-chain conformational
changes, and, eventually, their similarity and/or discrepancy with backbone RMS
deviations of the protein backbone.

Figure 5.3 indicates some residue sequence numbers and types on a tube repre-
sentation of HIV-1 protease (PDB entry 1AJV), to help identify some of the protein

regions discussed in this chapter.

Phe99

Pro1

Figure 5.3: Tube representation of residue-name coloured HIV-1 protease. Some residue
names and sequence numbers are indicated to help identify regions discussed in this section.

5.4.1 All Environments, and Environment Specific Conformational Changes

Figures 4.12-4.17 in chapter 4 report on the y axis the percentages of x1 and 2 side-

chain conformational changes observed in the protease when no distinction between
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exposed and buried residues is made. and a 60° angular cutoff,* Zhao et al. angular

specific thresholds® or Dunbrack and Cohen rotamer libraries®: %

are applied.

It is evident that some common trends are detected in HIV-1 protease with all
methods of analysis. First, in apo- and holo- protein comparisons. binding site
residues always appear to be significantly more flexible than for all residues, both
in x1 and x2 torsions, and in the rl, r2 and rank rotamer parameters. When holo-
/holo- comparisons are instead considered, the difference between all residues’ and
only binding site residues’ conformational changes is in general smaller, and. in the
case of x2, Najmanovich et al. methodology of study reveals the same amount of
conformational changes in all and only binding site protein residues. In Figures 4.33,
4.34 and 4.35, the differences between conformational changes observed in the binding

site and in all the residues of the 10 protein systems have been plotted.

If residue environments are considered and a distinction on the basis of residue

exposure to the solvent is made, some consistent trends are again found with all
the methodologies of study (Figures 4.18-4.23 in chapter 4). In apo-/holo- protein
comparisons, buried residues’ conformational changes are always greater than exposed
residues’ conformational changes in the binding site of HIV-1 protease. In the case of
holo-/holo- protein comparisons, buried binding site residues are more flexible than
exposed ones only when Zhao et al. residue- and environment- thresholds and, to a
minor extent, a 60° threshold are applied. Zhao et al. specific thresholds are the only
ones that detect greater buried residues conformational changes also in all protein
residues (apo-/holo- protein comparisons, Figure 4.20).

In general, apo-/holo- comparisons reveal greater percentages of conformational
change than those detected by holo- /holo- protein comparisons with all methodologies

(Figures 4.30, 4.32 and 4.31). Since the Zhao et al. approach more clearly allows
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systematic, non random, conformational changes to be identified, this is the preferred

methodology for the aims of the present thesis.

5.4.2 Relationships Between Holo-Protein Side-Chain Conformational

Changes and Ligand Similarities

To investigate whether similar ligands induce similar conformational changes in the
same apo-protein structure, Tanimoto similarity coefficients were computed for all
possible pairs of HIV-1 protease ligands with 1024-bit Daylight fingerprints and the
default path range number of considered bonds (0-7).

In Figure 5.4, the percentages of conformational changes observed in the binding
site of HIV-1 protease holo-protein pairs have been plotted on the y axis: on the x axis,
the Tanimoto similarity scores of the corresponding pairs of ligands are reported. As
the graph shows, no correlation between the observed percentages of conformational
changes and the 2D-similarity of the corresponding ligands was found. The only trend
which can be observed in this graph is that very similar ligands do not appear to be
related to large conformational changes. This is in contrast with the majority of the
protein systems analysed in this thesis, which do not show any sort of correlations

between the ligands’ similarity values and holo-proteins conformational changes.

5.4.3 Investigation on Cross-Correlated Motions of Different Residues’

Side-Chains

One of the aims of the present thesis is to investigate the possible cooperativity of
conformational changes. To this end, the conformational changes of different residues
in the same PDB entries were analysed, looking for correlated conformational changes

induced by residue-residue contacts.
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Figure 5.4: Percentages of conformational changes observed in the binding site of HIV-1
protease holo-/holo- protein pairs (y axis) plotted against the Tanimoto similarity scores of
the corresponding pair of ligands (x axis). Only Najmanovich et al. and Zhao et al. data
are shown.

The correlated conformational behaviour of each pair of amino acids was measured
as the percentage of conformational changes of two residue in the same PDB entry,
compared to the apo-structure, and reported a in table. For example, if ¢ is the
number of times residue A changes conformation at the same time as residue B, and
a and b are respectively the total number of times residue A and residue B changed
conformation in all pairs of apo-holo structures, the value found at the intersection of
column A with row B was (¢/b)*100. The resulting table was clearly not symmetrical:
at the intersection of column B with row A was (¢/a) * 100, i.e. the number of times
residues A and B changed together, versus the total number of times A changed.
Ratios were expressed as a percentage.

If residue A always changes with respect to residue B, ¢ will be always equal
to b, thus column A will contain only values equal to 100% or 0%, depending on
whether B changes or not. This can clearly happen even if residues A and B are not

conformationally correlated: to highlight meaningful cross-correlated conformational
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behaviour, and distinguish it from noise (possibly due to very mobile residues), other
kinds of cross-correlation measures were derived. and conformational similarity indices
analogous to those used to handle chemical information were defined.”™

If we define n the number of compared pairs of structures (N4p in equation 4.1),
we can assume that this value represents the total number of bits two objects (in
this case residues) can have "on” or "off’, i.e. the number of times they can or
cannot conformationally change. In this way, we will end up with 42 strings (one
for each HIV-1 protease binding site residue) n bits long: each bit corresponds to
a compared pair of structures, and can be on or off depending if the given residue
changes conformation in the two structures. Given this definition of n. and the
previous definitions of a. b. and ¢, the correlated conformational behaviour of two
HIV-1 protease residues was quantified using an expression analogous to the definition
of the Tanimoto coefficient (see equation 4.1).7

The cross-correlation plots obtained using this method were easier to interpret.
However, the Tanimoto coefficient does not consider a common absence of chemical
attributes from a chemical point of view (i.e. the common absence of side-chain
motion in two residues) as an evidence of similarity. To address this issue, a new
index of conformational similarity which takes into account both "on” and "off” bits
was defined. If d is the number of times residues A and B do not change in the same

crystal structure, a modified coefficient MT can be defined as:

MT =axTe+ (1—a)*T0 (5.2)

where:

T0 = d/[a + b — 2¢ + d] (5.3)
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a=(2-p)/3 (5.4)

p=(a+b)/n (5.5)

In these equations, T0 is defined analogously to the Tanimoto Coefficient Com-
plement, which takes into accounts of ”off” bits, while MT is defined similarly to the
Modified Tanimoto coefficient, Ti.%

Distance matrices for the whole data set HIV-1 protease holo-proteins were then
obtained to investigate possible relations between the correlated conformational be-

haviour of amino acids and their atomic contacts.

The shortest atom-atom distance for each pair of residues was stored in a matrix,
giving one residue-residue distance map for each PDB structure. The average of
the data points over all matrices was then evaluated, obtaining an average of the
shortest distance for each residue-residue pair, producing a single average plot for all

the structures.

By multiplying the cross-correlated conformational coefficient by the relative nor-
malised shortest distance of each pair of residues, new, combined matrix values were

obtained.

In general, few of the highly conformationally correlated residues also appeared
to be in contact. Example of residues that are highly correlated in conformational
behaviour but are not at contact distance within each other are residues Asp 29, that
changes conformation only once in the analysed data set, and Ile 47 of chain A, which
changes in just two of the 20 analysed PDB entries. The only residue that appears
close to both Asp 29 and Ile 47 of chain A is residue Asp 30 of chain A; however, this

residue never changes its conformation in the 20 holo-proteins of the data set. Lots
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of similar examples could be identified.

By and large, the correlated motions do not appear to be caused by protein-
protein interactions; significant or systematic correlation between residue contacts
and cross-correlated conformational data were not found.

This observation is in agreement with a study by Leach and Lemon,* who found

that protein side-chains change conformation in a largely independent way.

5.4.4 Conformational Analysis of Holo-Proteins bound to the Same

Ligand and/or Solved by the Same Authors.

Among the protein systems analysed in more depth in the present thesis (see following
chapters), HIV-1 protease is probably the most appropriate to evaluate the amount
of side-chain flexibility observed in holo-proteins bound to the same ligand.

Table 5.1 reports the percentages of side chains which are found to be in a different
conformation in PDB entries 2BPY and 2BPZ. which are bound to the same ligand
(3IN) and were respectively solved at 1.90 A and 2.50 A resolution. While the first
column refers to the conformational changes observed in all protein residues, the
second one reports the percentages relative to only binding site residues.

Clearly, the amount of side-chain flexibility which is found in the two holo-proteins
is very small, especially in comparison to the average percentages of conformational
changes detected in all HIV-1 protease structures analysed in this thesis. However,
this exceptional side-chain rigidity might depend not only on the presence of the same
ligand in the two structures, but also on the fact that both 2BPY and 2BPZ were
solved by the same group of crystallographers.®

In a recent work by DePristo et al. which addresses the issue of X-ray crystal

structure accuracy,”” the authors state that large differences among alternate ex-
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Holo-/Holo- Cnf Changes %

all residues binding site
Najmanovich et al.
x1 0.60 0.00
X2 0.83 0.00
Zhao et al.
buried y1 5.16 12.92
exposed y1 4.52 0.00
Dunbrack and Cohen
rl 0.60 0.00
r2 2.50 0.00
rank 19.17 12.00

Table 5.1: Percentages of conformational changes observed in all and ounly binding site
residues of HIV-1 protease PDB entries 2BPY and 2BPZ (both bound to ligand “3IN”).

While 2BPY is solved at 1.90 A resolution, the resolution of 2PBZ is 2.5 A; this entry was
thus excluded from the main data set analysed in this thesis.

perimental models have been limited to the rare cases where several groups have
crystallised and solved the same protein independently. This observation, which had
already been made by Ohlendorf®® and Zoete et al.,” is crucial for the purposes of the
present thesis; protein structures which have been solved by several different groups
of crystallographers are more likely to reflect and represent the heterogeneity and
flexibility that characterise protein backbones and side-chains. Proteins are in fact
dynamic molecules showing structural heterogeneity. individual atomic anisotropic
motion and collective, large-scale motion over a range of time scales which also occur
in their crystal forms (due to the high solvent content in most protein crystals).%
Modelling anisotropic motion and structural heterogeneity has been limited to pro-
teins that diffract to atomic resolution; the vast majority of proteins diffract to worse
than 1.6 A resolution, and are solved as a single, average conformation with Gaussian,

isotropic thermal motion.%® The artifacts that are caused by ignoring heterogeneity
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during structure determination are still largely uncharacterised; however. it is gen-
erally believed that they can lead to an incomplete description of crystallographic
data and to a considerable degree of inaccuracy.’” The presence of uncharacterised
inaccuracies in crystal structures is troubling; without estimates of the uncertainty in
atomic positions, genuine features or differences among structure cannot be identified
and unreliable protein conformations might be overestimated.

To obtain an estimate of how much side-chain conformational changes are biased
by the way in which the same author(s) solve different holo-structures of the same
protein, all HIV-1 protease holo-proteins analysed in the present thesis were divided
into groups of structures solved by the same author or group, and their conformational
changes separately evaluated.

In the first five columns of Table 5.2 (a-e), the percentages of side-chain motions
detected in the 5 so-obtained groups of structures are shown; their average is reported
in column f, while column g reports the average percentages of conformational changes
obtained for all the 17 holo-proteins structures solved at 2.0 A or better which are
part of the present thesis data-set.

2BPY and 2BPZ, the pair of proteins which are bound to the same ligand (Table
5.1), were solved by Munshi et al.,%® i.e. the same authors who solved PDB entries
1C70 and 2BPV (column c in Table 5.2). As it can be observed by comparing the
average percentages reported in Tables 5.1 and 5.2 for these authors, the fiexibility
found in structures binding to the same ligand is less than that of structures bound to
different ligands. However, the amount of side-chain conformational changes detected

in all protein residues of 2BPY and 2BPZ PDB entries is significantly lower than

that observed in the other structures solved by the same authors. Whether this is a
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Holo-/Holo- Cnf Changes %

all residues

(@) () () (d) (e (f) (8

Najmanovich et al.
x1 422 060 9.64 1.60 15.09 6.23 10.07
¥2 7.50 0.00 25.00 2.08 17.39 12.39 17.73
Zhao et al.
buried y1 7.74 2.65 21.32 4.69 21.71 11.62 22.55
exposed x1 1243 1.11 19.56 4.08 30.12 13.46 22.64
Dunbrack and Cohen
rl 2025 0.60 994 281 18.07 16.50 12.44
r2 21.61 0.00 22.00 4.60 18.33 13.43 19.34
rank 44.92 10.00 39.17 18.83 41.67 30.19 40.03

binding site

Najmanovich et al.
x1 0.00 1289 3.03 151 15.62 6.42 10.68
x2 8.00 20.82 0.00 208 17.39 9.50 16.69
Zhao et al.
buried x1 20.00 29.60 13.33 4.69 21.74 19.33 33.04
exposed y1 556 2564 0.00 4.08 30.12 15.90 20.29
Dunbrack and Cohen
rl 2727 1343 3.03 3.54 21.21 13.64 14.71
r2 24.00 21.57 0.00 4.60 18.33 14.14 21.91
rank 46.00 37.25 16.00 18.43 41.87 32.19 44.92

Table 5.2: (a-e): Percentages of conformational changes observed in all and in only binding
site residues of HIV-1 protease holo-proteins structures solved by the same authors. (a)
1AJV and 1AJX PDB entries, solved by Backbrock et al.; (b) 1G2K and 1G35, solved by
Schaal et al., (¢) 1C70, 2BPV and 2BPY, solved by Munshi et al.; (d) 1HVI, 1HVJ, IHVK
and 1HVL (solved by Bath et al.); and (e) 1HTF and 1HTG (solved by Jhoti et al.). All
these structures except 1C70 and 1HTF were solved at resolution equal or better than 2.0
A. The average percentages of conformational changes for all five groups of structures (a-e)
are indicated in column f; the averages observed in all HIV-1 protease structures solved at
resolution equal or better than 2.0 A are reported in column g for comparison.
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structure refinement artifact (e.g. one structure was solved using the other one) or
the observation of a real event cannot be established.

It is evident that the percentages of conformational changes observed in protein
structures solved by the same authors are significantly less than those observed in
all holo-/holo- protein comparisons. This suggests the opportunity to “normalise”
the percentages of side-chain conformational changes observed in different protein

systems according to whether different workers solved their structures.

5.4.5 Percentages of Conformational Changes per Residue Sequence

Number

Figure 5.5 shows the backbone structure of all HIV-1 protease residues coloured in
accordance to the flexibility of their x1 side-chain torsions. The structures shown
in the first row (indicated by letters a and b) represents the results obtained with
Najmanovich et al. methodology of study, those in the second row (¢, d) with Zhao
et al. methodology, and the ones in the third row (e, f) with Dunbrack and Cohen ro-
tamer libraries. Structures in the left column refer to apo-/holo- protein comparisons
results, those in the right column to holo-/holo- protein comparisons data.

A quick visual inspection of Figure 5.5 reveals that the most flexible regions (red)
are mainly concentrated at the top and in the side parts of the binding site, while
its “lower” portion, that includes the catalytic triad. appears to be very rigid. Other
consistently flexible zones appear to be the flap elbow, the cantiliver and the fulcrum.
Broadly speaking, the same flexibility trends are observed with all methodologies of
study.

Figures a and e (apo-/holo- comparisons), and b and f (holo-/holo- comparisons)

show a very similar colour pattern; this is not unexpected, since the Najmanovich et
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Figure 5.5: Tube trace of HIV-1 protease backbone structure; all residues are coloured in
accordance with the average percentage of conformational change its x1 torsions undergo,
as detected with Najmanovich et al. (a, b), Zhao et al. (¢, d) and Dunbrack et al. (e, f)
methodologies of study. The residue average percentage of conformational change increases
from blue coloured residues (which never change conformation) to red coloured residues
(that change conformation 100% of times), passing through cyan, green, yellow and orange.
Proline, glycine and alanine residues have been coloured in grey. Figures on the left (a,
¢, e) refer to apo-/holo- protein comparisons, figures on the right (b, d, f) to holo-/holo-
protein comparisons.
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al. threshold and Dunbrack and Cohen rotamer libraries do not take into account
residue types and/or residue specific environments. assigning residues’ flexibility on
the basis of an absolute scale. If residue type- and environment- specific thresholds are
instead applied (Figures ¢ and d), a similar distribution of flexible (red) and more
rigid regions (blue) is found, but a greater overall flexibility is generally observed.
Also, the differences between the most unstable and thie most stable regions’ of the
protease are levelled out. This can again be expected; these thresholds are in fact
very stringent for residues that are buried to the solvent and/or are generally rigid,
and often very “permissive” for residues that are intrinsically more flexible and/or
exposed to the solvent. They are thus likely to identify residues that are more mobile
than expected, given their residue type and/or their exposure to the solvent, rather
than residues that are very mobile on an absolute flexibility scale.

The distribution of residue side-chain flexibility appears to be roughly speaking
symmetrical. However, some significant differences between the two protein chains
appear with all methods of analysis. As other studies on protein flexibility,5% ™ homo-
dimeric and homo-tetrameric proteins in this thesis (HIV-1 protease, glutathione
S-transferase, ribonuclease. xylose D-isomerase and streptavidin) were treated by ar-
bitrarily comparing chains with same PDB chain ID or, in the case of PDB structures
with different chain names, by comparing the first chain on one protein with the first
chain of the other protein and so on. However, unless protein structures are complexed
with identical or with strongly asymmetric ligands belonging to the same structural
family, it is not generally possible to distinguish identical monomers, and PDB chain
IDs of homo-dimers and homo-tetramers are arbitrarily chosen by crystallographers.
The results presented in this chapter for the two monomers of HIV-1 protease must

thus be treated with caution, as chain definition relies on crystallographers’ assign-
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ments, i.e. are arbitrary and not necessarily meaningful.

The average percentages of x1 conformational changes have been plotted on the
y axis of the graphs represented in Figures 5.6-5.9. In these graphs, residue numbers
on the x axis have have been distributed on two separate graphs (a, residues 1-50.
and b, residues 50-99) for clarity.

In this chapter and in the following ones, only data relative to x'1 will be presented.
This choice is due to the overall similar trends found for x1 and x2 in this type of
analysis, and to the lack of 32 thresholds in the case of Zhao et al. methodology;
graphs reporting x2 data are omitted for purposes of greater clarity.

While the first two graphs (Figures 5.6 and 5.7) report data obtained with apo-
/holo- protein comparisons, the last two (Figures 5.8 and 5.9) show holo-/holo- protein
comparison data. Results obtained applying Najmanovich et al. angular thresholds
are reported first (Figures 5.6 and 5.8), followed by those obtained with Zhao et al.
angular thresholds (Figures 5.7 and 5.9). Since the graphs obtained with Najmanovich
et al. methodology of study are strikingly similar to those obtained employing Dun-
brack and Cohen rotamer libraries, the latter are not shown in the present chapter
but reported in appendix 3 (Figures C.1 and C.2). To a lesser extent, the trends
revealed by these two methods of analysis are also similar to those revealed by Zhao
et al. angular thresholds (Figures 5.7 and 5.9). In the latter data it is, however,
very rare to find areas of the protease in which residues never change conformation;
a certain amount of conformational changes is also found for the catalytic aspartates,
Asp 25 and 25’

The most remarkable differences between the two protein monomers are found

both in the binding site (e.g. the flap and the flap tip), and in parts of the protein
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that are not in direct contact with the ligands. such as the fulcrum (residues 11. 12.
15) and the flap elbows (residue 40 and swrroundings). The asymmetries are found
in both apo-/holo- and holo-/holo- protein comparisons.

The regions with the highest side-chain flexibility consistently appear to be the
fulecrum, the flaps and the flap elbows, the cantiliver. Thr 80 and Val 82 in apo-
holo- comparisons and Val 82 in holo-/holo- comparisons. Also, some of the residues
that immediately precede and follow the catalytic site are highly mobile: Glu 21.
Leu 23 and Val 32 in apo-/holo- comparisons and Glu 21. Val32 and Glu 34 in
holo-holo- protein comparisons. Interestingly, regions with highly flexible side chains
belong to both J-strand secondary elements (fulcrum, F-strands ¢ and d. flaps) and
unstructured loops (flap elbows. cantiliver, residues 80 and 82). Luque et al. observed
that binding site regions with very low stability constants®® are often located in loops
regions or turns, but that they can also be found in a-helices and S-strands; making
the assumption that flexible side-chains correspond to low stability residues, this
HIV-1 protease side-chain conformational analysis confirms this finding.

The most stable regions of the protease appear instead to be the catalytic site
(residues 24-30), the N-terminal 3-sheet a (rvesidues 1-4), a-helix i (residues 86-94)
and residues belonging to S-strand ¢’ (residues 69-78) with all methods of analysis.

These results are in strong agreement with previous MD studies on HIV-1 protease

80.81,85.93 and previous work by Zoete et al.™® and Bardi et al.®®

backbone flexibility,
(see previous section). However, a few differences are revealed between the side-chain
flexibility results and the above mentioned studies. First, Leu 23, in the immediate

proximity of the catalytic triad residues and part of the binding site, was found to be

very stable both by Zoete and co-workers and Bardi et al., but Najmanovich and Zhao
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Figure 5.6: Percentages of times residues of HIV-1 protease change x1 by more than 60°
in apo-/holo- protein comparisons; residues have been divided into Figure a (residues from
1 to 50) and b (residues from 50 to 99) for clarity. Data coloured in violet refer to the
first monomer of HIV-1 protease, and black to the second chain of the enzyme. Data for
residues that belong to the binding site are indicated with stars; other residues’ data are
indicated by small circles. Residue sequence numbers that correspond to prolines, alanines
and glycines are not associated with any data. Letters a, b, ¢, d, a’, b’ ¢’ and d’ on the x axis
indicate HIV-1 protease (-strand regions, as described in Figure 5.1; letter h corresponds to
the a-helix comprising residue numbers 86 to 94 ( Figure 5.1). Some of the most common
names employed to indicate regions of HIV-1 protease have been written in the top part of
the graph; those that refer to regions that are in contact with the ligand are in red.
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Figure 5.7: Percentages of times residues of HIV-1 protease change y1 by more than
Zhao et al. specific angular thresholds in apo-/holo- protein comparisons; residues have
been divided into Figure a (residues from 1 to 50) and b (residues from 50 to 99) for clarity.
Data coloured in violet refer to the first monomer of HIV-1 protease, and black to the second
chain of the enzyme. Data for residues that belong to the binding site are indicated with
stars; other residues’ data are indicated by small circles. Residue sequence numbers that
correspond to prolines, alanines and glycines are not associated with any data. Letters a, b,
¢, d,a’, b’ ¢’ and d’ on the x axis indicate HIV-1 protease J-strand regions, as described in
Figure 5.1; letter h corresponds to the a-helix comprising residue numbers 86 to 94 ( Figure
5.1). Some of the most common names employed to indicate regions of HIV-1 protease have

been written in the top part of the graph; those that refer to regions that are in contact
with the ligand are in red.
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Figure 5.8: Percentages of times residues of HIV-1 protease change x1 by more than 60°
in holo-/holo- protein comparisons; residues have been divided into Figure a (residues from
1 to 50) and b (residues from 50 to 99) for clarity. Data coloured in violet refer to the
first monomer of HIV-1 protease, and black to the second chain of the enzyme. Data for
residues that belong to the binding site are indicated with stars; other residues’ data are
indicated by small circles. Residue sequence numbers that correspond to prolines, alanines
and glycines are not associated with any data. Letters a, b, ¢, d, a’, b’ ¢’ and d’ on the x axis
indicate HIV-1 protease [-strand regions, as described in Figure 5.1; letter A corresponds
to the a-helix comprising residue numbers 86 to 94 (Figure 5.1). Some of the most common
names employed to indicate regions of HIV-1 protease have been written in the top part of
the graph; those that refer to regions that are in contact with the ligand are in red.
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Figure 5.9: Percentages of times residues of HIV-1 protease change x1 by more than
Zhao et al. specific angular thresholds in holo-/holo- protein comparisons; residues have
been divided into Figure a (residues from 1 to 50) and b (residues from 50 to 99) for clarity.
Data coloured in violet refer to the first monomer of HIV-1 protease, and black to the second
chain of the enzyme. Data for residues that belong to the binding site are indicated with
stars; other residues’ data are indicated by small circles. Residue sequence numbers that
correspond to prolines, alanines and glycines are not associated with any data. Letters a, b,
¢, d, a’, b’ ¢’ and d’ on the x axis indicate HIV-1 protease -strand regions, as described in
Figure 5.1; letter h corresponds to the a-helix comprising residue numbers 86 to 94 ( Figure
5.1). Some of the most common names employed to indicate regions of HIV-1 protease have

been written in the top part of the graph; those that refer to regions that are in contact
with the ligand are in red.
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et al. angular thresholds and Dunbrack and Cohen rotamer libraries reveal a high
flexibility of its side-chain in at least one monomer of HIV-1 protease for apo-/holo-
protein comparisons (Figures 5.6, 5.7 and C.1). In holo-/holo- protein comparisons, all
methodologies of study do not find significant conformational changes in this residue
(Figures 5.8, 5.9 and C.2). Also, Val 32, which immediately follows the catalytic
site and is in direct contact with the ligands, appears to be highly flexible with all
methodologies of study in both apo-/holo- and holo-/holo- protein comparisons. in
contrast to previous backbone and residue stability constant analyses.

Ile 50, the tip of the flap, was among the most flexible residues of HIV-1 protease in
the opinion of Zoete et al. and Bardi et al. While Najmanovich et al. and Dunbrack
and Cohen methodologies fail to detect an exceptional level of flexibility for this
residue, Zhao et al. results show percentages of conformational changes that are
about 95% in the case of both apo-/holo- and 90% in the case of holo-/holo- protein
comparisons. In particular, when holo-/holo- protein comparisons are considered,
Ile 50 appears to be the most flexible residue (Figure 5.9). Another discrepancy
between the results obtained with the different methodologies of study employed in
this thesis appears to be Ile 84, to which the algorithm COREX®:9! assigned a very

8 This residue seems to

high stability constant (see appendix 2 and section 5.3).
undergo many conformational changes with Zhao et al. angular thresholds (Figures

5.7 and 5.9); the same does not apply to Najmanovich et al. and Dunbrack and

Cohen methods’ results.

Somewhat unexpectedly, Zhao et al. methodology of study detects some confor-
mational changes in the side-chain of the catalytic aspartatic residues (Figures 5.7

and 5.9) Also, both Najmanovich et al. and Dunbrack and Cohen methods show a
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small amount of conformational changes in the second chain of HIV-1 protease for
the catalytic residue Thr 26. Conformational changes in this residue are also found
when applying Zhao et al. angular thresholds.

From one point of view. this should not be regarded as something surprising. The
conformational changes detected for Thr 26 with Najmanovich ef al. and Dunbrack
and Cohen definitions are in fact extremely small, and, for the catalytic aspartates,
one must not forget that Zhao et al. angular thresholds are very stringent, especially
in the case of buried residues. In the case of aspartic residues, for example, x1 is
considered to have changed conformation if it differs by more than 13.8° in exposed
and 8.0° in buried residues. The percentages of conformational changes revealed for
Asp 25 by these angular thresholds could be thus regarded as a kind of 'noise’ data, in
the range of the lowest levels of conformational changes found with this methodology
of study.

From another point of view, the conformational changes observed in the catalytic
residues might instead reflect something which has a significant physical meaning. In
a recent article on HIV-1 protease flexibility, Kumar and Hosur** distinguished pro-
tein “flexibility”, i.e. the natural fluctuations of residues and/or regions of proteins
around their average positions described by Zoete et al. by means of X-ray struc-
tures comparisons, B-factors deviations, and MD and NMA studies,”* from protein
“adaptability”, i.e. the ability of residues to alter their mean position in response
to environment chemical changes and/or stress. In the opinion of the authors, the
region of HIV-1 protease that includes the catalytic aspartates (residues 23-26) is
structurally very adaptable,® in spite of being at the same time the least flexible of
the protease (as proved by low crystallographic B-factors, Zoete et al. results and

NMR data).”™# For Kumar and Hosur. such adaptability is shown by the rearrange-
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ments that the catalytic aspartates undergo in the HIV-1 protease double mutant
C95M/C95’A, both in complexed and uncomplexed forms of the protease. In fact.
if the unliganded structure of this double mutant (PDB entry 1LV1, a “closed-flap”
structure solved at 2.1 A)® is compared to the single site mutant C95M (PDB entry
1GGL, i.e. the apo-reference structure employed in this thesis), a shift in the backbone
of the catalytic aspartates is observed; more precisely, the backbone of residues 23-26
in the double mutant protein move towards the flap. Apparently. the C95M/C95’A
mutation does not cause significant changes the structure in the nearby residues, but
affects the position of residues 23-26 which are above it. Also, by comparing the
same double mutant apo-structure to eight HIV-1 protease holo-structures carrying
the double mutation C95A and bound to eight different ligands (two peptidic and six
cyclic-urea based molecules), some interesting observations can be made.®® On the
one hand, when the two holo-structures bound to peptidic inhibitors are compared
with the unliganded protein, no significant alterations in the position of the catalytic
aspartates are found. On the other hand. if the six holo-proteins bound to cyclic
urea molecules are considered, a shift of Asp 25 and Asp 257 in the direction of the
flaps is instead again observed; this probably occurs to relieve a bad contact that the
cyclic urea ring would otherwise establish with Asp 25 side-chains. Kumar and Hosur
concluded that the catalytic residues of HIV-1 protease. in spite of being very rigid
and stable, are in fact highly “adaptable”. They can in fact move and adjust their
position in response to internal stress or external stimuli, such as mutations and/or
ligands, even if their electron density is very well defined and their B-factors appear
to be the lowest in the protease structure.®® This differentiation between the adapt-

ability and the flexibility of a protein® is analogous to the distinction of “systemic
y y P 2
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flexibility” and “segmental flexibility” proposed by another group of researchers.'®

According to them, systemic flexibility refers to small-scale fluctuations in side-chain
and main-chain atoms in the protein native state and is distributed throughout the
protein. while segmental flexibility refers to the motion of one part of the protein
in respect to the other. and often occurs in response to a particular event which is
related to protein function. While the time-scale of systemic flexibility is fast, seg-
mental flexibility has lower time scales, and is related to much larger movements of
restricted parts of the protein (such as hinges).

In the opinion of Kumar and Hosur, the analysis of an ensemble of structures,

[.,”® can give information on the inherent

such as the analysis performed by Zoete et a
flexibility of a protein (i.e. systemic flexibility), but fails to detect information about
structures’ adaptability (i.e. segmental flexibility). In fact, the study by Zoete et al.
revealed a pattern of variability of different residues that is very much similar to the
B-factors distribution that can be found in any single structure. The comparison of
structures on a one by one basis could instead provide useful insights of the segmental
induced-fit provoked by ligands.®*

The structural rearrangements of the catalytic residues noticed by Kumar and

Hosur?*

are, however, overall small, and certainly do not affect the geometry that is
necessary to bind the substrates and other ligands. Similarly, the catalytic residues’
small side chain rearrangements observed in this thesis do not affect their catalytic re-
quirements and are anyway very small when compared to the extent of conformational
changes the most flexible residues undergo.

8,92 gide-chains conformational changes ob-

In accordance with literature data,
tained with all methodologies of study indicate that binding site residues belong to

both very rigid and very flexible regions. While the side-chains of residues 8, 10 and
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25-30 seldom change conformation, residues belonging to the flaps (such as residues
46, 47, 50, 53 and 55) and residues located in the loop between F-strands ¢’ and
d’ (residues 80 and 82, i.e. the outer part of the binding site) are among the most
flexible from the side-chain point of view.

The dual character shown by the active site of the protease is not something
new: similar characteristics have also been noticed by Luque and Freire in at least 16
other non homologous proteins.?” In the opinion of Luque et al., the partially flexible
character of binding sites might determine a higher binding affinity for ligands.®?> In
fact, the binding affinity of ligands is often considered proportional to the accessible
surface area (ASA) that becomes buried from the solvent upon binding, since this is in
turn correlated to the solvation enthalpy and entropy contributions to the free energy

of binding.8% 92

The reason why ligands with a small molecular weight are often found
to be buried in clefts and cavities, shielded from water by loops and/or other secondary
structure elements, might be that this location maximises the contacts between the
protein and the ligand, and significantly increases the buried ASA (hence the Gibbs
energy of binding).%? However. the burial of ligands within a protein generally requires
conformational changes in the protein structure; if the region that must undergo
protein conformational rearrangements is relatively unstructured and flexible, and
occupies a shallow energy minimum on the protein energy surface, the unfavourable
AH necessary to change the protein conformation would be minimised. This could
explain why amino acid mutations that increase the structural stability of regions that
must undergo conformational change to bind ligands could lower inhibitors’ binding

affinity, even if they do not affect the structure of the bound state and/or are not

in contact with the ligand.®> On the other hand, the fact that binding site residues
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which are directly involved in the catalytic mechanism are usually located in the most
stable regions of the binding site can be easily explained by the necessity of precise
stereochemical arrangements for catalytic efficiency.

Residues that contribute significantly to the energetics of binding (see section 5.3)
do not show any particular correlation between the specific nature of their contri-
butions and their observed side-chain flexibility. For example, residues that strongly
contribute to a favourable AS of binding are both found on very flexible regions (e.g.:
residues of the flap, Val 82) and verv stable regions (e.g.: catalytic residues and Arg
8). The amino acids that significantly contribute to the enthalpy of binding with elec-
trostatic interactions (Asp 25, Asp 29 and Asp 30) are too few to infer any conclusion

about the relationship between their flexibility and their contributions.

5.5 Conclusions

In this chapter, the conformational changes of HIV-1 protease, the most flexible
protein of the present thesis data set, have been analysed. With all methodologies
of study, the binding site residues of this aspartic protease appear more flexible than
all protein residues (see chapter 4). This characteristic, and the high flexibility of
the protease, justify its choice as the object of the deeper conformational analyses
performed in this chapter.

Previous studies have shown that HIV-1 protease mainly undergoes a hinge motion
upon ligand binding. changing from a “closed flap” to an “open flap” conformation.”
In addition to this motion, many backbone rearrangements are observed in several
regions of the protease (e.g. cantiliver, fulcrum, loop between g-strands b’ and c¢’),
while the catalytic sites were in general found to be highly rigid.81.88

The unbound form of HIV-1 protease was believed to naturally exist only in the
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open flap conformation; however. recent theoretical and experimental studies®®®3 have
shown that the flaps are highly mobile in solution, allowing a variety of conformations
from fully closed to open. Unbound forms of HIV-1 protease in the closed-flap confor-
mation have been recently solved;-# a 1.9 A flap-closed structure of HIV-1 protease
(PDB entry 1G6L8) has been employed in this thesis as the reference apo-structure.

Zoete et al. investigated the flexibility of HIV-1 protease by means of crystal
structures comparisons, molecular dynamics simulations, normal mode analysis and
crvstallographic B-factors comparisons.”™ The flexibility trends that they obtained
with the different methodologies were all in agreement with previous experimental
and theoretical studies on the protease.™% Since the RMSd trends they found in the
presence of different stimuli (such as the presence of the same or different ligands, sites
of residue mutations and/or different crystallisation conditions) did not significantly
differ, they hypothesised that the conformational changes observed in HIV-1 protease
depend on the residues’ intrinsic flexibility, rather than on the specific nature of the
stimuli that might induce them.

Bardi et al.® applied structure-based thermodynamic analyses (see appendix A)
to quantitatively parametrise and predict the energetics of binding of 13 inhibitors
to HIV-1 protease,®® and calculated HIV-1 protease residue stability constants (see
appendix B) with the algorithm COREX.®9% These authors observed that ligand-
binding reactions for HIV-1 protease are generally endothermic;®® in fact, given the
highly hydrophobic nature of HIV-1 protease inhibitors and their lack of strongly polar
groups, the electrostatic interactions contribute very little to the intrinsic enthalpy of
binding, and the unfavourable enthalpic solvation term is the dominant component

of the generic enthalpy of binding. On the other hand, an exceptionally large portion
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of the protein apolar surface area is buried upon binding, causing a highly favourable
entropic component (hydrophobic effect) that is the driving force of the ligand-binding
reaction. The highly flexible character of HIV-1 protease, especially in the regions
that must undergo major rearrangements, is at the same time the reason of the small
unfavourable conformational entropy term.®:92

In apo-/holo- comparisons, greater percentages of conformational changes consis-
tently occur in the buried binding site residues of HIV-1 protease (see chapter 4).
This characteristic differentiates the protease from the majority of the protein sys-
tems analysed in this thesis (see chapter 4). In the view of Bardi et al.,*® the reasons
for this peculiarity could be found in the nature of the ligand-binding mechanism; the
great rearrangements of apolar residues in the binding site of HIV-1 protease, which
are necessary to determine a favourable entropy of binding, could be the reason for
the exceptionally high level of structural rearrangements which are observed in buried
binding site residues.

When the trends of residue flexibilities along HIV-1 protease chains are considered,
the results obtained with Najmanovich et al. 60° angular threshold and Dunbrack
and Cohen rotamer libraries are strikingly similar. To a lesser extent, they are also
similar to those found with Zhao et al. methodology.

Broadly speaking, most stable regions of the protease appear to be the catalytic
sites (residues 24-30), the N-terminal J3-sheet that includes residues 1-4, the a-helix
86-94 and residues belonging to the 3-strand 69-78. The regions with the greatest
side-chain flexibility consistently appear instead to be the fulcrum (11-22), the flaps
and the flap elbows, the cantiliver, Thr 80 and Val 82.

All these findings are in agreement with literature data; however, some differences

between side-chain flexibility results and the above mentioned studies are found, es-

140



Chapter 5. HIV-1 Protease

pecially when Zhao et al. thresholds are applied. Most of all, all methodologies of
analysis detect conformational changes in the side-chain catalytic aspartic residues,
particularly in the case of Zhao et al. methodology of study. This finding provides
an independent corroboration to the view of Kumar and Hosur,3* who noticed that
the backbone of residues 23-26 in HIV-1 protease can move in the direction of the
flap in response to specific stimuli (such as a mutation in the proximity if the binding
site, or the presence of specific ligands).®® This observation. that in the opinion of
Kumaf and Hosur proves the “adaptability” of the catalytic residues of HIV-1 pro-
tease in spite of their low flexibility. is further supported by the extremely high level
of conformational changes that the Zhao ef al. methodology detects in the catalytic
aspartates of endothiapepsin (see chapter 6). A study by Yuan et al. reports that
active site residues predominantly occur in regions characterised by low temperature

factors;0!

while this observation suggests that active site residues are generally less
flexible than the non-active site residues. i.e. have less vibrational motion within
an energy well (“systematic flexibility™),}%° this does not exclude the possibility that
they are instead rather “plastic”. i.e. that they can transform between discrete en-
ergy wells by overcoming potential energy barriers (“segmental flexibility”).?% The
catalytic effectiveness of an enzyme might very critically depend on its capability to
change from one equilibrium conformation to another one in response to a stimulus
(“triggered” conformational changes), while not depend on the fast collective motions
of a-carbons (vibrational motions).

In HIV-1 protease, residues that significantly contribute to the energetics of bind-
ing do not show any particular correlation between the nature of their contributions

and the observed side-chain flexibility. For example, residues that strongly contribute
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to the enthalpy of binding with electrostatic interactions are both found on very sta-
ble regions and on very flexible parts of the proteins. The same is true for residues
which strongly contribute to the entropy of binding.

No significant correlations with the Tanimoto similarity scores of the ligands and
the percentages of conformational changes observed in the corresponding pairs of
holo-/holo- protein structures was found. Very similar ligands do not seem to be
associated to large conformational changes. It is possible that a detailed analysis
of ligand binding based on, for example. molecular interaction fields may yields a
correlation between the nature of the ligand and the observed protein conformational
change.

When 1BPY and 2BPZ, a pair of PDB entries that are bound to the same ligand,
are compared, the percentages of conformational changes detected in their side-chain
are surprisingly small. However, this trend should not be overestimated, since their
crystallographic structures were solved by the same authors. The analysis of all
pairs of holo-protein structures solved by the same crystallographers’ group reveals
in fact significantly less flexibility than that obtained by comparing all HIV-1 PDB
entries. This fact could be used in an attempt to normalise the flexibility data to take
into account such effects. This observation also reinforces the view that the extent
of variability observed between protein X-ray structures is complicated by variable
amounts of noise, making the disentangling of random effects from systematic trends
very difficult.

A deeper conformational analysis of the protein system which appears to be the
most flexible after HIV-1 protease, endothiapepsin, will be presented in the following
chapter. This protein, similarly to HIV-1 protease, is an aspartic protease; eventual

analogies and/or differences between the two proteins might help to understand the

142



Chapter 5. HIV-1 Protease

peculiarities and trends of each protein system.
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Chapter 6
Endothiapepsin

6.1 Structure

Endothiapepsin, an aspartic protease from the chestnut blight fungus (endothia par-
asitica), has been thoroughly studied to understand better the interactions that are
important for ligand binding to this class of enzyme; as several inhibitors of en-
dothiapepsin also bind renin, the design of endothiapepsin inhibitors could help the
discovery of new antihypertensive drugs.

Many high-resolution structures of endothiapepsin co-crystallised with pepstatin

102104 This enzyme is a 330 residue

A and several other inhibitors are available.
structure with the bilobal fold characteristic of the aspartate proteases, formed by
two predominantly [-sheet domains of approximately equal size, and an extended

binding-site cleft between them. Each of the two domains is mainly composed by

B-sheets and exposed short helices on the outside of the protein; the two lobes are
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connected by a six-stranded sheet (Figure 6.1).

The active site of endothiapepsin is characterised by a symmetrical hydrogen-
bond network that involves the sequences Asp32-Thr33-Gly34-Ser35 (from the N-
terminal domain) and Asp215-Thr216-Gly217-Thr218 (from the C-terminal domain);
the two catalytic sequences Asp-Thr-Gly are a conserved characteristic of the enzyme.
Aspartic residues Asp 32 and Asp 215 are kept co-planar by the H-bonds established
between the surrounding main-chain and side-chains atoms. Their carboxyl groups
hold a water molecule. conserved in all aspartic protease native structures. which
becomes deprotonated on substrate binding and initiate the general mechanism of
catalysis. 04

Residues 74 to 83 in the N-terminal domain lobe form a loop known as the flap:
this highly flexible region in the native enzyme opens to allow access of the substrate
or inhibitor to the active-site cleft. In the complexed form of the protein, the flap
covers the catalytic groups of the enzyme and the central part of the inhibitor.!%®

As for the majority of aspartic proteases, but different to HIV- protease, on binding
endothiapepsin has been reported to undergo a predominantly shear motion (see
section 2.2) at the interface between its two domains.%%1% However, a more recent
study'® describes endothiapepsin’s motion as a hinge motion, with the interdomain
screw axis localised far from the backbone region where the rotational transition
occur (see Figure 2.3). According to this theory,'® endothiapepsin’s overall rotational
transition is located in the side-chain dihedrals of some residues that belong to the
two different domains and establish noncovalent interactions between them; the hinge
is created by the intrinsic flexibility of these noncovalent interactions and of their side-
chain dihedrals.

Since there are relatively few interactions between them, the two domains of en-
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(a) Front view. The enzyme is composed by two distinct domains of roughly 170 amino acids

each, both contributing a residue to the catalytic dyad and separated by the deep binding site
cleft. The fold of the protein is typical of all aspartic proteases, comprising mainly (-sheets

and small areas of a-helix exposed to the solvent.

(b) Top view. The flap is a loop formed by residues 74-83 in the N-terminal
domain; in the bound form of the enzyme, it covers the catalytic groups of the
protein and the central part of the inhibitor.

Figure 6.1: Cartoon representation of aspartic protease endothiapepsin complexed to the
peptide HPH-MET-ALA-ILE (1E50 PDB entry). Catalytic residues Asp 32 and Asp 215

represented in balls and sticks.

146



Chapter 6. Endothiapepsin

dothiapepsin can move as independent rigid bodies; comparing different structures of
endothiapepsin, the RMSd values are reduced by up to 47% when the two parts of
the structure are superimposed independently.!%® The overall displacement of the two
domains is about 1 A, and the subsequent total rotation approximately 17°. Even
if considerable distortions also occur within the two domains, their shear motion is
the most important, and might play a role in distorting the substrates towards the

transition state for proteolytic cleavage.!0%106

6.2 Background to Protein: Past Work

6.2.1  Structure-Based Thermodynamic Analysis of Endothiapepsin/
Pepstatin Binding

107.108 experiments (ITC, appendix A) were carried

Isothermal Titration Calorimetry
out by Gomez and Freire to fully characterise the energetics of the binding of en-
dothiapepsin to pepstatin A.1% This high-sensitivity calorimetry technique allowed
the temperature and the pH-dependence of the binding energetics to be fully charac-
terised, and the heat capacity change (AC,) and the enthalpy of ionisation (AH;opiz)
defined (appendix A). The association constant is maximised at low pH and decreases
with increasing pH, indicating that the binding of pepstatin A involves the protona-
tion of one of the aspartates of the catalytic dyad of the protein. The structure-based
thermodynamic analysis by Freire and Gomez!% allowed an estimation of the contri-
bution of each residue to the total free energy of binding, and the identification of the
protein’s and inhibitor’s regions that contribute the most to the total free energy of
binding. The conformational entropy parameters for the different amino acids were

l.109 (

obtained from the analysis performed by Lee et a see appendix A).
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The experimental results showed that the reaction of protein/ligand binding is
characterised by a significantly exothermic heat effect, and that binding is favoured
both enthalpically and entropically.

While the favourable enthalpic contribution is expected, the favourable entropy
change can be explained on the basis of the large gain in solvent-related entropy,
ASgon (see appendix A). This primarily depends on the burial of a large hydrophobic
surface upon binding that compensates for the loss in conformational, translational
and rotational degrees of freedom upon ligand binding.

The PDB files 4APE and 4ER2 (part of the data set analysed in this thesis),
were used by Gomez and Freire as the reference structures for the free and the com-
plexed protein structures. Previous studies had shown that no major conformational
changes occur when the apo-structure of endothiapepsin is compared to the holo-
protein structure complexed with pepstatin A.'% However, the binding of pepstatin

A to endothiapepsin results, in the case of the PDB entries 4APE and 4ER2,'% in

the burial of a total of 732 A® of apolar and 652 A% of polar area previously exposed
to solvent. Most of the changes in the accessible surface area (computed using Lee
and Richards algorithm''! with a 1.4 A probe sphere and a 0.25 A slice width) can be
attributed to the peptide residues. In endothiapepsin, the largest changes in the pro-
tein accessible surface area occur in residues that are located in the catalytic site and
strongly interact with the ligand. These are the residues surrounding the catalytic
dyad (Gly 34 in the N-terminal lobe and Asp 215 to Leu 220 in the C-terminal lobe),
the flap region (Ile73-Asp77), and some hydrophobic residues that favourably inter-

act with the aliphatic side-chains of the ligand (Leu 120, Phe 189, Ile 297, Ile 301).

Moreover, some residues that are not in direct contact with the inhibitor also undergo
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conformational rearrangements; this domino effect induces significant changes in their
solvent accessible surface, and provides close to 40% of the protease contribution to
the binding free energy

The enzyme also contributes to the free energy of binding from an enthalpic point
of view. The enzyme regions that contribute the most are the residues surrounding
the catalytic dyad Asp 32 and Asp 215 (Asp 30 to Ser 37 in the N-terminal domain,
Ile 213 to Tyr 222 in the C-terminal domain) and the flap region, from Ile73 to
Asp77 (especially Ser 74. Gly 76 and Asp 77). The flap shows a great flexibility
in the unbound enzyme and shields the inhibitor from the solvent in the complex,
contributing the largest changes in the solvent accessibility of the protein. Other
residues that contribute to AG are Asp 12 and Asp 13, which interact directly with
residues Iva 1 and Val 2 of the inhibitor, and regions of the protein surface that
stabilise by van der Waals contacts other complementary surfaces (mainly aliphatic
side-chains) in the inhibitor. For example, Phe 275 and Phe 284 stabilise Iva 1, while
the isopropyl side-chain of Val 2 interacts with the aromatic ring in Phe 111. The
latter induces in turn an important change in the accessibility of Ser 110.

In the inhibitor, a very large negative heat capacity change and a favourable en-
tropic component contribute to the free energy of binding; moreover, all pepstatin
A residues strongly and favourably contribute to the free energy of binding with
favourable enthalpic contribution, thanks to their strong interactions with the en-
zyme. In particular, the two statine residues appear to contribute the most; this
is in agreement with the known essential role that these residues play in pepstatin
A-endothiapepsin recognition.

Overall, the energetic components calculated for the binding of pepstatin A to

endothiapepsin were -4.4 kcal/mole for the enthalpic change, and -4.8 kcal/mole for
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the entropic change.

6.3 Results: Analysis of Endothiapepsin Conformational Changes

The data set of the present thesis includes 20 endothiapepsin holo-protein structures

and 1 apo-protein structure (PDB entry 4APE) at resolution equal or better than 2.0

A. The ligands in these PDB structures are all peptides of different sizes and often

include unusual amino acids.

The binding of inhibitors to the enzyme, while not producing dramatic conforma-
tional changes in the protein (see Figure 6.2), cause small but significant changes in
the orientation of the two domains, which move as independent rigid bodies with a
small shearing motion at their interface.1%¢

Since endothiapepsin’s ligands are all peptidic, their Tanimoto similarity scores
could not be evaluated employing 1024-bit Daylight fingerprints, which do not take
into account paths bonds longer than 7, thereby loosing all information about the
connectivity of the amino acids.

Although very similar peptides can be found among endothiapepsin ligands in the
present thesis’ data set. no 100% identical ones are found in different PDB entries;
the analysis of side-chain flexibility in the presence of the same ligands was thus
impossible in the case of this aspartic protease. Also, as all endothiapepsin structures
share one or more PDB authors with all the other PDB structures in the data set
(e.g. authors such as Blundell, Cooper and/or Veerapandian). it was not possible
to divide endothiapepsin’s PDB entries into groups of structures solved by the same
authors which differed from the others in the data set. Because of these reasons,

conformational analyses similar to those performed in the case of HIV-1 protease (see

section 5.4.4) could not be carried out.
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Figure 6.2: Ribbon representation of an apo-protein structure of endothiapepsin (PDB
entry 4APE, coloured in grey) superimposed to a holo-protein structure of the protease
(PDB entry 1E50, blue; the structure of the 4 residues long inhibitor HPH-MET-ALA-ILE

is shown). The backbone RMSd between the two superimposed structures is 0.30 A.

Some residue sequence numbers and types have been indicated on a tube represen-
tation of endothiapepsin (PDB entry 1E50) to help identifying some of the protein

regions discussed in this chapter (Figure 6.3).

6.3.1 All Environments, and Environment Specific Conformational Changes

Figures 4.12-4.17 in chapter 4 report on the y axis the percentages of side-chain con-
formational changes observed in endothiapepsin when no distinction between exposed
and buried residues is made; Najmanovich et al.,*® Zhao et al.°® methodologies and

50,55

Dunbrack and Cohen rotamer libraries were applied to obtain the data reported

in these graphs.
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Figure 6.3: Tube representation of residue-name coloured endothiapepsin. Some residue
names and sequence numbers are indicated to help identify regions discussed in this section.

Some consistent trends are found in endothiapepsin With’ all methodologies of
study. First, with the only exception of the rotameric parameter r2 in holo-/holo-
comparisons (Figure 4.16), x1 and x2 side-chain torsions are always more flexible in
binding site residues rather than in all protein residues. These trends are probably
better depicted in Figures 4.33, 4.34 and 4.35, where the differences between confor-
mational changes observed in the binding site and in all the residues of the 10 protein
systems have been plotted.

When residue environments are considered and residue are distinguished as ex-
posed and buried, consistent trends are again found with all the methodologies of
study (Figures 4.18-4.23 and 4.24-4.29 in chapter 4). Najmanovich et al. (Figures

4.24 and 4.25) and Dunbrack and Cohen methodologies (Figures 4.28 and 4.29) re-
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veal that side-chain torsions of exposed residues are always more flexible than those
of buried residues, both in apo-/holo- protein comparisons and in holo-/holo- protein
comparisons. This is different from what was found for HIV-1 protease, in which
apo-/holo- protein comparisons always detected greater buried residues’ conforma-
tional changes in the binding site. If the more stringent cutoffs developed by Zhao
and coworkers are applied, endothiapepsin’s buried y1 torsions appear instead more
flexible than the exposed in all protein residues (Figure 4.20 and 4.21). However, apo-
/holo- comparisons fail to detect this trend in the binding site (Figure 4.20), and the
difference between endothiapepsin’s binding site buried and exposed residues’ con-
formational changes revealed by holo-/holo- comparisons is almost negligible (Figure
4.21).

In summary, in contrast to HIV-1 protease, the uncomplexed form of endothia-
pepsin undergoes ligand-induced conformational changes that mainly involve exposed
rather than buried binding site residues (apo-/holo- protein comparisons). In holo-
/holo- comparisons, buried residues’ conformational changes are slightly greater than
those of exposed residues only with Zhao et al. angular thresholds.

With all methodologies of analysis, similarly to HIV-1 protease, apo-/holo- com-
parisons reveal greater percentages of conformational changes than holo-/holo- com-
parisons. HIV-1 protease and endothiapepsin are the only two proteins in this thesis

data set for which this peculiarity is found (See Figures 4.30, 4.31 and 4.32).
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6.3.2 Percentages of Conformational Changes per Residue Sequence

Number

Figure 6.4 shows the backbone structure of all endothiapepsin residues coloured in
accordance to the flexibility of their side-chain torsions. The structures in the first
row of the Figure (indicated by letters a and b), represent the results obtained with
Najmanovich et al. methodology. The structures in the second row (¢ and d) are
instead obtained with Zhao ef al. methodology of study, and those in the third row
(e and f) with Dunbrack and Cohen rotamer libraries. While structures in the left
column refer to apo-/holo- protein comparisons results, those in the right column
show holo-/holo- protein comparisons results.

A quick visual inspection of Figure 6.4 reveals that the most flexible regions (red)
are mainly concentrated in the binding site of endothiapepsin, especially in the flap
(residues 73-83). A few more regions, mainly located in loops, but that can also
be found in more structured secondary structure elements such as [J-strands and a-
helices, are also found to be very flexible. Broadly speaking, the same flexibility trends
are observed with all methodologies. As observed in the case of HIV-1 protease, Fig-
ures a and e (apo-/holo- comparisons), and b and f (holo-/holo- comparisons) show
a very similar colour pattern; this is expected, since Najmanovich et al. threshold
and Dunbrack and Cohen rotamer libraries assign residues’ flexibility on the basis
of an absolute scale. When residue type- and environment- specific thresholds are
instead applied (Figures ¢ and d), a similar distribution of flexible (red) and more
rigid regions (blue) is found, but a greater overall flexibility is generally observed.
Also, the differences between the most unstable and the most stable regions’ of the

protease are levelled out. Again, this is not surprising; Zhao et al. thresholds are in
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Figure 6.4: Tube trace of endothiapepsin backbone structure; all residues are coloured in
accordance with the average percentage of conformational change its x1 torsions undergo,
as detected with Najmanovich et al. (a, b), Zhao et al. (¢, d) and Dunbrack et al. (e, f)
methodologies of study. The residue average percentage of conformational change increases
from blue coloured residues (which never change conformation) to red coloured residues
(that change conformation 100% of times), passing through cyan, green, yellow and orange.
Proline, glycine and alanine residues have been coloured in grey. Figures on the left (a,
¢, e) refer to apo-/holo- protein comparisons, figures on the right (b, d, f) to holo-/holo-
protein comparisons.
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fact very stringent for residues that are buried to the solvent and/or are generally
rigid, but are often very “permissive” with residues that are intrinsically more flexible
and /or are exposed to the solvent. Thus, rather than residues that are very mobile
on an absolute flexibility scale, they are likely to spot residues that are more mobile
than expected for their residue type and/or their exposure to the solvent.

On the y axis of the graphs represented in Figures 6.5-6.8. the average percentages
of residue conformational changes have been plotted. The residue on the x axis have
have been distributed on two separate graphs for clarity: a residues from -2 to 163
and b residues from 163 to 326. The first two graphs (Figures 6.5, and 6.6) were
obtained with apo-/holo- protein comparisons and the last two (Figures 6.7, and 6.8)
with holo-/holo- protein comparisons.

Results obtained applying Najmanovich et al. angular thresholds are reported
first (Figures 6.5 and 6.7), followed by those obtained with Zhao et al. angular
thresholds (Figures 6.6 and 6.8). Since the graphs obtained with Najmanovich et
al. methodology of study are very similar to those obtained employing Dunbrack
and Cohen rotamer libraries, the latter are not shown in the present chapter but
reported in appendix 3 (Figures C.3 and C.4). To a lesser extent, the trends revealed
by these two methods of analysis are also similar to those revealed by Zhao et al.
angular thresholds (Figures 6.6 and 6.8). In the latter data, however, areas of the
protease in which residues never change conformation are very rare. For example,
conformational changes are also found for the catalytic aspartates: Asp 32 strikingly
changing conformation 75% of times for apo/holo- protein comparisons (Figure 6.6)

When Najmanovich et al. and Dunbrack and Cohen methodologies of study are

applied, the binding site residues with the highest side-chain torsion flexibility that
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Figure 6.5: Percentages of times residues of endothiapepsin change y1 by more than 60°
in apo-/holo- protein comparisons. Residues have been divided in Figure a (from residue
-2 to 163) and b (residues from 163 to 326) for clarity. Data for residues that belong
to the binding site are indicated with stars; other residues’ data are indicated by small

circles. Residue sequence numbers that correspond to prolines, alanines and glycines are
not associated with any data.
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Figure 6.6: Percentages of times residues of endothiapepsin change x1 by more than Zhao
et al. specific angular thresholds in apo-/holo- protein comparisons. Residues have been
divided in Figure a (from residue -2 to 163) and b (residues from 163 to 326) for clarity.
Data for residues that belong to the binding site are indicated with stars; other residues’
data are indicated by small circles. Residue sequence numbers that correspond to prolines,
alanines and glycines are not associated with any data.
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Figure 6.7: Percentages of times residues of endothiapepsin change x1 by more than 60°
in holo-/holo- protein comparisons. Residues have been divided in Figure a (from residue
-2 to 163) and b (residues from 163 to 326) for clarity. Data for residues that belong
to the binding site are indicated with stars; other residues’ data are indicated by small

circles. Residue sequence numbers that correspond to prolines, alanines and glycines are
not associated with any data.
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Figure 6.8: Percentages of times residues of endothiapepsin change x1 by more than Zhao
et al. specific angular thresholds in holo-/holo- protein comparisons. Residues have been
divided in Figure a (from residue -2 to 163) and b (residues from 163 to 326) for clarity.
Data for residues that belong to the binding site are indicated with stars; other residues’

data are indicated by small circles. Residue sequence numbers that correspond to prolines,
alanines and glycines are not associated with any symbol.
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are in contact with the ligands consistently appear to be located in the flap (Ile 73,
Ser 74 and Ser 79 in apo-/holo- comparisons, and serines 74, 77 and 79 in holo-/holo-
comparisons) and several residues in the region 110-130 (Ser 110, Glu 113, Thr 127
and Thr 130 in apo-/holo- comparisons, and Ser 110 and Thr 127 in holo-/holo-
comparisons). Asp 114 shows a significant side-chain flexibility when the rotamer
libraries by Dunbrack and Cohen are employed (Figures C.3 and C.4). Phe 275 and
Ser 279 in apo-/holo- comparisons and Phe 275 and Ile 299 in holo- /holo- comparisons
are also among the most flexible residues in the terminal part of the protein.

On the basis of Najmanovich et al. and Dunbrack and Cohen angular thresholds,
the most stable regions of the protease in contact with the ligands comprise the
catalytic site (residues 30-37 and 213-222), and residues 7-12; all are consistently
characterised by percentages of conformational changes that equal to 0 (Figures 6.5,
6.7, C.3 and C.4). Further along the chain of endothiapepsin, Phe 111, Leu 120,
Leu 128, Asn 129, Phe 189 and 284 and Ile 301 similarly never appear to undergo
conformational changes in their y1. The side-chains of Ser 72 (in the immediate
proximity of the flap) and Tyr 75, on the flap, never change conformation; this is
something unexpected, given the high flexibility of the flap structure.

The results obtained applying Zhao et al. angular threshold show significant
differences with the above mentioned observations. First, the flap residue Tyr 75,
for which no conformational changes are detected by the environment insensitive
methods, shows with Zhao et al. methodology conformational changes which are
greater than 40% in apo-/holo- comparisons, and 50% in holo-/holo-comparisons.
On the contrary, the exceptional rigidity of the nearby residue Ser 72 is confirmed by

this methodology of study. Asp 114, in support of the result found with Dunbrack
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and Cohen methodology of study, is found to be the most flexible when holo-/holo-
comparisons are considered (Figure 6.8). Ser 279, in disagreement with the results
obtained with the other methods, is instead found to be rather inflexible. At the same
time, several residues that were found to be highly rigid with Najmanovich et al. and
Dunbrack and Cohen methodologies of study appear to be rather flexible applying
Zhao et al. x1 thresholds. This is, for example. the case of Phe 111, Phe 189, Phe
284 and Ile 301, and, more interestingly, several catalytic residues of endothiapepsin.
Astonishingly, the catalvtic residue Asp 32 appear to change conformation in
approximately 75% of apo-/holo- protein comparisons. The same residue changes
conformation in “only” 23% of holo-/holo- comparisons, a value not that dissimilar
to the percentages of conformational changes that the second catalytic aspartate (Asp
215) shows in apo-/holo- and holo-/holo- protein comparisons (respectively 25% and
14%). The other residues in the catalytic site, including the catalytic residues Thr
33 and Thr 216 (which are not in contact with the ligands), show smaller flexibili-
ties, with the significant exceptions of Asp 30 and Ile 213 in apo-/holo- comparisons
(respectively 50% and 95% of conformational changes) and Asp 37 and Tyr 222 in
holo-/holo- comparisons (44% and 46% of conformational changes). The finding of
side-chain conformational changes in catalytic protein residues further supports the
hypothesis that amino acids which are essential for enzymatic activity, although be-
lieved to be exceptionally rigid,!? can effectively undergo side-chain motions that are
larger than the average for the given residue type, in a similar environment.
Residues that significantly contribute to the energetics of binding with a strong
entropic interaction (see section 6.2) do not show any particular correlation between

the nature of their contributions and the observed side-chain flexibility. In fact, they
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can be found both in very flexible regions (e.g.: Ile 73, in the flap) and very stable
regions (e.g.: Leu 120, Asp 8). Similarly, amino acids that contributes to the free
energy of binding also with a strong enthalpic contribution can also be found in very
flexible (such as the flap) or very rigid (e.g. Asp 12) regions.

In agreement with previous studies.’®:% binding site residues are found to belong

to both highly rigid and highly flexible regions.

6.4 Conclusions

In this chapter, the conformational changes of endothiapepsin, an aspartic protease,
have been analysed. With all methodologies of study, the binding site residues of
this protein appear more flexible than all protein residues (see chapter 4). Also, apo-
/holo- protein conformational changes are always greater than holo-/holo- protein
comparisons conformational changes (see chapter 4); this trend is a peculiarity of
endothiapepsin and HIV-1 protease. the only proteins among the ten protein systems
of the present thesis’ data set which show this behaviour.

Upon ligand binding, the two domains of endothiapepsin move as rigid bodies,

with a motion that has been both described as predominantly sheari0? 106

and as a
hinge motion,*® whose screw axis is located in a region of side-chain interactions rather
than the backbone region where the rotational transition is found. However, many
other residues rearrange themselves after ligand binding, both as a consequence of
direct interactions with the ligand and as a sort of domino effect. The flap, comprising
residues 74 to 83, is a highly flexible loop that opens to allow the access of inhibitors
or substrates, and moves over the ligand shielding it from water.

Contrary to HIV-1 protease, endothiapepsin buried residues never appear to be

more flexible than exposed residues when undifferentiated angular thresholds (i.e.
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Najmanovich et al. and Dunbrack and Cohen methodologies of study) are applied
(see chapter 4). Further, Zhao et al. angular thresholds also detect greater exposed
x1 conformational changes in apo-/holo- comparisons and binding site residues (see
chapter 4); this evidence suggests that the mechanisms at the basis of HIV-1 protease
and endothiapepsin ligand-binding processes are different. As Gomez and Freire
reported (see section 6.2), both strong favourable enthalpic and entropic contributions
are responsible of the highly exothermic character of endothiapepsin/ligand binding
reactions.!®® While strong favourable interactions between the protein and the ligands
are the cause of the favourable enthalpic change. the greatest factor contributing to
a highly positive entropic change is the burial of a large apolar surface area on the
ligand molecules.!%®

The smaller flexibility of buried residues in the binding site of endothiapepsin
(when compared to HIV-1 protease) could find a reason in the fact that endothia-
pepsin ligand-binding reactions are strongly exothermic, thus, in contrast to HIV-1
protease, a high, favourable AS is not necessary for ligand binding to occur. Also,
up to 40% of the protease AS contribution to the binding free energy is provided
by the burial of the apolar accessible surface area of residues which are not located
in the binding site of the protein, but which change conformation upon ligand bind-
ing (domino effect).!® This might explain the higher percentages of conformational
changes which are found in all rather than in only binding site residues of endothia-
pepsin (apo-/holo- protein comparisons).

Similar trends in the distribution of residue side-chain flexibility are found with
all methods of analysis. As expected, the results obtained with Najmanovich et al.

and Dunbrack and Cohen methodologies of study are very much similar, analogously
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to those noticed in the case of HIV-1 protease.

The most stable regions of endothiapepsin that are in contact with the ligand
include aspartates 8, 11 and 12, Ser 72, Leu 120 and Leu 128, Leu 220 and Ser 279.
The most flexible regions of the protein consistently include the flap (residues 74-83)
and many of the residues that favourably interact with the ligands (such as Ser 110,
Glu 113, Thr 127, Phe 275 and Ile 299).

Similarly to what observed in the case of HIV-1 protease, the residues that sig-
nificantly contribute to the energetics of binding of endothiapepsin do not show any
particular correlation between the nature of their contributions and the observed side-
chain flexibility. Residues that strongly contribute to the enthalpy and/or entropy
of binding are both found on very stable regions and on very flexible parts of the
protein.

In the next chapter, another highly flexible protein system, streptavidin, will
be analysed. Its binding site, similarly to those of endothiapepsin and HIV-1 pro-
tease, appears more flexible than all protein residues with all methodologies. The
existence of several streptavidin good resolution apo-structures in the PDB allows
analysis which was not possible in the case of endothiapepsin and HIV-1 protease;
also, since streptavidin binds non-peptidic ligands, the computation of Tanimoto sim-
ilarity indices of its ligands with 1024-bit long fingerprints can be performed, and the
correlation between the similarity scores of its ligands and the observed side-chain

conformational changes will be sought.
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Chapter 7
Streptavidin

7.1 Structure

Streptavidin takes its name from the bacterial source of the protein, Streptomices
avidinii, and the hen egg-white protein avidin. Both avidin and streptavidin share
an exceptionally large free energy of association with biotin (Kyssociation = 10MA171).
This high affinity is one of the largest of observed for noncovalent binding of a protein
and small ligand in aqueous solution, and is the reason why, even if the biological
function of streptavidin is not yet fully understood, many biochemical applications
of the streptavidin/biotin system have been exploited, and the characteristics of this
complex extensively studied as a model system of ligand/protein interactions.'?-114
Streptavidin is a homo-tetrameric 159 residues protein in which each monomer

binds one molecule of the vitamin biotin (represented in Figure 7.1) or other ligands

(Figure 7.2). In many crystal structures, the visible electron density at both the N-

166



Chapter 7. Streptavidin

O

0 N%

Figure 7.1: Biotin.

and the C- termini is weak, making it difficult to determine the coordinates of each
protein chain up to its full length.

The streptavidin monomer is organised as an 8-stranded [-barrel; pairs of the
barrels bind together to form symmetric dimers, pairs of which in turn interdigitate
to form the naturally-occurring tetramer (Figure 7.2). Because of the intensive inter-
subunit contacts that are shown by the pairs of subunits 1 + 2, and 3 + 4, streptavidin
can be considered a dimer of dimers; the asymmetric unit of streptavidin generally
contains two avidin polypeptide chains (Figure 7.3), which build up the functional
tetramer through a crystallographic 2-fold axis. However, tetrameric asymmetric unit
have been deposited in the PDB.

Several crystallographic forms of streptavidin have been described. In general, the
flexible loop comprising residues 45 to 52 was found to be open in the unbound form of
the protein and closed in the complexed form of the protein.!*® 116 However, more re-
cent crystallographic studies have found the loop closed even in the absence of biotin,
supposedly as a consequence of crystal packing interactions.!'* The open and closed
conformations of the mobile loop were found to be correlated to the crystallographic
B-factor values, highlighting a greater disorder in the open rather than in the closed
loop structure.’'* The loop is, however, not totally disordered in the open state, and

a helical segment is observed in residues 49 to 53 in almost all unbound structures. If
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Figure 7.2: Cartoon representation of the streptavidin tetramer bound to the miniprotein
mp-2 (PDB entry 1HQQ, 1.7 A resolution; this structure is not included in the present thesis
data set). Front (a) and side (b) view. Because of the intensive inter-subunits contacts
between subunits 1 + 2 (red and yellow) and 3 + 4 (green and blue), the tetramer can be
considered a dimer of dimers. The asymmetric unit of streptavidin generally contains two
avidin monomers.!14
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Mobile Loop

Figure 7.3: Cartoon representation of the dimeric form of streptavidin complexed to HABA
(1SRE PDB entry). [-sheets and helices are coloured in orange and red; each streptavidin’s
monomer is formed by a 8-stranded S-barrel, two a-helices and extensive hairpin loops.
The surface loop that folds over the ligand molecules (residues 45-52) is indicated.
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this secondary structure element is always present in solution. its “melting” when the
loop goes from the open to the closed conformation could lessen the conformational
unfavourable entropy contribution associated with loop ordering in the bound state.
Conversely, the loss of the intra-helix hydrogen bond interactions may introduce an
unfavourable enthalpic contribution; however, the formation of several hydrogen bond
interactions with biotin can diminish this term.'*

In the streptavidin tetramer. the Trp 120 side-chain is a kev element for the
connection of adjacent binding sites across the dimer-dimer interface. Crystal forms
of streptavidin where not all four monomers are bound to biotin are observed; in these
structures, only subunits 1 and 4 (numbering analogous to that emploved in Figure
7.2) are complexed, and monomers 2 and 3 are unbound and characterised by the
mobile loop open conformation.!’ This suggests the possibility of communication

between the binding sites of different monomers, and in turn cooperative binding, as

several studies on streptavidin have hypothesised.14-117.118

7.2 Background to Protein: Past Work

7.2.1 Structure-Based Thermodynamic Analysis of Streptavidin Bind-

ing to Structurally Diverse Ligands

Many studies have addressed the issue of the decomposition of the free energy of
binding of streptavidin to biotin (Figure 7.1) and/or other ligands, and the identi-
fication of residues that are essential in the biotin binding process. The methods

employed include molecular dynamics (MD) simulations,'!?® free energy perturba-

19

tions,''Y isothermal titration calorimetry and/or crystallographic structures stud-

120

ies,'? site directed mutagenesis analysis'?

and “shotgun scanning”, a technique
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Figure 7.4: 2-((4-hydroxyphenyl)-azo)benzoate (HABA). This figure is derived from the
ligand structure in the PDBsum, which omits hydrogen atoms.

that employs a combinatorial library of proteins with the alanine side-chain sub-
stituted in every position.’?? In particular, the thermodynamic binding parameters
and the crystallographic structures of three classes of streptavidin ligands (biotin,
2-[(4’-hydroxyphenyl)-azo]benzoate (HABA, represented in Figure 7.4) and deriva-
tives, and peptidic ligands such as NHs-Phe-Ser-His-Pro-Gln-Asn-Thr-COOH) were
compared.!?°

Thermodynamic measurements of biotin (Figure 7.1) binding to streptavidin (ITC,
see appendix 3) show that the process is predominantly driven by an exceptionally
large enthalpic contribution.!®129 This is due to non-specific favourable packing in-
teractions and, to a greater extent, to specific interactions with the ligand molecule
(Figure 7.5) which are surprisingly strong, especially considering the small size of
biotin 116,120

The binding site within each streptavidin monomer is located in a deep pocket
at the centre of the (-barrel (see section 7.1), and includes both hydrophobic and

polar residues involved in the recognition of biotin. In particular, three different

biotin-binding motifs are observed:'?

1. hydrophobic and van der Waals interactions, mainly involving four streptavidin

tryptophan side chains (Trp 79, 92, 108, 120);

2. an effective hydrogen bonding network comprising Asn 23, Ser 27, Tyr 43, Ser
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Figure 7.5: Interactions between biotin and streptavidin (PDB entry 2IZF) as obtained
by the program LIGPLOT.*?? Hydrogen bonds and hydrophobic contacts are respectively
represented by dashed lines and arcs with spokes radiating towards the ligand atoms they
contact; the contacted atoms are shown with spokes radiating backwards. LIGPLOT cal-
culates hydrogen bonds and non-bonded contacts with the program HBOND by Mc¢Donald
and Thornton (1994).124

172



Chapter 7. Streptavidin

45, Asn 49, Ser 88, Thr 98, Asp 128;

3. the binding surface loop, which folds over the ligand, and whose Asn 49 forms

a hydrogen bond with one of the vitamin’s carboxyls (residues 45 to 52)'%.

While calculations from Weber and co-workers have indicated the hydrogen bond-
ing network as probably the most important factor contributing to the free energy
of binding,'*® the results obtained by Kollman and co-workers have pointed at the
importance of tryptophans 79, 92, 108 and 120.''® A large part of the strepta-
vidin/biotin interaction energy comes, in fact, from van der Waals interactions;!!% 119
however, hydrogen bonds have also a key role in determining the very favourable
streptavidin/biotin enthalpy of binding. In particular, the ureido group’s of biotin is
characterised by a resonance form which could be further stabilised by an additional
hydrogen bond that the biotin’s urea oxygen atom (Figure 7.1) can establish with
streptavidin.'?®122 The possibility of biotin bound to streptavidin making three hy-
drogen bonds (versus the two hydrogen bonds established in water) allows a greater
negative charge to be displaced on biotin’s urea oxygen atom; this favourable contribu-
tion to binding might not have been taken into account in Kollman and co-workers, 1%
as the polarisation of the ureido group induced by a charged aspartic residue of strep-
tavidin might not have been included in classical force fields.'?

Another strong factor contributing to the high affinity between streptavidin and bi-
otin is the negligible ligand reorganisation energy; the conformational rearrangement
of biotin in the binding site of the protein is in fact very small, and its conformational
energy very similar to that in solution. Also, the small size of biotin contributes to a

small ligand conformational entropy loss upon binding.

Most of the residues that bind biotin through hydrogen bonds are already or-
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ganised in the correct binding geometry in the streptavidin apo-protein structure.!?
However, a recent MD simulation study by Lazaridis et al.''® argues that the pro-
tein reorganisation energy makes a large unfavourable contribution to the free energy
of binding, even if streptavidin’s binding site is relatively well pre-organised; in the
authors opinion, a significant reorganisation energy can arise even from subtle side-
chains reorganisations, without significant main backbone conformational changes.!!3

The protein reorganisation energy, principally due to the loss of intra-protein
interactions, predictably increases with the increasing of ligand size. together with
the ligand conformational entropy change and the ligand reorganisation energy.!!3
Intuitively, the more rigid a ligand is, the higher its reorganisation energy necessary
to adopt the binding conformation will be, and, in compensation, the smaller the
conformational entropy cost associated with binding.

In addition to the contribution given by residues that are in direct contact with
biotin, some studies point out the importance of previously unreported hydropho-
bic residues, which contribute with indirect contacts to the energetics of binding.'!
Residues that neighbour the active site, together with longer range networks of hy-
drophobic residues, could help to orient, in the optimal geometry, the side-chain of
residues directly involved in biotin binding. Also, residues which are unimportant for
biotin binding might be critical for the formation and the stabilisation of f-barrels,
through hydrophobic collapse and inter-strands crossed interactions.!?!

HABA (Figure 7.4), an azobenzene employed to quantify the concentration of
biotin binding sites in solutions of streptavidin and avidin, binds streptavidin ap-
proximately 10 orders of magnitude less tightly than biotin. Thermodynamic mea-

surements show that the interaction energetics are dominated by favourable entropy

components.!?
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The loop comprising residues 45-52, well ordered in the biotin-streptavidin com-
plexes, is partially ordered in the HABA-streptavidin structure, its residues inter-
acting with ligand atoms (key streptavidin/HABA interactions represented in Figure
7.6). The benzoic acid portion of this ligand binds at the bottom of the biotin bind-
ing pocket; its hydroxy-phenyl ring is partially buried inside the protein and partially
exposed to the solvent.’®™ Three hydrogen donor groups belonging to streptavidin
residues Tyr 43, Asn 23 and Ser 27, the ones that stabilise the tetrahedral oxyanion
formed by biotin’s ureido group, establish a key ionic interaction with HABA. HABA
also takes part to a hydrogen bond network that involves the hydroxyl group of Ser 45,
while the side-chains of tryptophan 90, 92. 108 and 120 form a hvdrophobic pocket
that hosts the phenyl-benzoic portion of the ligand, Trp 108 forming a favourable
inter-aromatic edge-to-face interaction (see Figure 7.6). The hydroxyphenyl ring of
the ligand interacts with Trp 79 at the base of the pocket.!?® These interactions,
represented in Figure 7.6, appear, however, as a kind of energetic compensation for
the loss of hydrogen bonds that the ligand was establishing with solvent molecules
prior to binding; ligand desolvation and/or other entropic factors appear to dominate
the binding energetics of HABA 120

Several modified derivatives of HABA have been synthesised and their affinity
for streptavidin tested. For example, X-ray structure studies of 3’,5-dimethyl-HABA
show that this ligand is less ordered than HABA in the binding pocket of streptavidin;
thermodynamic analyses show that it binds streptavidin approximately three times
more tightly than HABA. The increase of the binding free energy appears to be
totally attributable to a favourable entropy gain, probably due to a greater retention
of conformational flexibility in the ligand molecule and to the displacement of an

additional water molecule in the binding site pocket.!?
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Figure 7.6: Interactions between HABA and streptavidin (PDB entry 1SRE) as obtained
by the program LIGPLOT.'?3 Hydrogen bonds and hydrophobic contacts are respectively
represented by dashed lines and arcs with spokes radiating towards the ligand atoms they
contact; the contacted atoms are shown with spokes radiating backwards. LIGPLOT cal-
culates hydrogen bonds and non-bonded contacts with the program HBOND by McDonald
and Thornton (1994).1%1
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ITC studies’®® show that the seven residue peptide NH,-Phe-Ser-His-Pro-Gln-
Asn-Thr-COOH binds streptavidin with a very similar affinity to HABA; however.
the energetic components into which the energy of binding can be dissected are totally
different. In the case of the peptide. the enthalpy of binding is in fact the driving force
of the binding process, and is opposed by a large unfavourable entropy component.
While the cause of the unfavourable entropic factor can be intuitively attributed to
the necessity of freezing the numerous internal degrees of freedom that characterise
peptidic binding, the reason for the highly favourable enthalpic contribution to bind-
ing must be probably sought in the extensive hydrogen-bonds network involving the
heptapeptide molecule.'?® In the crystallographic structure analysed by Weber et
al. (PDB entry 1PTS), only the three central residues of the peptide have a clearly

visible electron-density map.!?°

7.3 Results: Analysis of Streptavidin Conformational Changes

The data set of the present thesis includes 13 streptavidin holo-protein structures
and 6 apo-protein structures at resolution equal or better than 2.0 A. Al the 6
apo-proteins analysed in the present thesis data-set are characterised by a closed
loop conformation, possibly as a consequence of crystal packing interactions (see
section 7.1). The ligands in the complexed PDB structures comprise biotin and
biotin derivatives, HABA and HABA derivatives, and peptidic ligands.

The binding of ligands to streptavidin does not cause dramatic conformational
changes in the protein, even if some studies hypothesise that a significant reorganisa-
tion energy can arise even from subtle side-chain reorganisation.!*® Of course larger

ligands, such as peptidic molecules, are likely to involve greater protein conforma-
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tional changes.

As in the case of endothiapepsin, side-chain flexibility analyses in pairs of holo-
proteins bound to the same ligands were not performed. In the case of the biotin
binding protein, the reason for this is not the lack of holo-protein structures binding
to the same ligands, as several PDB structures solved at good resolution and bound to
biotin and to 2-imino biotin exist. Rather, these protein structures were not analysed

because:

1. they are all crystallised at different pH;

2. they are all from the same author.

Different crystallising conditions, such as a different pH, do not allow ligand-binding
induced side-chain conformational changes to be distinguished from those determined
by pH effects. Also, the fact that the author of all of the structures is unique does
not allow exceptionally rigid side-chains that are a consequence of crystallographers’
biases to be distinguished from those which are instead due to the presence of the
same ligands. As all streptavidin structures of the present data set but two have been

U7 or by Weber and coworkers,'®® the original data set of structures is

solved by Katz
biased by the restricted number of authors and groups who solved them; quantitative
comparisons of side-chain conformational changes occurring in all PDB structures
and in those solved by the same authors (see section 5.4.4) were thus not performed.

In Figure 7.7, some residue sequence numbers and types have been indicated on

a tube representation of streptavidin (PDB entry 1SRE) to help identify some of the

protein residues discussed in this chapter.
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Figure 7.7: Tube representation of residue-name coloured streptavidin dimer structure.
Some residue names and sequence numbers are indicated to help identifying regions dis-
cussed in this section; those referring to residues that are known to establish specific inter-
actions with biotin have been indicated in red.

179



Chapter 7. Streptavidin

7.3.1 All Environments, and Environment Specific Conformational Changes

Figures 4.12-4.17 (chapter 4) show the percentages of side-chain conformational changes
observed in the proteins of this thesis data set when no distinction between exposed

and buried residues are made.

Some consistent trends are found in streptavidin with all methodologies of study.
First, x1 and x2 side-chain torsions are in general more flexible in the binding site
rather than in all protein residues; only in the case of 12 torsions. Najmanovich et al.
and Dunbrack et al. methodologies of study, is the same amount of flexibility in the
binding site and in all protein residues observed. These trends are probably better
depicted in Figures 4.33, 4.34 and 4.35. where the differences between conformational
changes observed in the binding site and in all the residues are plotted.

When residue environments are considered and residue are distinguished as ex-
posed and buried (Figures 4.18-4.23 and 4.24-4.29 in chapter 4) Najmanovich et al.
(Figures 4.24 and 4.25) and Dunbrack and Cohen methodologies of study (Figures
4.28 and 4.29) always reveal significant flexibility of exposed residues. When the
more stringent specific cutoff developed by Zhao and coworkers are applied, buried
x1 torsions are slightly more flexible than the exposed only in all protein residues
(Figure 4.26 and 4.27).

With all methodologies of analysis, streptavidin holo-/holo- comparisons reveal
greater percentages of conformational change than apo-/holo- comparisons (Figures
4.30, 4.32 and 4.31). This trend is consistently stronger in the binding site residues

of the protein.
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7.3.2 Relationships Between Holo-Protein Side-Chain Conformational

Changes and Ligand Similarities

To investigate whether similar ligands induce similar conformational changes in the
same apo-protein structure, Tanimoto similarity coefficients were computed for all
possible couples of non-peptidic streptavidin ligands with 1024-bit Daylight finger-
prints and the default path range number of considered bonds (0-7).

In Figure 7.8, the percentages of conformational changes observed in the binding
site of streptavidin holo-protein pairs have been plotted on the y axis. On the x axis,
the Tanimoto similarity scores of the corresponding pairs of ligands have been plotted.
This graph clearly shows that no correlations between the observed percentages of
conformational changes and the 2D-similarity of the corresponding ligands are found;

this is the case for the majority of protein systems analysed in this thesis.
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Figure 7.8: Percentages of conformational changes observed in the binding site of strep-
tavidin holo-/holo- protein pairs (y axis) plotted against the Tanimoto similarity scores of
the corresponding couple of ligands (x axis). Only Najmanovich et al. and Zhao et al. data
are shown.
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7.3.3 Percentages of Conformational Changes per Residue Sequence

Number

Figure 7.9 shows the backbone structure of streptavidin dimer residues coloured in
accordance to the flexibility of their side-chain torsions. The structures in the first
row of the figure (indicated by letters a, b and ¢) represent the results obtained with
Najmanovich et al. methodology of study. The structures in the second row (d, e and
f) are instead obtained with Zhao et al. methodology of study, and those in the third
row (g, h and %) with Dunbrack and Cohen rotamer libraries. While structures in the
first column refer to apo-/apo- protein comparisons, those in the second column show
apo-/holo- protein comparisons results, and those in the right column holo-/holo-
comparisons results.

As previously observed in the case of endothiapepsin and HIV-1 protease, Naj-
manovich et al. and Dunbrack and Cohen methodologies produce very similar side-
chain flexibility distribution patterns. Apo-/apo- protein comparisons clearly reveal
less conformational changes than all other comparisons methods, especially when
Zhao et al. angular thresholds are applied. Several parts of the protein which do
not show significant flexibility in apo-/apo- protein comparisons (e.g. the flexible
loop that folds and closes over the ligand in protein-ligand complexes) appear in
fact rather flexible in apo-/holo- and holo-/holo- protein comparisons. Moreover,
some side-chains which are found to be highly flexible in apo-/apo- protein compar-
isons clearly show less flexibility in apo-/holo- protein comparisons and are almost
totally inflexible in holo-/holo- protein comparisons. This could be a random event
or, more probably, a consequence of ligand-binding effects, which could ’freeze’ the

side chains of specific residues into one or a smaller range of conformations through
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Figure 7.9: Tube trace of streptavidin backbone structure; all residues are coloured in
accordance with the average percentage of conformational change its x1 torsions undergo,
as detected with Najmanovich et al. (a, b, ¢), Zhao et al. (d, e, f) and Dunbrack et al.
(g, h, i) methodologies of study. The residue average percentage of conformational change
increases from blue coloured residues (which never change conformation) to red coloured
residues (that change conformation 100% of times), passing through cyan, green, yellow
and orange. Proline, glycine and alanine residues have been coloured in grey. Figures in
the first column (a, d, g) refer to apo-/apo- protein comparisons, figures in the central
column (b, e, h) to apo-/holo- protein comparisons and figures in the last column (g, h,
%) to holo-/holo- protein comparisons. Two bound molecules of biotin were left in all the
protein structures to help identifying the binding site.
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direct ligand/side-chains interactions and/or longer-range ligand-binding effects.

In the graphs represented in Figures 7.10-7.15, the average percentages of x1 side-
chain conformational changes have been plotted on the y axis. Since each streptavidin
monomer binds one ligand molecule. the percentages of conformational changes per
residue sequence number have been averaged in these graphs over all four of strepta-

vidin chains.

While the first three graphs (Figures 7.10, 7.11 and 7.12) were obtained with
Najmanovich et al. methodology of study, the last three (Figures 7.13, 7.14 and 7.15)
were obtained with Zhao et al. angular thresholds. Given the very high similarity
between the graphs obtained with Najmanovich et al. angular thresholds (7.10-7.12)
and those obtained with Dunbrack and Cohen rotamer libraries (Figures C.5-C.7), the
latter are not shown in this chapter. To a lesser extent, their trends are also similar to
those revealed by Zhao et al. methodology of study, which however generally detect
greater side-chain conformational changes (especially in apo-/holo- and holo-/holo-
proteins comparisons).

Since the present thesis data set includes six streptavidin’s apo-proteins, i.e.
enough structures to have statistically significant data regarding apo-/apo- protein
binding, a new methodology of analysis to obtain side-chain flexibility values that are
more likely to depend on genuine ligand-binding effects was allowed. The percentages
of conformational changes observed in apo-/apo- protein comparisons were subtracted
from those detected in apo-/holo- and holo-/holo- protein comparisons; in this way,
spontaneous motions of intrinsically flexible residues are neglected, and apo-/holo-
and holo-/holo- protein percentages of conformational changes refined. This sort of

normalisation implies that the resulting flexibility values can be positive or negative;
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Figure 7.10: Percentages of times residues of streptavidin change x1 by more than 60°
in apo-/apo- protein comparisons. Data for residues that belong to the binding site are
indicated with stars; other residues’ data are indicated by small circles. Residue sequence

numbers that correspond to prolines, alanines and glycines are not associated with any
data.

while positive data correspond to residues which are more mobile in apo-/holo- and
holo-/holo- comparisons, negative values might correspond to residues that have been
‘frozen’ in one or a few more preferred conformations as a consequence of long-range
and/or direct contact ligand-binding effects.

Few side-chains conformational changes of binding site residues are detected in
apo-/apo- protein comparisons. In particular, no conformational changes at all are
observed when 60° angular thresholds are employed (Figure 7.10) and only Trp 79,
Asn 23 and Asp 128 (involved in the aromatic or hydrogen bonding network with
biotin and other ligands) significantly move when environment- and residue type
specific angular thresholds are considered (Figure 7.13).

Upon ligand binding, several binding site residues in the mobile loop appear to
change conformation both with Najmanovich et al. (Ser 45 and 52, Asn 49) and Zhao

et al. (Asn 49) methodologies. Also, binding site residues such as Arg 84 (Figure
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Figure 7.11: Percentages of times residues of streptavidin change x1 by more than 60°
in apo-/holo- protein comparisons. The percentages of conformational changes detected in
apo-/apo- protein comparisons have been subtracted; positive values correspond to residues
whose flexibilities in apo- /holo- protein comparisons are greater than those observed in apo-
/apo- protein pairs. Data for residues that belong to the binding site are indicated with

stars; other residues’ data are indicated by small circles. Residue sequence numbers that
correspond to prolines, alanines and glycines are not associated with any data.
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Figure 7.12: Percentages of times residues of streptavidin change y1 by more than 60°
in holo- /holo- protein comparisons. The percentages of conformational changes detected in
apo-/apo- protein comparisons have been subtracted; positive values correspond to residues
whose flexibilities in holo-/holo- protein comparisons are greater than those observed in apo-
/apo- protein pairs. Data for residues that belong to the binding site are indicated with
stars; other residues’ data are indicated by small circles. Residue sequence numbers that
correspond to prolines, alanines and glycines are not associated with any data.
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Figure 7.13: Percentages of times residues of streptavidin change x1 by more than Zhao
et al. specific angular thresholds in apo-/apo- protein comparisons. Data for residues that
belong to the binding site are indicated with stars; other residues’ data are indicated by

small circles. Residue sequence numbers that correspond to prolines, alanines and glycines
are not associated with any data.
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Figure 7.14: Percentages of times residues of streptavidin change x1 by more than Zhao
et al. specific angular thresholds in apo-/holo- protein comparisons. The percentages of
conformational changes detected in apo-/apo- protein comparisons have been subtracted;
positive values correspond to residues whose flexibilities in apo-/holo- protein comparisons
are greater than those observed in apo-/apo- protein pairs. Data for residues that belong
to the binding site are indicated with stars; other residues’ data are indicated by small

circles. Residue sequence numbers that correspond to prolines, alanines and glycines are
not associated with any data.
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Figure 7.15: Percentages of times residues of treptavidin change y1 by more than Zhao
et al. specific angular thresholds in holo-/holo- protein comparisons. The percentages of
conformational changes detected in apo-/apo- protein comparisons have been subtracted;
positive values correspond to residues whose flexibilities in holo-/holo- protein comparisons
are greater than those observed in apo-/apo- protein pairs. Data for residues that belong
to the binding site are indicated with stars; other residues’ data are indicated by small

circles. Residue sequence numbers that correspond to prolines, alanines and glycines are
not associated with any data.

7.11), Ser 27, Tyr 43, Tyr 54, Ser 88, Thr 90, Trp 108 and Leu 110 (Figures 7.14 and
7.15) show significant side-chain flexibility after apo-/apo- protein conformational
changes have been subtracted. Many of these residues are involved in H-bonds or
hydrophobic binding networks with the ligands; however, several other residues which
are critical for ligand binding do not show significant conformational changes with all
methodologies and, generally speaking, binding site conformational changes appear
to be significantly smaller than those observed in HIV-1 protease and endothiapepsin
(see Figures 5.6-5.9 and 6.5-6.8). This could be because most of the residues that bind
biotin through hydrogen bonds are already organised in the correct binding geometry
in the apo-protein structure.!??

In addition to residues that are in direct contact with biotin, Zhao et al. thresh-

olds detect other flexible residues, which might indirectly contribute to the energetics
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of binding*?! (Figure 7.14 and 7.15). Many of these neighbour the active site: others
might be involved in longer range networks of hydrophobic binding, helping to opti-
mally orient the side-chain of residues directly involved in ligand binding and/or be
essential for the formation and the stabilisation of 3-barrels.!?!

The highest peak which can be observed in Figures 7.10 and 7.13 corresponds to
residue Ser 62. This amino acid, which is not part of streptavidin binding site, shows
the highest flexibility observed in apo-/apo- proteins with all methodologies and few or
no conformational changes when apo-/holo- and holo-/holo- proteins comparisons are
considered. Rather than a random event, this peculiar behaviour can be realistically
explained on the basis of a restriction of Ser 62 side-chain conformational freedom
caused by ligand-binding effects.

Even if Ser 62 is not in direct contact with binding site residues, its side chain
interacts with several residues which are part of the binding sites. These include
Lys 80 (which is in contact with binding site residues Tyr 54, Trp 79 and Arg 84),
Asn 85 (which interacts with Asn 49 and Trp 79), His 87 (which is also in contact
with Ala 86 and Ser 88) and Asp 61 (that establishes contacts with binding site
residues interacting with Ser 88). Further, it has been proved that biotin binding to
streptavidin has a cooperative effect, and increases the tight association between the
subunits of the tetramer by establishing and mediating many interactions on one side
of the strong subunit interface.!'”

The residues which are mainly responsible for streptavidin inter-subunits interac-
tions have been identified by crystallographic analyses and structure based engineer-
ing. They include Trp 120, which is often considered part of biotin binding site and

is fundamental for inter-subunits interactions at the weak inter-subunits interface,
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inter-loops hydrogen bonds between Arg 84, Glu 51 and Asn 49 at the strong inter-
subunits interface, and the hydrogen-bonded salt-bridge between Asp 61 and His 87.
WhiCh is fundamental for inter-subunits binding at the strong dimer interface.*!"

Biotin’s closest contact with the strong intersubunit interface are van der Waals
interactions with Ala 86 and a hydrogen bond with Ser 83. Bound biotin also induces
the flexible flap into the closed conformation through van der Waals interactions
and hvdrogen bonds; since Asn 49 of the ordered flap in turn makes van der Waals
interactions with Ala 86, ordering of the flexible loop by biotin and similar small
molecules is also associated with ordering of the Arg 84 side-chain and of the Asp61-
Ser69 loop.!'” Last but not least, ligand binding influences the hydrogen-bonded
salt bridge between Asp 61 and His 87; since the strength of this bond determines
different residue/residue interactions in Ser 62, the greater rigidity detected for this
residue in protein/ligand complexes very likely depends on tighter inter-subunit and
inter-residue contacts induced by ligand binding.

Other residues (such as binding site residue Asp 128) show negative peaks in Fig-
ures 7.14 and 7.15; the restriction of their side-chain conformational freedom imposed
by ligand binding might be the reason of this observation. Residues which instead
are detected as very flexible in apo-/holo- comparisons and as rigid in holo-/holo-

comparisons probably adopt the same conformation in all protein/ligand complexes.

7.4 Conclusions

Streptavidin is a tetrameric protein, often referred as a dimer of dimers, which has
been intensively studied for its exceptionally strong association with biotin. This
peculiarity, together with the availability of several PDB apo-protein structures at

good resolution, and the different conformational characteristics of this protein in
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respect to HIV-1 protease and endothiapepsin are the main reasons for its choice
as the object of the more in depth conformational analysis described in the present
chapter. Further, streptavidin binding site residues, even if to a smaller extent than
those observed in the aspartic proteases, appear more flexible than all protein residues:
this suggests predominant genuine ligand-binding effects, rather than random events,
at the basis of the observed conformational changes (see chapter 4).

Both strongly favourable enthalpic and entropic factors contribute to the highly
negative biotin/streptavidin free energy of binding. HABA interaction energetics are
instead dominated by favourable entropy contributions, which compensate for the loss
of hydrogen bonds that this ligand can establish in solution; in the case of peptidic
ligands, the enthalpy of binding is instead the driving force of the binding process.
and is opposed by a large unfavourable entropy of binding (necessary to freeze the
many degrees of freedom of peptides).

With all methodologies of study, holo-/holo- protein comparisons detect greater
side-chain conformational changes than apo-/holo- protein comparisons. Zhao et al.
environment-specific angular thresholds detect slightly greater flexibility of buried
rather than exposed residues when all protein residues are considered, while undif-
ferentiated angular thresholds reveal significantly greater flexibility of exposed rather
than buried residues especially in the binding site (see chapter 4).

Apo-/apo- protein comparisons show significantly less conformational changes
than all comparisons involving bound streptavidin structures. To obtain percentages
of conformational changes which possibly depend on genuine ligand-binding effects
rather than spontaneous movements of intrinsically flexible residues, the percentages

of conformational changes obtained in apo-/apo- protein comparisons were subtracted
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from those observed in apo-/holo- and holo-/holo- comparisons. As a result, several
binding site residues still show significant side-chain flexibilities upon ligand binding.
Once again residues that are essential in the process of ligand binding can be both
flexible (e.g. Asn 49, ) or rigid (e.g. Asp 128) in apo-/holo- and holo-/holo- pro-
tein comparisons. The main side-chain responsible for the exceptionally favourable
free energy of binding of biotin and derivatives have been identified in hydrogen
bonding interactions (Asn 23, Ser 27. Tyr 43. Ser 45, Asn 49, Ser 88, Thr 98 and
Asp 128), hydrophobic and van der Waals interactions (Trp 79, 92, 108 and 120)
and the interactions established by a mobile loop which folds upon ligand binding
(residues 45-52).113:119:120 The majority of these residues, which are also involved in
binding HABA and its derivatives, are in the correct binding geometry also in the
apo-protein structures;'?? this explain the significantly smaller amount of flexibility
of streptavidin when compared to HIV-1 protease and endothiapepsin. The greater
flexibility observed in holo-/holo- rather than apo-/holo- protein comparisons proba-
bly also reflects the minor conformational changes which streptavidin must undergo
to change from the unbound to the ligand-bound conformation.

While in apo-/holo- and holo-/holo- comparisons Najmanovich et al. and Dun-
brack and Cohen methodologies hardly detect any conformational changes other than
in the flexible loop residues and in Arg 84, Zhao et al. angular thresholds detect a
significantly higher number of flexible residues, both in the binding site and in the
rest of the protein (Figures 7.14 and 7.15).

At the interface between the strongly interacting pair of monomers, the interac-
tion between residues 61-82 and the hydrogen bonds and van der Waals interaction

network that is established between the mobile loop and Arg 84 are believed to change
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nature and get stronger upon ligand binding.!!” The great peak that is found for Ser
62 in the apo-/apo- protein comparisons graphs (Figures 7.10 and 7.13) and changes
sign in apo-/holo- and holo-/holo- protein comparisons graphs (Figures 7.11, 7.12.
7.14 and 7.15) is probably a consequence of tighter inter-subunit contacts and coop-
erative effects induced by biotin binding. Ligand induced effects might also be at the
basis of the significant flexibility reduction observed for Asp 128 in protein/ligand
complexes (Figures 7.14 and 7.15). The conformational behaviour of residues which.
when Zhao et al. angular thresholds are employed. behave as Tyr 43 (which appears
highly mobile when apo- and holo- proteins are compared but dramatically reduces
its flexibility when holo-proteins are considered) could be typical of residues which
rearrange themselves upon ligand binding but always adopt the same conformation
in different holo-proteins.

No correlations at all between the percentages of conformational changes induced
in pairs of holo-protein structures by non-peptidic ligands and the corresponding

ligands’ Tanimoto similarity scores were found.
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Conclusions

8.1 Summary

Proteins are intrinsically flexible molecules in constant equilibrium between a myriad
of different conformations. The need to account for the dynamic properties of proteins
is fundamental in rational drug design; computational methods able to evaluate and
predict the conformations which are likely to be assumed by a protein in the presence
of a ligand are needed. However, a full understanding of protein flexibility and, in
particular, ligand-binding induced fit still have to be achieved. In fact, it is often very
difficult to distinguish between genuine ligand-binding effects and random motions
which proteins spontaneously undergo. Further, crystal structures deposited in the
PDB could show conformations induced by crystallisation conditions and /or contacts,
crystallographic artefacts and/or biased refinement methods.

The aim of this thesis is to analyse the patterns and trends of side-chain confor-
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mational changes, trying to distinguish genuine ligand-induced effects from random
protein motions.

A data set of 10 different protein systems for which multiple PDB apo- and holo-
protein structures at high resolution exist was chosen (carbonic anhydrase II, cy-
tochrome P-450 CAM, endothiapepsin, glutathione S-transferase, HIV-1 protease.
ribonuclease A, streptavidin, trypsin, thrombin, D-xylose isomerase).

All possible pairs of structures within a protein system were compared to identify
side-chain conformational changes occurring in apo-/apo-, apo-/holo- and holo- /holo-
protein pairs. Side-chain conformational changes were defined on the basis of both
constant*® and environment- and residue- dependent®® thresholds. Also, recently

% were employed.

published rotamer libraries

Some conserved trends were observed with all methodologies of study, especially in
the case of the most flexible proteins in the data set (HIV-1 protease, endothiapepsin,
ribonuclease and streptavidin) and cytochrome P-450 CAM. However, several discrep-
ancies in the results obtained with the different methodologies of study are found;
significant “noise” in the obtained flexibility trends is expected.

In HIV-1 protease, endothiapepsin, ribonuclease, streptavidin and cytochrome P-
450 CAM, binding site residues are always more flexible than all protein residues.
HIV-1 protease and endothiapepsin are the only two proteins for which apo-/holo-
comparisons always show greater conformational changes than holo-/holo- protein
comparisons. HIV-1 protease, cytochrome P-450 and carbonic anhydrase II are the
only systems in which buried binding site residues appear more flexible than exposed

binding site residues with all methodologies of study. In the protein systems where

exposed residues are consistently more flexible than buried residues, this trend is
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always more pronounced in the binding sites, suggesting that this observation is also
genuinely related to the mechanism of ligand-induced fit.

Among the different approaches, the Zhao et al. methodology appears to be the
most reliable. On the one hand, the other methodologies employed in this thesis do
not make any distinction on residue environments and. in the case of Najmanovich
et al., residue types. As a consequence, they are likely to detect residues whose side-
chain torsions are very flexible on an absolute scale, biasing the observations of ligand
binding induced-fit towards residues that are intrinsically very flexible, and do not
necessarily change conformation as a result of ligand binding induced fit. In fact,
Najmanovich and co-workers reported that the pairwise comparisons of apo-protein
structures with identical sequence. using a 60° cutoff, yielded the same flexibility
trends obtained with apo-/holo- comparisons.*®

On the other hand, the results obtained with Zhao et al. specific angular thresh-
olds are often very consistent. For example, the conformational changes they detect
in the 10 protein systems, in both apo-/holo- and holo-/holo- protein comparisons,
are 18 times out of 20 greater in the binding site of the proteins, suggesting that they
are indeed able to pick “unusual”, i.e. ligand-induced. rather than intrinsic residues’
flexibility. Moreover, Zhao et al. methodology gives the smallest percentages of apo-
/apo- protein conformational changes, reinforcing the notion that specific angular
thresholds are the best way to spot unexpected side-chain motions.

No correlations were found between the nature of a given residue’s contribution
to the free energy of binding and the amount of their side-chain flexibility.

HIV-1 protease, endothiapepsin and streptavidin were chosen for a more detailed
inspection. Their choice mainly depended on their high flexibility, their different

flexibility trends, and on the observation that their binding sites are more flexible
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than the whole protein with all methodologies. This suggests that the conformational
changes observed in these proteins are more likely to depend on ligand-binding effects

rather than random motions.

Some differences found in the flexibility results and trends of the two proteases
might be explained on the basis of their different mechanisms of ligand binding; while
the ligand-binding reaction is endothermic for HIV-1 protease, and depends on the
burial of a large portion of the protein apolar surface for a favourable free energy of
binding, the endothiapesin ligand binding reaction is favoured both enthalpically and
entropically. Hence, buried residues’ conformational changes in the latter protease
might not be as essential as they are in the case of the viral protein.

The trends of side-chain flexibility that are found in these proteases are broadly in
agreement with previous theoretical and experimental results (NMR data, X-ray B-
factors, MD, NMA, backbone RMSd in crystallographic structures, ITC analysis and
so on). Especially when Najmanovich et al. and Dunbrack and Cohen methodologies
are applied, side-chain conformational changes seem to be larger in regions that also
show signiflcant backbone RMSd, and rigid side-chains appear to be located in protein
zones that seldom undergo backbone movements.” However, significant deviations
from these observations are found when Zhao et al. angular thresholds are employed
to define conformational changes.

Surprisingly, not negligible side-chain motions are found in catalytic residues of

101,105

both proteases, generally believed to be highly inflexible. These findings provide

an independent corroboration of the opinion of Kumar and Koshur,*

according to
whom the catalytic residues of HIV-1 protease, despite being very rigid and stable,

are in fact highly “adaptable”, i.e. can move and adjust their position in response to

internal or external stress (such as mutations and/or the presence of specific ligands),
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even if their electron density is very well defined and their B-factors appear to be the
lowest in the protease structure.®* In fact, while low temperature factors suggests that
active site residues have generally less “systematic flexibility” (i.e. less vibrational
motion) than non-active site residues, this does not exclude the possibility that they
are rather “adaptable”, i.e. able to reach discrete energy wells by overcoming potential
energy barriers (“segmental flexibility”).!®® An enzyme’s capability to change from
one equilibrium conformation to another one in response to a stimulus might be
essential for its catalytic function, and not depend on the fast collective motions of
a-carbons (vibrational motions).

Streptavidin, a tetrameric protein well known for its exceptionally large free energy
of binding with biotin, was also analysed in more detail. Najmanovich et al. and
Dunbrack and Cohen methodologies of study detect more flexibility in exposed rather
than in buried residues of this protein, while Zhao et al. angular tresholds do not spot
significant differences between buried and exposed residues side-chain flexibilities.
Holo- /holo- protein comparisons reveal greater conformational changes than apo-
/holo- protein comparisons, while apo-/apo- protein comparisons show less flexibility
than all comparisons involving bound structures.

To identify side-chain conformational changes which are more likely to depend on
genuine ligand-binding effects rather than spontaneous motions of intrinsically flex-
ible residues, the percentages of conformational changes detected in apo-structure
comparisons of streptavidin were subtracted from those observed in apo-/holo- and
holo- /holo- protein comparisons. The so-obtained positive peaks are often found to
be involved in hydrogen bonds or hydrophobic interactions with the ligands. Large

negative peaks are instead likely to correspond to side-chains which are highly flex-
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ible in the unbound structures, but whose motions are instead ‘frozen’ in one or
few conformations through ligand-binding effects. This is the case of Ser 62. whose
side-chain motions are probably greatly restricted by the tighter inter-residues con-
tacts and cooperative effects induced by biotin binding. Residues for which very high
positive peaks are observed in apo-/holo- protein comparisons but very small flexi-
bility is observed in holo-/holo- protein pairs might correspond to residues that move
upon ligand binding, but which alwayvs assume the same side-chain conformation in

different holo-structures.

8.2 Future Work

This thesis has identified a number of areas where further work would seem indicated.

First, a deeper analysis of specific ligand/protein complexes should be performed, to
avoid missing information that is easily lost when an ensemble of structures is studied.
The comparison of structures on a one to one basis might provide useful insights on
the induced-fit produced by similar or very different ligands; specific interactions
and/or contacts they establish with protein residues might be investigated in the
most interesting cases (e.g. protein/ligand complexes where catalytic residues are
found to undergo conformational changes).

The relationships between side-chain conformational changes and the nature of the
interactions that they establish with the ligands and neighbouring residues could also
be quantitatively defined. The presence of specific interactions types (e.g. hydrogen
bonds and/or hydrophobic interactions) might be directly or indirectly correlated
with the amount of flexibility found in the associated side-chains.

The kind of analysis described in this thesis, and more in depth investigations of

specific protein cases and ligands, is potentially very useful to predict which residues
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are likely to move, and what conformations are likely to be assumed, in protein-ligand
docking. Zhao et al. angular thresholds have proved to give the most consistent results
when random motions and ligand-induced side-chain conformational changes have to
be distinguished; however, one should not forget that the angular range defined by
these thresholds is often very small. If broad conformational changes are desired,
Najmaionovich et al. and Dunbrack et al. angular thresholds should also be taken

mto account.
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Appendix A
Thermodynamic Analysis of Ligand-

Protein Interactions

A.1 Isothermal Titration Calorimetry of Protein-Ligand Bind-
ing

The binding affinity of ligands is a keyv selection criteria in high-throughput screening
and computational analysis. It is defined by the Gibbs energy of binding, AG, that,
in turn, is determined by entropy and enthalpy changes (AG = AH — TAS). In
principle, many different possible combinations of AH and AS can yield the same
AG, i.e. the same binding affinity. In fact, since the magnitudes of the enthalpy and
entropy changes reflect different underlying binding mechanisms, ligands that have
been enthalpically or entropically optimised can present different responses to target
or reaction condition changes even if they exhibited the same starting affinity.!2%126

Isothermal titration calorimetry (ITC) is an universal tool for measuring the ener-
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getics of binding reactions at constant temperature; it is performed at equilibrium, in
solution phase and without any labelling or need for a fluorescent or other probe, and
it provides direct information about the thermodynamics of binding. The enthalpy of
binding and the equilibrium binding constant are directly measured; the temperature
dependence of the enthalpy changes vields the heat capacity which. in turn, provides
insight into the surface area buried during binding.

ITC experiments can be carried out to measure the energetics of protein-ligand

107,108,127 ynder appropriate conditions (temperature, ionic strength, pH.

binding;
etc.), a syringe containing a ligand is titrated into a cell containing a solution of
the macromolecule. As the two elements interact, heat is released or absorbed, un-
til the available binding sites in the cell becomes saturated; at that point, the heat
signal diminishes until only the background heat of dilution is observed. Measuring
the heat evolved in the stepwise addition of a ligand to the solution describes the
association equilibrium in terms of the number of binding sites per ligand molecule
(stoichiometry of the reaction), association constant (K,) and enthalpy of the reac-
tion (AH). Since ITC provides a direct estimation of both enthalpy and Gibbs free
energy changes (AG = —RTInK,), the calculation of the entropy change upon ligand
binding is straightforward (AG = AH — TAS).

However, the enthalpy, the entropy. and the Gibbs energy of binding are global
properties of the system, which cannot be used to infer the precise nature of the
interactions, nor the groups in the protein and in the ligand that are actually involved
in them. To link the experimentally measured thermodynamic properties to the
microscopic structure of the system, the structures of the complex and the free enzyme
can be analysed; enthalpy and entropy changes can be decomposed into different

predictable factors, and the contributions of specific regions of the protein to the total
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free energy of binding distinguished ( “structure-based thermodynamic analysis”).

A.2  Structure-Based Thermodynamic Analysis

A.2.1 Prediction of Binding Enthalpies

As a first approximation, the experimental binding enthalpy of small ligands, AHegp,

can be expressed as the sum of three different factors:**”

AHezp =ng+ AHprotonation + AI{mt'rinsic + AI{conformaz‘,ion (A 1)

The “protonation enthalpy”, AHpotonation. 18 the contribution arising from the
protonation/deprotonation of protein’s or ligand’s groups in the binding processes and
ny+ the number of protons involved. The “intrinsic enthalpy”, A Hjntrinsic, reflects the
interactions between the ligand and the protein, and the solvation changes upon ligand
binding; the “conformational enthalpy”, AH onformation, is the enthalpic contribution

arising from conformational changes.

Protonation/Deprotonation Enthalpy

If a protonation/deprotonation process is associated to ligand binding, AHp,otonation
has to be experimentally dissected by measuring the binding enthalpy at different
pH values and using buffers characterised by different ionisation enthalpies. The
contribution of this term can be, depending on the ionising groups, of the same order
magnitude as the intrinsic binding enthalpy and must be explicitly considered. Once
A Hprotonation has been evaluated, the “protonation-independent” enthalpy of binding

can be calculated as the sum of AHptrinsic and AH conformation-
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Intrinsic Enthalpy

AHnirinsic reflects solvation changes upon ligand binding, hydrogen bonds, van der
Waals interactions and other interactions between the ligand and the protein; it is
the most important term for lead optimisation. Several studies!?”'?® have shown
that most of the heat capacity and enthalpy change associated with the unfolding
of the native state of a protein can be expressed as a linear combination of the
differences in polar (AASA,y) and apolar (AASA,,) solvent-accessible surface areas
between those states. This also applies to the binding of peptides to proteins or
protein-protein interactions, since the atomic interactions are the same. Most binding
processes involve dehydration of protein and ligand surfaces; a negative contribution
is expected from the burial of apolar surfaces and a positive contribution from the
burial of polar surfaces.

The “intrinsic enthalpy” corresponds to the enthalpy that would be observed if the
ligand and, most of all, the protein had the same conformation in the unbound and
in the complexed state, and if no changes in the protonation states of the two species
occurred. The enthalpy at a given temperature T is expected to scale with the changes
in the accessible surface area (AASA) between the complexed and uncomplexed states

according to the equation:'?’

AH(T) = a(T) x AASAqy + b(T) x AASApy (A.2)

In this formula, a(T) and b(T") are empirically determined scaling coefficients,
temperature dependent, and AASA,, and AASA,y, are the changes of accessible
surface areas of respectively apolar and polar atoms.

The presence of buried molecules of water at the interface between the protein and
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the ligand has to be taken into account. These buried molecules of water play in fact
a crucial role in mediating the interactions between enzymes and ligands: they can
fill non occupied volume in the complex, satisfy the hydrogen bonding potentials and
help the dissipation of charges. While all these actions positively contribute to the
binding enthalpy, the incomplete desolvation of the ligand-protein interface decreases
the solvation entropy (enthalpy/entropy compensation); the effect of buried molecules
of water on the Gibbs energv of binding is thus expected to be smaller than their

enthalpic effect. Changes in solvent accessibilities must be calculated taking into

account buried molecules of water within 5-7 A of the ligand.27

Conformational Enthalpy

The binding of small ligands is normally associated with a change in the protein
conformation that can be global or, as it is often the case, involve only local rear-
rangements and/or stabilisation of unstructured regions near the binding site. Also,
the ligand itself can be in enthalpically different states in the bound and unbound

form.

Given the small size of binding enthalpies, the contributions of conformational
changes to binding energies must be explicitly considered even if they are only local
in nature. In theory, crystallographic structures of both free and bound conforma-
tions provide enough information; in practice, it is sometimes impossible to obtain a
high resolution structure of the free protein in exactly the same conditions as those
of the complex, and the conformation which is observed in crystals might not be
representative of the native state ensemble. Also, small crystallographic differences
that are not directly due to ligand binding (e.g. conformational changes in exposed

side-chains that are far from the binding site) are often larger than the ligand binding
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induced-fit. A possible way to address this problem is to use a minimum of two struc-
tures/thermodynamic datasets with different ligands for each protein. where ligands
induce the same bound conformation in the protein. In this case, only the structure of
the complex can be used and the conformational enthalpy considered as a parameter
to be fitted in the parametrisation equation.

For cases in which different ligands determine the same bound protein conforma-
tion, if it is assumed that the enthalpy associated with ligand conformational changes
is negligible in respect to that of the protein, the protonation-independent enthalpy

of binding at a given temperature is equal to:
A}Ibindmg (T) = AHintrinsic + A]{confm"mation (AB)

and

AHpindging(T) = a(T) x AAS Ay + 0(T) x AASApor + AHeon formation(T)  (A4)

In these previous formulae, the conformational enthalpy corresponds to a constant

term and the intrinsic enthalpy of binding is a ligand-specific term.

A.2.2 Prediction of Entropy Changes

The most important entropy contributions in protein-ligand binding are AS,q,, the
entropy change arising from the solvent and mainly reflecting the positive entropy
that results from burial of apolar surfaces upon binding, AS.,; and AS,;, which
correspond to the reduction of conformational and rotational/translational degrees of
freedom occurring in the association of two molecules, and AS;,,, the entropy change

associated with protonation/deprotonation processes:!%

AS = ASconf —+ ASsolv —+ ASM -+ AS’ion (A5)
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The translational /rotational entropy change has been correctly approximated for
a 1:1 binding stoichiometry.!® The entropy of protonation/deprotonation can be
evaluated on the basis of the experimental AG and the AG associated with the
ionisation process.

The other two contributions to the binding entropy change will be analysed in
detail. While the entropy of solvation is temperature dependent, the conformational

entropy is substantially constant at different temperatures.

Entropy of Solvation

ASgp at a reference temperature T can be expressed as a linear combination of the

polar and apolar heat capacity changes, AC, ., and AC, o

ASsol'v(T) = ASsolU,ap(T) + ASsol'u,pol<T) (A6)

and:

ASo(T) = Q'(T)Acp,ap + ﬂ(T)ACp,pol (A7)

where a(T) and B(T) are equal to the natural logarithms of the ratio between the
reference temperature and the temperatures at which respectively the apolar and the
polar hydration entropies are zero (respectively 385.15 K and 335.15 K).58

The heat capacity change is weakly sensitive to temperature and has been parametrised
in terms of changes in the solvent accessible surface area, as it mainly originates from
8

changes in hydration:8

AC, = ACpap + ACp ol (A.8)

and:

AC, = a(T)AAS Ay + b(T)AAS Aoy + o(T)AAS Aoy (A.9)
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In the equation above, AASA,,, AASA,q and AASApy are respectively the apolar.
polar and aliphatic hydroxyl groups’ AASA changes. The coefficients a(T"), b(T") and
¢(T) depend on the reference temperature but, for low-temperature calculations (T

< 80°) the temperature-independent coeflicients are sufficient.%®

Conformational Entropy

The conformational entropy changes associated to protein unfolding and binding can

be evaluated considering three contributions for each amino acid:'%°

1. ASpu—ez, the entropy change associated with the transfer of a buried side-chain

in the interior of a protein to its surface;

2. ASey .4, the entropy gained by a surface exposed side-chain when the backbone

unfolds, i.e. changes from a unique conformation to many different ones;

3. ASy, a contribution due to the immobilisation of the peptide backbone upon

binding.

All these terms have been evaluated for each amino acid, taking into account the
probability of different conformers as a function of the dihedral and torsional angles.®

The parametrisation of inhibitors” conformational entropy changes differ for pep-
tidic and non-peptidic ligands. For peptidic ligands, the same terms described for
protein residues apply; the conformational entropy changes in the protein are mainly
restricted to the side-chains that become buried upon ligand binding, while ASy, is an
important contribution for peptidic inhibitors that can be considered unstructured in
solution and ’frozen’ to a unique conformation in the complex. The conformational
entropy of a free non-peptidic ligand is as a first approximation proportional to its
number of rotatable bonds and to its total number of atoms. The coefficients of the
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linear equation describing ASe.ns dependency on the number of rotatable bonds and
atoms for non-peptidic inhibitors can be estimated from a dataset of nonpeptidic

ligands.
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Appendix B
Residue Stability Constants

B.1 Introduction

Experimental observations (especially NMR techniques detecting hydrogen /deuterium
exchange) have shown that proteins undergo local unfolding reactions throughout
their structure.®®12° They therefore should be considered as complex statistical en-
sembles rather than structures in equilibrium between distinct conformational states.
These unfolding reactions can occur independently of each other and can involve only
a few amino acids; they determine a large number of states, each one defined by the
presence of one or several locally unfolded regions. The native-state ensemble can
be defined as the collections of all these states. The Gibbs energy of stabilisation

of a protein is not uniformly distributed throughout its three-dimensional structure;
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there are in fact regions whose folded conformation is very stable, and regions that

are instead very likely to undergo local unfolding.

B.2 COREX

The COREX algorithm developed by Hilser and coworkers can estimate the individual

stability constants for all the residues in a protein.®9-

The algorithm uses high
resolution crystallographic or NMR structure of a protein as a template; the entire
protein is considered as being composed of different folding units, and multiple states
with some folded and some unfolded regions are computationally generated in all
possible combinations. To maximise the number of distinct partially folded states,
different “partitions”, i.e. different divisions of the protein into a given number of
folding units, are employed. Each partition is defined by placing a block of windows
that define the folding units over the entire sequence of the protein, irrespective of
specific secondary structure elements. By sliding the whole block of windows, different,
partitions of the protein are obtained; two consecutive partitions have the first and
last amino acids of each unit shifted by one residue. This procedure is repeated until
the entire set of partitions have been exhausted.

If N is the number of the residues in a protein and w is the employed window
size, each protein partitioning consists of n folding units, where n is equal to N/w;
if N/w is not an integer, the number of residues in the last unit is set equal to

the remainder, and the number of folding unit n rounded up. To avoid partitions
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into units composed of less than three residues, if any unit contains fewer than four
residues, it is included as part of an adjacent unit. A partitioning results in (2" — 2)
partially folded intermediates, generated by folding and unfolding the units in all
possible combinations. The total number of states generated by this methodology is
24 > (2™ — 2), where the sum is performed on all partitions and n; is the number
of folding units in partition ¢. For example, a protein that that is composed by 129
residues leads to 32,757 different states using a block of windows of 12 residues each.
Different window sizes are generally chosen (ranging from 3 residues to the entire
length of the protein) to check the consistency of the results; in many cases, the
results are independent from the selected window size within a certain range (e.g. 3
to 20 residues).

For each microstate in the ensemble, the Gibbs free energy and thermodynamic
quantities AH, Ac, and AS of each state are evaluated by using an empirical param-
eterisation of the energetics described in previous work!® 1?7 (see appendix A).

For the calculation of the changes of the accessible surface area (AASA) when a
given unit unfolds, this is computed as the difference between the ASA of the unit in
the fully folded state, and the complementary ASA that is created when the unit is
removed from the protein, plus the ASA of the unit in the fully unfolded state. The
unfolded AS A of the unit is calculated based on each residue’s exposed surface area

in a structureless tripeptide conformation.
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The probability that a given residue jis in the folded conformation, Py ;. is equal
to the sum of the probabilities of all the conformational states of the protein in
which that particular state is folded. A descriptor for each residue in the protein can
evaluated as the ratio of the summed probabilities of all the states in the ensemble
in which residue j is in a folded conformation (3 Py;) to the summed probabilities

of all states in which residue j is an unfolded conformation (3 P, ;):

Z ! fiJ
k y — : B .
£ Z Pn-f—,j ( 1 0)

Even if the stability constant is defined for each residue, its value does not repre-
sent the energy contribution of that residue; it is instead a property of the ensemble as
a whole. Stability constants provide in fact the average thermodynamic environment
of each residue, considering the energy difference between each partially unfolded mi-
crostate and the fully folded reference state, determined by the contributions of all
amino acids in the folding units that are unfolded in the microstate, plus the energy
contributions derived with the complementary exposed AASA on the protein.

The residue stability constants provided by COREX can be compared to hydrogen

¥ Slow proton exchange of proteins with the solvent

exchange protection factors.®
can occur only as a result of local partial or global unfolding; protons of residues

that are unfolded in partially folded states hecome in fact exposed to the solvent.

Moreover, the residues located in the complementary regions (i.e. the ones that
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remain folded but are exposed to the solvent when the unfolded ones change their
state) are also in contact with the solvent and can thus exchange their protons.® The
good agreement between the calculated and experimental results suggests that the
calculated native state ensemble provides a reasonable representation of the actual

native state ensemble.
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Additional Figures
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Figure C.1: Percentages of times residues of HIV-1 protease change their y1 rotameric
state’® % in apo-/holo- protein comparisons; residues have been divided in Figure a
(residues from 1 to 50) and b (residues from 50 to 99) for clarity. Data coloured in vi-
olet refer to the first monomer of HIV-1 protease, black ones to the second chain of the
enzyme. Data for residues that belong to the binding site are indicated with stars; other
residues’ data are indicated by small circles. Residue sequence numbers that correspond to
prolines, alanines and glycines are not associated with any symbol. Letters a, b, ¢, d, a’,
b’ ¢’ and d’ on the x axis indicate HIV-1 protease -strand regions, as described in Figure
Alphfig:1AJV; the a-helix h comprises residues from 86 to 94 (Figure Alphfig:1AJV). Some
of the most common names employed to indicate regions of HIV-1 protease have been writ-

ten in the top part of the graph; those that refer to regions that are in contact with the
ligand have been written in red.
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Figure C.2: Percentages of times residues of HIV-1 protease change their x1 rotameric
state®®:%% in holo- /holo- protein comparisons; residues have been dived in Figure a (residues
from 1 to 50) and b (residues from 50 to 99) for clarity. Data coloured in violet refer to the
first monomer of HIV-1 protease, black ones to the second chain of the enzyme. Data for
residues that belong to the binding site are indicated with stars; other residues’ data are
indicated by small circles. Residue sequence numbers that correspond to prolines, alanines
and glycines are not associated with any symbol. Letters a, b, ¢, d, a’, b’ ¢’ and d’ on
the x axis indicate HIV-1 protease f-strand regions, as described in Figure Alphfig:1AJV;
the a-helix h comprises residues from 86 to 94 (Figure Alphfig:1AJV). Some of the most
common names employed to indicate regions of HIV-1 protease have been written in the

top part of the graph; those that refer to regions that are in contact with the ligand have
been written in red.
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Figure C.3: Percentages of times residues of endothiapepsin change their x1 rotameric

state®%:55

in apo-/holo- protein comparisons. Residues have been divided in Figure a (from

residue -2 to 163) and b (residues from 163 to 326) for clarity. Data for residues that
belong to the binding site are indicated with stars; other residues’ data are indicated by
small circles. Residue sequence numbers that correspond to prolines, alanines and glycines

are not associated with any symbol
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Figure C.4: Percentages of times residues of endothiapepsin change their x1 rotameric
state’®5® in holo-/holo- protein comparisons. Residues have been divided in Figure a (from
residue -2 to 163) and b (residues from 163 to 326) for clarity. Data for residues that
belong to the binding site are indicated with stars; other residues’ data are indicated by

small circles. Residue sequence numbers that correspond to prolines, alanines and glycines
are not associated with any symbol.
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Figure C.5: Percentages of times residues of streptavidin change their x1 rotameric
state®® % in apo-/apo- protein comparisons. Data for residues that belong to the bind-
ing site are indicated with stars; other residues’ data are indicated by small circles. Residue

sequence numbers that correspond to prolines, alanines and glycines are not associated with
any data.
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Figure C.6: Percentages of times residues of streptavidin change their y1 rotameric
state®®% in apo-/holo- protein comparisons. The percentages of conformational changes
detected in apo-/apo- protein comparisons have been subtracted; positive values correspond
to residues whose flexibilities in apo-/holo- protein comparisons are greater than those ob-
served in apo-/apo- protein pairs. Data for residues that belong to the binding site are
indicated with stars; other residues’ data are indicated by small circles. Residue sequence

numbers that correspond to prolines, alanines and glycines are not associated with any
data.
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Figure C.7: Percentages of times residues of streptavidin change their x1 rotameric
state®®% in holo-/holo- protein comparisons. The percentages of conformational changes
detected in apo-/apo- protein comparisons have been subtracted; positive values correspond
to residues whose flexibilities in holo-/holo- protein comparisons are greater than those ob-
served in apo-/apo- protein pairs. Data for residues that belong to the binding site are
indicated with stars; other residues’ data are indicated by small circles. Residue sequence

numbers that correspond to prolines, alanines and glycines are not associated with any
data.
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