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We investigate the extent to which the conformational fluctuations of
proteins in solution reflect the conformational changes that they undergo
when they form binary protein—protein complexes. To do this, we study a
set of 41 proteins that form such complexes and whose three-dimensional
structures are known, both bound in the complex and unbound. We carry
out molecular dynamics simulations of each protein, starting from the
unbound structure, and analyze the resulting conformational fluctuations
in trajectories of 5ns in length, comparing with the structure in the
complex.

It is found that fluctuations take some parts of the molecules into regions
of conformational space close to the bound state (or give information about
it), but at no point in the simulation does each protein as whole sample the
complete bound state. Subsequent use of conformations from a clustered
MD ensemble in rigid-body docking is nevertheless partially successful
when compared to docking the unbound conformations, as long as the
unbound conformations are themselves included with the MD confor-
mations and the whole globally rescored. For one key example where sub-
domain motion is present, a ribonuclease inhibitor, principal components
analysis of the MD was applied and was also able to produce
conformations for docking that gave enhanced results compared to the
unbound.

The most significant finding is that core interface residues show a
tendency to be less mobile (by size of fluctuation or entropy) than the rest of
the surface even when the other binding partner is absent, and conversely
the peripheral interface residues are more mobile. This surprising result,
consistent across up to 40 of the 41 proteins, suggests different roles for
these regions in protein recognition and binding, and suggests ways that
docking algorithms could be improved by treating these regions differently
in the docking process.
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The formation of protein—protein complexes is
perhaps the most common event by which bio-
chemical function is mediated. Structural infor-
mation is extremely valuable both in giving insight
into the biochemical nature of the process for which
the components come together, and in facilitating
the design of compounds that might influence it,
but there is relatively little structural information
available about complexes compared to those
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proteins that exist as single chains or form
permanent oligomers, mainly due to the greater
difficulty in crystallizing them.

Therefore, there has been much activity in
developing computational methods of predicting
the structure of protein—protein complexes, the
protein—protein docking problem.' Recent studies
have focused on the case where the structure of one
or both components is known in its unbound state,
when the task is made much more difficult by the
conformational changes that the unbound proteins
undergo when they dock together. These may be
large (e.g. cyclin-CDK, =4 A) but even those which
are quite small (e.g. a couple of A RMSD between
the bound and unbound forms on all heavy atoms;
1 A or less on C* atoms) are enough to reduce shape
complementarity to a level where it alone can no
longer reliably predict the correct form of the
complex.

To dock protein components for which some
conformational change needs to occur, some
methods have been tried that use “soft” scoring
functions that accommodate flexibility*> while
others explicitly include domain hinging move-
ments®” or side-chain flexibility in the docking.®"®
The newest approaches have also begun to take
flexibility in the protein backbone into account.'*

Moreover, in relation to the high-throughput
generation of protein—protein interactions, the
structures of both interacting partners will be
known in only a small fraction of cases, but for
many more it will be possible to build homology
models that may be expected to differ, for a single
conformer, from the true structure by 1-3 A at
relatively high levels of homology (40-100% ID)."> It
would therefore be highly desirable to be able to
dock such models as part of the validation of the
putative protein—protein interactions. Some early
work has been done on this.'® In recent work, it has
been shown that, if both components are homo-
logous to components of a known complex, then
this information can be used to drastically restrict
the conformational search.'” In an effort to facilitate
progress on predictive docking, an international
blind trial, CAPRI, has recently been set up’r.lg’19

Conformational changes of the size discussed
above are within the size of the fluctuations
commonly observed in molecular dynamics (MD)
computer simulations, which also rely on atom-
based force fields but can include water explicitly,
thus increasing the accuracy of the modeling of the
crucial hydration effects, and allow flexibility of any
kind. Motivated by this, we investigate in detail the
fluctuations of the unbound conformations of
complex-forming proteins with a particular view
to determining the extent to which they resemble
the conformational changes on complex formation.
There is no reason to expect the simulation to fall
exactly into the correct bound state; the confor-
mational change is expected to be, in large measure,

+ capri.ebi.ac.uk

induced by the binding partner, but this change
takes place on microsecond to millisecond time-
scales which are as yet inaccessible to classical MD
simulation (even though the components may
become irrevocably committed to complex for-
mation much more quickly).>?**' Moreover, it is
important to point out that MD, and the energy
functions that MD calculations employ, capture
only imperfectly important aspects of the real
energetics of proteins (polarization effects for
example). This will certainly affect the details of
the results we obtain. Nevertheless we believe that
MD can be a valuable tool in addressing the
following, important, question: is the conformation
of the bound component of the complex within the
ensemble of the conformations of the unbound
component (the theory of “pre-existing confor-
mational ensembles”)*** or are certain confor-
mations never sampled in the absence of the
binding partner; in other words, what is the extent
of induced fit?

The previous studies that most resemble the
current work are from the group of Vajda &
Camacho.”?® In the first study,” certain key side-
chain rotamers of six unbound proteins were
examined. In three cases side-chains from the
interface of the complex visit the rotamers that
they occupy in the complex, but only in one case
does the side-chain in the simulation spend the
majority of its time in the rotamer from the complex.
Recently a more extensive analysis has been carried
out with longer simulations on 11 proteins.*® The
authors suggest that one or a few key (“anchor”)
residues frequently sample their bound state and
may be critical in the early recognition stage of
docking.

Strategy

In this study, a set of 22 protein—protein com-
plexes are used, for each of which the complex is of
known structure, and the structures of the com-
ponents in their unbound states have also been
experimentally determined by X-ray crystallogra-
phy. We have carried out MD of the components,
starting each from its unbound state, and compared
the structures that are formed along the MD
trajectory with the structure of the protein in the
complex. We emphasize that each protein is
simulated alone in this study; its binding partner
is not included, so this work shows to what extent
the conformational changes on docking reflect
conformational flexibility inherent in the isolated
component proteins. Three of the proteins appear in
two protein—protein complexes with different part-
ners, so altogether 41 complex-forming proteins
have been simulated. The complexes and unbound
components are listed in Table 1; most are also
present in a Published “Protein—Protein Docking
Benchmark”,”” with some differences as
described in the legend. The set we have simu-
lated includes most of those characterized as
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Table 1. List of the protein—protein complexes investigated, in order of increasing size of conformational change of interface residues on complex formation

Receptor Ligand Total

all-atom all-atom backbone
Complex Receptor interface Ligand interface RMSD in
PDB Receptor PDB RMSD (A) Ligand PDB RMSD (A) interface (A) Class
2PTC Trypsin 2PTN 0.57 Pancreatic trypsin inhibitor 5PTT* 0.98 0.32 Enzyme-inhibitor
1WE]J IgG1 E8 Fab fragment 1QBL 0.84 Cytochrome ¢ 1HRC 1.78 0.32 Antibody-antigen
25NI Subtilisin 2ST1° 0.69 Novo chymotrypsin inhibitor 2 2CI2 1.41 0.37 Enzyme-inhibitor
2SIC Subtilisin 2ST1° 0.60 BPN subtilisin inhibitor 35SSI 1.28 0.40 Enzyme-inhibitor
2VIR Iggl-lamda Fab 1GIGH 0.73 Influenza virus hemagglutinin 2HMG® 3.12 0.41 Antibody-antigen
2PCC Cytochrome ¢ peroxidase 1CCA 1.34 Iso-1-cytochrome ¢ 1YCC 1.06 0.44 Others
1BRC Trypsin 1BRA 1.20 APPI 1AAP 1.40 0.44 Enzyme-inhibitor
1BGS' Barnase 1A2P 1.05 Barstar 1A19 0.99 0.47 Enzyme-inhibitor
1UGH Human uracil-DNA glycosylase 1AKZ 1.11 Inhibitor 1UGI 1.74 0.53 Enzyme-inhibitor
2KAI Kallikrein A 2PKA 119 Trypsin inhibitor 5PTI® 1.40 0.70 Enzyme-inhibitor
1AHW Antibody Fab 5G9 1FGN 111 Tissue factor 1BOY 1.29 0.71 Antibody-antigen
1AVZ HIV-1 NEF 1AVV 113 FYN tyrosin kinase SH3 domain 1SHF 1.69 0.73 Others
1DQJ Hyhel-63 Fab 1DQ(% 1.22 Lysozyme 3LZT 1.69 0.73 Antibody-antigen
1FSS Snake venom acetylcholinesterase ~ 1VXR 1.42 Fasciculin II 1FSC 1.65 0.75 Enzyme-inhibitor
1WQ1 RAS activating domain 1WER 1.44 RAS 5P21 1.61 0.83 Others
IMLC IgG1 D44.1 Fab fragment 1IMLB 1.01 Lysozyme 3LZT 1.03 0.85 Antibody-antigen
1DFJ Ribonuclease inhibitor 2BNH 1.72 Ribonuclease A 7RSA 1.13 1.04 Enzyme-inhibitor
1BVK Antibody Hulys11 Fv 1BVL 1.41 Lysozyme 3LZT 2.19 1.22 Antibody-antigen
1CGI Chymotrypsinogen 2CGA) 291 Pancreatic secretory trypsin inhibitor =~ 1HPT 2.88 1.48 Enzyme-inhibitor
1KKL HPr kinase/phosphatase 1JB1 1.70 Phosphocarrier protein Hpr 1SPH 1.09 2.53 Difficult
1FQ1 CDK2 cyclin-dependant kinase 2 1HCL* 6.05 KAP 1FPZ 1.94 3.55 Difficult
1FIN CDK2 cyclin-dependant kinase 2~ 1HCL 7.76 Cyclin A 1VIN 1.37 4.66 Difficult

 Bound /unbound pairs correspond to the benchmark set of Chen et al.,*’ except for: 5PTI contains one residue more than 6PTI and has higher resolution.

* Bound/unbound pairs correspond to the benchmark set of Chen et al.,>” except for: 25T1 used instead of 1SUP, which has a distorted unit cell and was found to be unstable in MD.
¢ Bound/unbound pairs correspond to the benchmark set of Chen et al.”” except for: 2S5T1 used instead of 1SUP, which has a distorted unit cell and was found to be unstable in MD.
4 Bound /unbound pairs correspond to the benchmark set of Chen et al.,”” except for: 1GIG is an unbound form of the antibody in the complex 2VIR.

¢ Bound /unbound pairs correspond to the benchmark set of Chen et al.,”” except for: 2HMG used instead of 2VIU.

f Bound /unbound pairs correspond to the benchmark set of Chen et al.,*” except for: 1BGS used instead of 1BRS.

8 Bound /unbound pairs correspond to the benchmark set of Chen et al.,*” except for: 5PTI contains one residue more than 6PTI and has higher resolution.

" Bound /unbound pairs correspond to the benchmark set of Chen et al.,*” except for: 1VXR is longer than 2ACE and has higher resolution.

! Bound /unbound pairs correspond to the benchmark set of Chen et al.,”” except for: 3LZT has higher resolution than 1LZA.

J Bound /unbound pairs correspond to the benchmark set of Chen et al.,* except for: 2CGA has higher resolution than 1CHG and fewer unresolved residues.

¥ Bound/unbound pairs correspond to the benchmark set of Chen et al.,” except for: THCL used instead of 1839, which has ATP bound.
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“unbound-unbound” in the benchmark set. Six are
antibody-antigen and ten are enzyme-inhibitor, of
which six are Kazal-type serine protease-inhibitor
complexes. Those in the enzyme-inhibitor class that
are excluded (nine complexes) are mainly either
very similar to another complex or have a disorder-
to-order conformational change associated with
complex formation (e.g. the transducin—G-protein
complex, Protein Data Bank (PDB) code 1GOT). The
proteins considered here are all expected to form

complexes containing more than two components
are of course of great importance, and methods
capable of dealing with them are being developed.”®

The approach of simulating the unbound
component but comparing with the bound, is
represented schematically in Figure 1(a). It will be
useful throughout to consider surface residues as
non-interface or interface, and to subdivide the
interface into core (that is almost completely buried
in the complex) and periphery (that retains some

binary protein—protein complexes, although  solvent accessibility) (Figure 1 (b)). This is similar to

(a)
FYN SH3 domain

unbound

HIV-1 NEF

unbound

MD ensemble
MD ensemble

Figure 1. (a) Schematic Figure of protein complex formation. The example shown is FYN SH3 domain (green) in
complex with HIV-1 NEF (blue) (PDB code1AVZ). The unbound X-ray structures of both proteins (red and orange, PDB
codes 1SHF and 1AVYV, respectively) are shown at the top left and top right. The backbone is shown in ribbon
representation and side-chains in wire-frame. At the bottom left and right, ten configurations from the 5ns MD
trajectories of each protein (produced by RMS clustering) are shown as backbone traces (transparent white). One
conformation from each MD ensemble also has side chains shown in wire-frame representation. At least one bulky side-
chain in the interface, Arg96 of the SH3 domain, can be seen to have adopted a conformation in the MD that more closely
resembles the bound form of the protein. (b) Figure showing the definitions of various kinds of surface residue for the
NEF component. The FYN SH3 domain is shown as a green backbone trace. Surface residues of the NEF (shown in
solvent-accessible surface representation) are defined as those that have greater than 5% of their solvent-accessible
surface area exposed. The solvent-accessible surface area S is calculated using NACCESS”® with a 1.4 A probe, and is
expressed as a fraction of Sy, where Sy is the residue’s accessibility in an extended G-X-G peptide. The first division is into
residues that lie in the interface (closer than 5 A to the other component when the protein is in the complex) and those
that do not (yellow); then the interface is further divided into periphery (orange), where the residues retain some
(5/50=5%) solvent accessibility in the complex, and core (red), where they are completely buried.
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the approach of Lo Conte et al.*> where interface
atoms (not residues) were divided into those that
make direct van der Waals contacts with the
partner, and those that do not; the direct contact
atoms being further divided into partially accessible
and completely buried (core). Notwithstanding
differences in detail, our definitions result in the
assignment of 0.37 of the 1nterface residues to the
core, while in Lo Conte et al.,*® a very similar
fraction, 0.35, of the interface atoms are so assigned.
The average number of residues in the core is 8.5
(* standard deviation 5), and the average number
in the periphery is 14.0 (+5.3).

Having described the observed fluctuations we
then investigate the use of conformations generated
in the course of the MD runs, as well as the
unbound components, in rigid protein—protein
docking with the 3D-Dock suite. This uses sur-
face-co Oplementarl’cy—based scoring in a rigid body
search,’ followed by 1rescor1ng°’2 and an
optional final side-chain refinement® (not used
here). Although sometimes, in some regions, the
MD simulations do approach closer to the bound
conformations, it was necessary to confirm their
usefulness directly, since there is not a clear
correlation between the size of the conformational
change on dockmg and the difficulty of predicting
the complex.’* This information is used in two
different ways: the first is to soften the surface of the
complexes; the second is to dock multiple confor-
mations. Both these approaches have precedents,
surface softemn% and the use of multiple
conformations,*>*>® but in work on protein-
protein docking full-atomic MD has not been
employed to generate the conformations gthough
it has in protein-small molecule docking).”** We
have aimed to treat the information as we would in
a blind trial, without using our knowledge of the
bound state to select the “best” MD conformation.

Results

Part I: description and analysis of the MD
trajectories

Stability of MD trajectories and completeness of
sampling

The first question to be addressed is whether the
MD simulations are sufficiently stable during their
course for reliable inferences to be extracted from
them. It is usual for an MD trajectory to remain
within an RMSD of 2-3 A of the starting structure;
excursions to a higher RMSD are usually regarded
as worthy of further investigation, though they do
not necessarily indicate technical problems: they
could be the result of conformational changes,
which are (of course) what we are endeavoring to
study here. All the trajectories here keep within 4 A
of the starting structure, barring occasional fluc-
tuations lasting of the order of a few hundred
picoseconds, except for 2BNH, 1DQQ, 1IMLB, 5PTI,

1JB1 and 2HMG (see Supplementary Table 1). Of
these, the ribonuclease inhibitor (2BNH) seems to
genuinely undergo a large and functionally impor-
tant conformational change; the HPr kinase/phos-
phatase (1JB1) undergoes a large conformational
change (perhaps due to being simulated in a
different oligomeric state to its in vivo state) and
experiences large fluctuations in a loop that was not
resolved in the crystal structure and was sub-
sequently modeled; 1DQQ and 1IMLB are anti-
bodies for which both the variable and constant
domains were included in the simulation, and the
large RMSD is the result of a hinge-bending
between them; and 2HMG is a viral protein for
which only one component of a trimer was included
in the simulation. A trypsin inhibitor (5PTI) is the
only protein for which the large RMSD cannot be
readily explained. Another method of determining
the stability of a simulation is by the total secondary
structure content; all but four simulations retain
more than 90% of their initial secondary structure
(see Supplementary Table 1).

Since the 5ns of each simulation is a short
timescale for structural changes in proteins, it is
important to investigate how extensive the
sampling achieved in this time is. There is no
method guaranteed to do this, but one way to
attempt it is to carry out a principal components
analysis (see below and in Methods for further use
and explanation of this technique) on the first and
second halves of the trajectory, and see how much
overlap there is between the two sets of eigen-
vectors. The first few eigenvectors define the

“essential subspace” in which the majority of the
motion of the protein takes place, and this subspace
often seems to converge quite fast.*' The overlap of
the first five eigenvectors of the first set and the
first 50 of the second (a large number, chosen to
effectively span the whole of the essential subspace
of the second half) is generally high (0.77+0.1),
indicating that the essential subspace is quite well
defined even on the timescale of a few nanoseconds
(Supplementary Table 1).

Does MD sample near both the bound and unbound
conformational states?: the global RMSD
distribution

The most straightforward way to investigate the
similarity of the unbound and bound conformation
to the MD is simply to RMS-fit the conformations
from the MD trajectory to the bound and unbound
X-ray conformations, using an all-residue, all-atom
fit. The results are summarized in Figure 2. In parts
(a)—(c), we show the histograms of RMSD versus the
unbound and bound states for three typical
examples, 1BOY, where the MD is closer to the
bound, 5PTI, where it is roughly the same distance
from both, and 1HPT, where it is closer to the
unbound. The RMSD between bound and unbound
is shown as an arrow on the x-axis. Note that neither
the bound nor unbound conformation is ever
sampled directly by the MD (none of the histograms
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Figure 2. (a)—(c) Histograms of the RMSD between the MD and the unbound X-ray conformation, and between the
MD and the bound X-ray conformation, for the three proteins 1BOY, 1HPT and 5PTI. The RMSD of bound versus
unbound is shown by a downward-pointing arrow. (d) Histogram of the distance of all MD snapshots of all proteins
from the respective bound and unbound X-ray structures after all-atom RMS fitting. Blue line: RMSDp versus bound) —
I{1\/IS]D(MD versus unbound); §TEEN line: RI\/IS])(MD versus bound) — RMSD(unbound versus bound)-

extends to zero). The bimodal shape of the
histogram for 5PTI is indicative of a conformational
transition that takes place during the simulation.
Shapes similar to this, or even more complicated,
are quite common. Corresponding data are shown
for all 44 proteins in Supplementary Figure 1.
Figure 2(d) shows two histograms for all proteins
pooled. The green histogram shows the offset,
1le[S]:)(MD versus bound)_RMSD(bound versus unbound)s
so it summarizes the difference between the black
histogram and the vertical arrow in (a)—(c) for all
proteins. As there are no points below zero, a
complete MD conformation was never closer to
the bound than the unbound to the bound. The

blue histogram is RMSDwpD versus bound)
RMSD(MD versus unbound), and summarizes the differ-
ence between the red and black histograms for all
proteins. Interestingly, 58% of the blue histogram
lies below zero, showing that the MD is slightly
closer to the bound conformation than to the
unbound. This is significantly different from a
50-50 division if we assume that the conformations
generated by the simulations become effectively
de-correlated over a timescale of 1 ns.

Although all the MD snapshots are more different
from either X-ray structure than the X-ray struc-
tures are from each other, it might be that this
general tendency to move away from both X-ray
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conformations disguises the movement at certain
instants of certain small regions of the molecule
closer towards the bound conformation; these are
swamped in a global RMS fit by the larger regions
that move away (at that instant). We investigate this
hypothesis later. However, we first investigate
larger-scale movements, as these are sometimes
required for the function of the proteins, and
proteins that undergo them are often the most
difficult to dock.

Large-scale readjustments: essential dynamics

Information about large-scale conformational
fluctuations of proteins can often be derived
efficiently from relatively short (~5 ns) molecular
dynamics simulations using essential dynamics
(ED), which is a princi_gal component analysis
(PCA) of the trajectory.*’™ The covariance matrix
of atomic displacements observed during the
simulation is generated (using either all protein
atoms or, for a large protein, some subset such as C*
atoms), and then diagonalized. The resulting
eigenvectors, the principal components, may then
be sorted according to their eigenvalues. It is often
found that the molecular motions described by the
first few eigenvectors, with large associated eigen-
values, are the most important in producing the
fluctuations of the system, and tend to correspond
to large-scale motions of the molecule (i.e. motions
correlated over a long distance). True induced-fit
motion, however, may not correspond to these
eigenvectors.

In Table 2, the patterns of atomic displacement in
the first 20 principal components (PCs) are com-
pared with the conformational change from
unbound to bound. This is done using the corre-
lation and the overlap, defined in the methods
section. Correlation and overlap are calculated for
the C* atoms only, so this measure of the confor-
mational change concentrates on the backbone. The
correlation is a measure that takes into account only
the size of the atomic displacement, whereas the
overlap (the modulus of the averaged dot product)
considers its direction. The average (standard
deviation) of the overlap for the first principal
component is 0.13(0.11), and its correlation
0.27(0.18). For the second principal component,
average overlap is again 0.13(0.15) and average
correlation 0.30(0.22). For the best principal com-
ponent among the first 20, the average overlap is
0.31(0.12) and the correlation is 0.50(0.17).

Only four proteins, ribonuclease inhibitor
(2BNH), Novo chymotrypsin inhibitor 2 (2CI2), an
antibody (1BVL) and pancreatic trypsin inhibitor
(IHPT) have an overlap >0.5, and only one of
these, 2BNH, has an overlap >0.75. The correlation
is generally larger than the overlap, but the two
measures tend to behave in the same way for a
particular protein: again, 2BNH is one of only two
that have a correlation >0.75. Taken all together,
these results suggest that for the majority of
proteins the eigenvectors from an all-residue PCA

do not provide a good model for the conformational
change on docking.

For a particular protein, any of the first 20 PCs
may have the highest overlap, but if the overlap or
correlation is high in absolute terms, the associated
PC s likely to be one of the first few: all the PCs with
an overlap >0.5 are found in the first five. The
importance of PCs with low eigenvector indices is
consistent with a previous MD study on domain
movements in AAA—G—pro’ceins,44 though PCs with
higher eigenvector indices turned out to be impor-
tant in a recent similar study of loop movement on
ligand binding to a protein kinase.”® That study,
however, may correspond to the protein—protein
examples where no PC with a high overlap was
found, because it took into account more PCs than
the current work and they were derived in a
different way (from normal modes rather than MD).

The special status of the ribonuclease inhibitor
2BNH amongst the proteins studied here was
confirmed by an analysis with DynDom (see
Methods)****" on both the bound-unbound X-ray
crystal structures and the structures obtained by
projection along the PCs. This analysis was per-
formed for all 22 proteins in the test set (data in
Supplementary Table 2), and 2BNH turned out to be
unique in having dynamic sub-domains in all of the
first five PCA eigenvectors and in the unbound-
bound transition, as shown in Figure 3. We show the
domains in all five of the eigenvectors, since
individual eigenvectors do not reliably converge
on a 5ns timescale,*! consensus is valuable in
establishing any apparent result. There is reason-
able agreement between the X-ray sub-domains and
those in the PCA eigenvectors, particularly those in
eigenvectors 2 and 4 (Figure 3 (b2) and (b4)): at least
two sub-domains are found, with a hinge around
the eighth of the helix-strand repeats that make up
the structure, enabling the inhibitor to wrap around
the ribonuclease. There is also some evidence for a
further domain in the C-terminal half (present in
eigenvectors 2 and 5). In addition, there is good
agreement in the unbound-bound transition
between the hinge regions identified by DynDom
and MolMovDb (a database of protein confor-
mational changes)* (Figure 3 (a)). The extent to
which the movement along the measured PC
eigenvectors actually results in a reduction in the
C”* RMSD of the unbound protein relative to the
bound is shown in Figure 3(c).

As this protein is unique in our data set in
showing substantial sub-domain motion, we have
treated it differently by docking conformations
derived from the PCA, as described later.

Small-scale readjustments

The above analysis has concentrated on medium
to large scale movements of the protein backbone.
As stated in the section on the global RMSD
distribution, it is also of interest to investigate in
detail how smaller regions of the proteins move;
in particular short segments of backbone, or the



Table 2. Relationships between unbound-bound conformational change Ar and principal components (PC) q; produced by essential dynamics analysis of MD

cplx Protein  Overlap Correlation
Collec-
) . tivity
First Second Best Index of first: First Second Best Index of first: (ub-b)
>0.5 >0.25 >0.5 >0.75
2PTC 2ptn 0.03 0.09 0.25 9 - - 0.28 0.37 0.46 1 - - 0.57
Spti 0.29 0.39 0.40 10 1 - 0.56 0.88 0.88 1 1 2 0.05
1WE] 1qbl 0.27 0.10 0.27 1 1 - 0.38 0.33 0.45 1 - - 0.41
lhre 0.14 0.08 0.24 14 - 0.04 0.00 0.21 - - - 0.61
2SNI 2stl 0.32 0.02 0.32 1 1 - 0.37 0.32 0.51 1 14 - 0.45
2ci2 0.28 0.50 0.50 2 1 2 0.45 0.63 0.63 1 2 - 0.46
2SIC 2stl 0.16 0.03 0.34 3 3 - 0.33 0.43 0.55 1 13 - 0.44
3ssi 0.04 0.01 0.26 5 5 0.34 0.28 0.48 1 - - 0.38
2VIR 1gig 0.10 0.06 0.24 3 - - 0.36 0.14 0.57 1 18 - 0.23
2hmg 0.39 0.26 0.39 1 1 - 0.48 0.33 0.48 1 - - 0.37
2PCC lcca 0.05 0.27 0.30 12 2 - 0.27 0.55 0.68 1 2 - 0.30
lycc 0.03 0.16 0.18 6 - - 0.09 0.14 0.47 3 - - 0.35
1BRC 1bra 0.14 0.13 0.23 6 - - 0.31 0.29 0.71 1 6 - 0.56
laap 0.28 0.08 0.37 4 1 - 0.25 0.09 0.54 1 4 - 0.56
1BGS la2p 0.01 0.19 0.42 13 3 - 0.31 0.40 0.56 1 3 - 0.57
1a19 0.25 0.27 0.27 2 1 - 0.12 0.17 0.43 4 - - 0.65
1UGH lakz 0.06 0.02 0.31 10 1 - 0.16 0.11 0.51 5 14 - 0.52
lugi 0.23 0.07 0.29 8 8 - 0.02 -0.03 0.30 10 - - 0.46
2KAI 2pka 0.14 0.09 0.19 9 - - 0.41 0.25 0.50 1 - - 0.14
5pti 0.05 0.12 0.24 10 - - -0.14 -0.07 0.37 4 - - 0.35
1AHW 1fgn 0.10 0.02 0.20 12 - - -0.06 0.12 0.26 17 - - 0.62
1boy 0.05 0.06 0.17 6 - - -0.12 -0.03 0.02 - - - 0.45
1AVZ lavv 0.11 0.20 0.25 3 - - 0.17 0.45 0.53 2 4 - 0.44
1shf 0.03 0.00 0.30 4 4 - 0.12 0.29 0.37 2 - - 0.65
1DQJ 1dqq 0.30 0.10 0.30 1 1 - 0.03 0.04 0.04 - - - 0.27
3lzt 0.16 0.03 0.45 3 3 - 0.30 0.48 0.58 1 3 - 0.37
1FSS lvxr 0.00 0.02 0.22 5 - - 0.34 0.41 0.46 1 - - 0.42
1fsc 0.19 0.33 0.35 7 2 - 0.37 0.54 0.61 1 2 - 0.61
1WQ1 lwer 0.20 0.03 0.35 10 8 - 0.44 0.23 0.64 1 3 - 0.43
5p21 0.26 0.02 0.26 1 1 - 0.55 0.03 0.56 1 1 - 0.34
IMLC 1mlb 0.04 0.12 0.27 9 9 - 0.37 0.30 0.51 1 7 - 0.42
3lzt 0.06 0.31 0.31 2 2 - 0.38 0.48 0.68 1 4 - 0.38
1DFJ 2bnh 0.40 0.77 0.77 2 1 2 0.63 0.79 0.79 1 1 2 0.51
7rsa 0.13 0.01 0.33 6 6 - 0.41 0.36 0.68 1 10 - 0.47
1BVK 1bvl 0.14 0.06 0.54 4 4 4 0.22 0.48 0.57 2 4 - 0.50
3lzt 0.15 0.24 043 5 5 - 0.18 0.69 0.69 2 2 - 0.13
1CGI 2cga 0.01 0.12 0.29 3 3 - 0.12 0.32 0.40 2 - - 0.11
1hpt 0.07 0.23 0.51 5 5 5 0.52 0.49 0.55 1 1 - 0.23
1KKL 1jbl 0.07 0.06 0.18 16 - - 0.34 0.49 0.63 1 4 - 0.31
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changes to particular side-chain rotamers. The
“global” RMSD analysis of the entire molecules
conducted above is liable to miss fluctuations in
short segments of the protein chain which take
them closer to the bound conformation, because it
involves fitting of protein conformers on all (or all
C”) atoms, which may well not produce alignment
in the segment in question.

0.69
0.19
0.40
0.15
0.44

Small-scale readjustments: RMSD in moving
windows show local movements towards the bound

State
D=8 We have looked for such local fluctuations of the
backbone by fitting the MD trajectory to the bound
X-ray structure over a moving window along the
polypeptide chain and calculating the RMSD of the
R same window as a function of time. The width of

the window was taken as four residues throughout.
The RMSD calculations were performed for all
heavy atoms and also for C* atoms alone.

The results are shown in Figure 4. In Figure 4(a)
the simulations are analyzed separately and the
fraction of segments shown for which the MD
approaches closer to the bound state. In this case we
mean “closer to the bound state than the unbound
conformation is”, i.e. RMSDwD oversus bound) <
RMSD (unbound versus bound)- Figure 4(a) shows: firstly,
the fraction of segments that fluctuate closer to the
bound even for a single instant (these events of
closest approach generally last only a few tens of
picoseconds and will in general occur at different
times for different segments); secondly, the fraction
of segments that are closer to the bound in the best
single trajectory snapshot (i.e. the snapshot that
contains the most such segments); and thirdly, the
fraction of segments that are closer to the bound on
average during the MD. It is found that 52(+17)%
of the surface segments fluctuate at some time
closer to the bound state (the range being the
standard deviation over all 41 proteins). The
fraction of surface segments closer to the bound in
the best single structure is 17(£10)%, and the
fraction closer to the bound on average is 5(+5)%.
Figure 4(b) relates to the times of closest approach;
the main Figure is a histogram of the time-slices for
which the segments make their closest approach to
the bound state, and the inset is a histogram of the
time-slices at which best single snapshots occur. It is
apparent that all these closest approaches tend to be
early on in the simulations.

We have also carried out the analysis of Figure
4(a) specifically for the core and periphery of the
interface separately (data for individual proteins
not shown). The fractions obtained are very similar
in the periphery, while in the core 52(+30)% of
segments are ever closer to the bound, 30 (+27)%
closer in the best single and 3(46)% closer on

0.25
0.36
0.60
0.31
0.38

0.10
0.04
0.23
0.03
0.23

0.08
0.20
0.54
0.19
0.37

0.02
0.05
0.01
0.06
0.05

0.03
0.02
0.05
0.04
0.02

The vectors are evaluated for all C* atoms. The PCs are ordered by decreasing size of the associated eigenvector. In the first half of the Table, the overlaps of the first and second PC are shown, then the

highest overlap out of the 20 PCs considered (“best”) and the index of that PC. Then, for the three values 0.25, 0.5 and 0.75 of the overlap, we show the index of the first PC having an overlap of such a

size. The second half of the Table is similar but for the correlation between q; and Ar, rather than the overlap.

S N —

Fe&s é: average. The difference between closest MD and the
unbound is generally small, however, and the
glycoslyase inhibitor 1UGlI is in fact the only protein

o & in the test set where the RMSD of a reasonably large
a5 & section of the interface becomes appreciably lower.
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(c)

RMSD unbound projected along PC, compared to bound
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The details of this are shown in Figure 4(c) and (d),
showing interface segments around residues 15-20
that fluctuate appreciably closer to the bound
conformation than the unbound, even on average,
during the MD.

Small-scale readjustments: bound side-chain
rotamer occupancies higher within the core regions
of interface

Here we investigate whether the MD simulation
of the unbound structure produces conformations
in which the rotamers occupied by the side-chains
in the bound structure are visited. It is natural to
divide the side-chains into those where the rota-
mers change between bound and unbound, and
those where they do not; and also those where the
MD rotamer (starting from the unbound) makes a
correct prediction of the bound and those where it

Figure 3. Domain movement and
RMSD of ribonuclease inhibitor.
(a) Sub-domains identified by
DynDom45’46 from analysis on
bound (1DFJ), light grey trace, and
unbound (2BNH) conformations:
two sub-domains, blue and red,
are highlighted by a screw axis
that lies approximately midway
and within the plane of the mol-
ecule. The hinge residues between
domains are coloured in green. As a
control, the main hinge identified in
the database MolMovDb,* is indi-
cated to be in a similar region
(yellow residues). For (a), and for
(b1)—(b5) described below, arrows
indicate direction of relative sub-
domain motion: each domain pair
is coloured the same as the shaft
and head of the arrow relating their
motion. (b1l)-(b5) Sub-domains
identified by DynDom from con-
formations along principal com-
ponent eigenvectors 1-5: domains
blue, red, magenta, cyan and yel-
low, hinge residues green. (b1) and
(b3)—(b5) show the predominant
twisting motions between sub-
domains within the plane of the
molecule while (b2) shows a twist-
ing motion along an axis perpen-
dicular to this plane. There is
approximate agreement as to
where the domains lie. (c) Effect of
projecting the unbound confor-
mation along a PC eigenvector
with high (the first, overlap 0.4) or
low (the sixth, overlap 0.04, i.e. not
significantly different from zero)
overlap with the unbound-bound
transitions, and comparing the C*
RMSD of the resulting structure
with the bound.

does not. This is described in detail in the caption to
Figure 5; an example of the cases that need to be
considered when the bound and unbound rotamers
are different is shown in Figure 5(a). To define a
single rotamer for an entire side-chain, we use each
unique combination of the y; and y, rotamers,
where they are put into bins of width 120° or 180°, as
appropriate for the amino acid residue.

The results are shown in Figure 5(b) for all
proteins, pooled, normalized, and analyzed in the
five groups, surface, interface, surface-but-not-
interface, interface core and interface periphery,
and three different criteria for true positive/true
negative rotamers: that the most frequently visited
rotamer by MD must match the bound, that the
second most frequently visited must match (so the
bound state would be the most frequently visited
sub-state), or that any may match. Hatched bars
indicate that the rotamer does not change on
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Figure 4. (a) Fraction of segments that are: closer to bound than unbound at any instant (so corresponding not to a
single MD snapshot in each protein but to a “mosaic” of segments from different snapshots); in the best single structure;
or on average throughout the simulation. (b) Distribution of times corresponding to snapshots of closest approach: (main
Figure) treating surface segments independently; (insert) for the single structure containing the most such segments.
(c) Bound—unbound RMSD (dotted blue line) for glycosylase inhibitor 1UGI, and comparison with MD fluctuations:
showing the closest approach at any instant of the simulation (again corresponding to many MD snapshots); the closest
single conformation; and the average RMSD over the whole MD trajectory. (d) Glycosylase (bound, blue; unbound, red)
and glycosylase inhibitor (bound, green; unbound, orange). The interface segment around residues 16-21 is shown in

protein

docking (so the unbound side-chain is already in
the correct rotamer for docking); blue indicates that

cartoon representation.

the MD has the correct rotamer for docking.

First, we remark that about 1/3 of the residues

change rotameric state between the bound and
unbound conformations, and this fraction is very
nearly independent of whether the residue is in the
interface or not, though in the core of the interface it
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is slightly less, 1/4 (this is essentially consistent
with previous work).*® Using the most-visited
rotamer as the criterion, about half of the side-
chains are predicted to change rotamer by MD, and
also about half are correctly predicted. In general,
then, the unbound X-ray conformation provides a
better model for the bound rotamers than the MD,
but there are many side-chains where the bound
rotamer is predicted by MD and not by the
unbound. Predictions of the bound rotamer are
more likely to be right for side-chains that do not
change rotamer than those that do. This, again, is
independent of whether the side-chains will lie in
the interface or not, but the interface core is
predicted better than the rest of the surface, and

(b)

Rotamers : normalized

- o — o -
N~ = N~ N> = o~ oo > = o
P = Oyt = Ovenood s
0 < 0N v 0+ m i 0 % N

the interface periphery a little less well. In all
regions, the fraction of true positives is lower than
the fraction of false positives of type (a), which
means that the unbound X-ray has a slightly greater
fraction of its side-chains in the correct rotamer for
docking than is predicted from the most likely MD
rotamer. The region where the MD performs best,
however, is the interface core. The fraction correctly
predicted falls if the second most visited rotamer in
MD is used to compare with bound and unbound.
This shows that there are more surface residues for
which the bound rotamer is the most probable
rotamer in solution, than there are residues
for which it is the second most probable. This
suggests that if the bound state is present as a

Figure 5. Side-chain rotamer
occupancies, MD (rotamer ymq)
compared with bound (x,) and
unbound (). The rotamer for a
particular side-chain is defined as
a unique combination of the ¥
and y, rotamers (¥ and higher
rotamers, where the side-chain has
them, are ignored). False positive
(type a) (hatched red): b= ="%ub
and ! =yma. False positive (type
b) (orange): %! = b and %! =%ma
and Yub'=%md. False negative
(red): Xb!=Xub and Aub= = Amd-
True positive (blue): yp! =xuw and
Ab= = Amd- True negative (hatched
blue): yp==7ouw and %= =%Yma-
Hatched bars indicate that the
rotamer does not change on dock-
ing (between b and ub); blue
(hatched and solid) indicates a
correct prediction from the MD.
(a) Conformations of a typical
side-chain, showing bound X-ray
(transparent blue), unbound X-ray
(transparent red), and confor-
mations from MD colored as
described above, i.e. correspond-
ing to true positives (solid blue),
false negatives (solid red), and

0.5
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False Positives (type a)
False Positives (type b)
False Negatives

True Positives

True Negatives

false positives Type (b) (solid
orange). (b) Culmulative results
for all proteins, broken down into
the five classes all surface residues,
all interface, all in surface but not
in interface, interface core and
interface periphery. The results
are normalized by the total num-
ber of rotamers in each class (this
total number being shown above
the bar). “first” means that ¥ ,q is
the most populated MD rotamer,
as in A, “second” means that it is
the second most populated,
whereas “all” means that any of
the rotamers visited in the course
of the MD, provided they are
occupied for >5% of the simu-
lation time, can be used in defining
a true positive or true negative.
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“conformational sub-state”, it does not show a
strong tendency to be the second most occupied.
Finally, to find if the bound conformer is present as
a sub-state at all, we also consider the number of
residues whose bound state is amongst any of those
rotamers that are visited for a substantial fraction
(=5%) of the simulation time. About 80% of
residues satisfy this criterion. Why are not all
bound rotamers visited? First, the simulation time
may still be too short for side-chains that are tightly
packed on the surface of each protein, and so need
to move in concert to reorganize, to reach the
rotamers observed in the bound state. Second, it
may simply be an indication of inaccuracies in the
force field. Third, some of the bound state rotamers
in regions away from the functional protein—protein
interface may themselves be the result of crystal
contacts between complexes in different asym-
metric units. Finally, all bound rotamer states may
only be observed in the presence of the binding
partner: the induced fit model.

The complete results analyzed separately for each
protein for the most frequently visited rotamer are
in Supplementary Table 3.

Analysis of interface core/periphery and other
residues

We now analyze several residue-level properties
pooled for all 41 of the proteins simulated, breaking
them down according to the various regions of the
proteins as defined previously. Of particular inter-
est is the interface, and its subdivisions into core
and interface, and the rest of the surface. The results
are shown in Figure 6.

First the conservation was assessed by running
five cycles of PSI-BLAST on each protein and
mapping the conservation of each residue. If the
conservation is averaged over the regions of the
surface, the degrees of conservation are signifi-
cantly different: the periphery of the interface is less
conserved even than the rest of the surface, and the
interface core is more so, and residues here may
even be as conserved as the buried residues (Figure
6(a)). Because these differences are in different
directions, there is no significant difference in the
conservation of the interface as a whole and the rest
of the surface.

A simple way to quantify local mobility in the
same way is to evaluate the root-mean-square
fluctuation (RMSF) of each atom, and average
over residues. The result is shown in Figure 6(b).
There is greater local mobility in the periphery of
the interface than in the rest of the surface, and less
in the core of the interface, whether all atoms are
considered or just the C* atoms of the backbone, the
difference being significant as shown by the lack of
overlap of the (2 X standard error of the mean) error
bars. If these averages are evaluated for each
protein separately, the mobility of the core is
lower than that of the periphery of the interface
for 35/41 proteins (though the difference is not
usually significant). A specific example of this is

shown in Figure 6(c) and (d), where residues in the
periphery and core of the interface of protein 1BOY
are shown, coloured according to C* RMSF. The
exceptions are 1A19, 1AAP, 5PTI, 1CCA, 3SSI and
2CI2. The majority of these are inhibitors. It is also
noteworthy that 5/6 of them have less than the
average number of residues in the interface core.

Another measure of local mobility comes from
the occupancies of the rotamers of a particular side-
chain, as investigated in the previous section. It is
possible to define an entropy:**~!

S=—kgy pinp

and an associated effective number of rotamers for
the side chain:>

Negf = exp(S/kB)

The results for neg for the proteins under study
are shown, categorized by residue in Figure 6(e)
and averaged over all types in Figure 6(f). It is
apparent that, most side-chain types (particularly
the longer and more mobile acidic, amide, and basic
side-chains) are slightly but significantly less
mobile in the patches that will form the core of the
interface, and slightly more so in the periphery.
Once again, the significance of the result disappears
if the interface is considered as a whole. This result
is in agreement with the RMSF analysis and also
agrees with previous work,” where it was found
that waters in protein—protein interfaces are less
mobile; it might be expected that the protein side-
chains near to them will also tend to be so. In
comparison with the previous work in which the
entropy was calculated from the observed statistics
of side-chain rotamers in the PDB,*™! the numeri-
cal values are slightly smaller (one estimate® was
that the average value of TAS on binding was
1 kcal mol ™}, corresponding to n.4=>5.5, compared
with 4.5 obtained in the current work; it was also
estimated that the largest value of TAS was
2.1 kcal mol ! for Gln, corresponding to n.4=235,
much larger than n.s=7 for Lys and Met found
here). These results suggest that the entropic effects
on binding from this source might be slightly lower
than previously estimated. The small influences of
environment seem not to have been observed
before, possibly because a difference between 4
and 4.5 in n¢¢ corresponds to a very small change in
TAS of only 0.07 kcal mol L. Considering n.s for
each protein separately (data not shown), the
mobility of the core remains lower than that of the
periphery (though not significantly so) for 35/41
proteins. The exceptions this time are 1BOY, 1AAP,
1MLB, 1UGI 1QBL and 2PKA, of which only 1AAP
was identified before in the RMSF analysis. The
consensus result of RMSF and entropy, then, is that
30/41 of the proteins individually have a higher
mobility in the periphery of the interface than the
core. However, if only one of the two measures is
required, then up to 40 of the 41 proteins show this
tendency.
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Cluster analysis of the trajectories

We have used cluster analysis of the trajectory to
select conformations that are representative of the
MD trajectory as a whole for use in docking (see
next section); in most cases only one or two clusters
dominate the entire trajectory; so we select the
median conformation from the two clusters of
longest lifetime (or from a single cluster, if no
other has a lifetime longer than 0.5 ns). By “median”
we mean the conformation that has lowest total
RMSD to all the others in the cluster. Two examples
are shown in Supplementary Figure 2(a). The
distribution of cluster lifetimes is shown in the
first part of Supplementary Figure 2(b), showing
that the majority of the clusters are short lived, but
there are a few that last for a large proportion of the
simulation. The second part of Supplementary
Figure 2(b) shows that the two longest-lived
clusters together always occupy at least half the
trajectory, and frequently more (on average 3.6
(£0.9) ns, or 72% of the total simulation time); see
also Supplementary Table 4. The contingency
analysis on the first two side-chain rotamers has
also been repeated for the cluster-center confor-
mations (Supplementary Figure 2(c)), with similar
results to those for the most-populated rotamer of
the entire trajectory.

The MD cluster centers (like the trajectory from
which they come) are more distant from the bound
than is the unbound in terms of the RMSD of both
the interface and the whole molecule (data in
Supplementary Table 4). Perhaps the relatively
short simulation time, 5ns, and/or the classical
energy functions used in the MD simulations, may
be the root cause for this discrepancy. Nevertheless,
by sometimes including side-chain or backbone
conformations that are closer to the bound, and
which may in some cases be of particular import-
ance in establishing surface complementarity, dock-
ing may overall be improved, especially in cases
where the use of the unbound conformations alone
does not lead to a satisfactory result.

Part Il: is rigid-body docking improved by
information gleaned from the MD trajectories?

We investigate the effect of use of MD-derived

conformations rather than unbound X-ray struc-
tures with the protein—protein docking program
3D-Dock.®*** To summarize, the program exhaus-
tively searches the space of relative translations and
rotations of receptor and ligand, keeping several
thousand candidate complexes based on high sur-
face complementarity and a negative electrostatic
energy. These are then re-assessed using a scoring
function called RPScore, derived from the statistics
of residue-residue contacts in the PDB, and
clustered. To improve the likelihood that the “top
ranked” clusters by this method will be close to the
native, a biological filter is also applied, which
reflects a few residues that are thought to lie in the
interface by virtue of mutagenesis studies, a knowl-
edge of the active site, etc. These can easily be found
in most cases from an examination of the literature,
or by an automatic method based on spatial clusters
of evolutionarilsy conserved or divergent residues
on the surface.”* The filters used in this case were
those already extracted from the literature, and are
listed in Supplementary Table 5.

To assess the results, we primarily use a criterion
similar to that used in the first rounds of the CAPRI
docking assessment exercise:”” the nearest-native
among the top ten predicted complexes in the
ranked list is taken without regard for its rank
within the top ten. It is then given a score between 0
and 1 based on the fraction of correct residue-
residue contacts that it contains, according to the
table in Figure 7(b). A residue-residue contact is
taken to occur when any atom in the one residue is
closer than a cutoff distance of 5 A to any atom in
the other, and the fraction of correct contacts is
calculated relative to the total number of contacts in
the native (not the predicted) complex.

Surface softening does not improve docking

The global RMSF in the MD was used to define a
local softening of the surface layer used in 3D-Dock
on the X-ray unbound components. However, as
shown in Table 3 part E, the results are much worse
than the default protocol (Table 3 part A). This can
be attributed to the loss of detailed complemen-
tarity in those parts of the interface that are already
a good fit in the unbound components, which is not

Figure 6. Local properties of the surface, pooled for all 41 proteins in the test set. Error bars on graphs are 2 XSEM
(standard error of the mean) throughout and the lines connecting data points are only guides to the eye. (a) The residue
conservation (pooled in this case for the 40 proteins in the test set for which homologues were detected; none was found
for the glycosylase inhibitor 1TUGI). (b) Root mean square fluctuation of all heavy atoms (continuous line) or C* atoms
(broken line). Data corresponding to residues in different regions of the proteins are analyzed following fitting of
trajectory snapshots on all residues of each protein (rather than just the residues in the region). (c, d). RMS fluctuations of
C* atoms of the residues in the core (c) or periphery (d) of the tissue factor, PDB code 1BOY (shown in molecular surface
representation). Its binding partner (Antibody 5G9, PDB code 1FGN) is also shown as a backbone cartoon though it was
absent in the simulation. The two parts of the interface of 1BOY are colored on a blue-white-red scale, increasingly
deeply red or blue according to the extent to which the residues” C* fluctuation is higher or lower than the average
(corresponding to white) for all surface residues of this component. (e) Effective number of rotamers of the side-chain of
each amino acid type (considering up to the first three  angles). Also a weighted average, normalized with respect to
composition; black: all side-chains of the surface; red: periphery of interface; green: core of interface. (f) Weighted

average for all rotamers in all the environments considered.
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Figure 7. (a) The cluster center docking protocol. (b) The table shows the score given to a predicted protein-protein
complex, depending on the percentage of correct residue-residue contacts in the interface, based on the scheme used for
assessing the CAPRI blind trial. (c) The combination and comparison of the results of multiple runs. In the first method
(compatible with a blind trial), the top-ranked complexes from the output list of each run are combined and re-ranked. In
the second (incompatible with a blind trial), the run containing the complex closest to native is picked.

fully compensated by improved complementarity
in other parts of the surface.

Docking of MD conformations can improve docking

A second approach is to dock individual confor-
mations extracted from the 5ns MD trajectory.
3D-Dock takes about one day to dock a pair of
proteins, making it prohibitive to dock more than a
few conformations for each complex, so we use the
cluster center conformations described above, of
which there are only one or two for each protein.
For each complex, we then dock these cluster center
conformations against each other, and also against
the unbound X-ray components, including the two
unbounds against each other. Thus there are a
maximum of 9 (=(2+1) X (2+1)) dockings for each
pair of interacting proteins, though sometimes only
six or even four. The protocol is shown in Figure 7
and the results are in Table 3 and Figure 8.

The results of docking the MD cluster centers, are
shown in Table 3 part B. Two ways of assessing are

shown: first (B1), all the cluster-center dockings are
re-ranked by their RPScore (as would be the case in
a blind trial), and the top ten overall are used to
assess the docking. Secondly (B2), each of the
cluster-center runs are re-ranked separately, the
top ten of each taken, and then that run chosen
which has the highest-scoring complex in its top
ten. We call this the “best” run, and clearly it is not
compatible with a blind trial; it is used here to
assess the quality of the RPScore in identifying good
solutions. Bl and B2 are indicated schematically in
Figure 7(c).

To compare with this, two control runs have been
performed using only the unbound components.
The first, protocol A (“Default”) (Table 3A) is the
result of doing a single 3D-Dock run, while we defer
discussion of the second to the next subsection.

The results for protocols A and B are summarized
(as histograms of the number of complexes achiev-
ing each CAPRI-score) in the first column of Figure
8. The remainder of this Figure compares the
different protocols. The most important comparison
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Table 3. Results of docking MD cluster center conformations with 3D-Dock, compared with docking unbound
conformations, either once or repeatedly, at random starting orientations.

Protocol A: a single 3D-dock run on unbound starting structures, with default parameters

Default: single 3D-Dock run ub-ub

n<5Ain top

Complex CAPRI score Correct contacts Position of best No. in top 10 10,000
2PTC 0 0/68 - 0 4
1WEJ 0 0/43 - 0 0
25NI 0.333 8/71 1 3 0
2SIC 0.333 8/71 3 1 3
2VIR 0 0/51 - 0 0
2PCC 0.333 4/29 3 2 0
1BRC 1 47/60 1 8 6
1BGS 0.667 20/56 5 4 11
1UGH 0 0/82 - 0 1
2KAI 0.333 13/64 1 3 3
1AHW 1 51/73 1 3 11
1AVZ 0.333 4/33 3 5 1
1DQJ 0 0/72 - 0 0
1FSS 0 0/65 0 3
1WQ1 0 0/91 - 0 0
1IMLC 0 0/56 - 0 2
1DFJ 0 0/73 - 0 0
1BVK 0 0/53 - 0 0
1CGI 0.667 26/85 1 3 3
1KKL 0.333 3/28 8 1 0
1FQ1 0 0/61 - 0 1
1FIN 0 0/86 - 0 0
av. score TP rate av. posn of best av. #in top 10 av.
0.24 0.13 2.7 1.5 22

Protocol B: 4-9 runs were done for each complex, cross-docking unbound and MD-cluster center starting structures. In B1, a global re-
ranking was done; in B2 the best of the 4-9 runs was selected (best in the sense that it contains closest-to-native result in the top ten)

MD cluster centers + ub-ub Bl re-rank all B2 best single

CAPRI Correct Position of No.intop n<5Ain  CAPRI Correct Position of ~ No. in top
Complex score contacts best 10 top 10,000  score contacts best 10
2PTC 0.333 7/68 7 1 1 0.333 7/68 2 2
1WE] 0 0/43 - 0 9 0.667 13/43 5 1
25NI 0.333 12/71 2 3 0 0.333 9/71 2 4
28IC 0.333 9/71 8 1 1 0.667 27/71 9 2
2VIR 0 0/51 - 0 0 0 0/51 - 0
2PCC 0.667 14/29 4 4 0 0.667 14/29 1 1
1BRC 1 47/60 9 8 29 1 32/60 9 6
1BGS 1 40/56 2 7 27 1 40/56 1 6
1UGH 0 0/82 - 0 0 0.333 11/82 6 1
2KAI 0.333 13/64 5 1 6 0.667 20/64 2 5
1AHW 1 38/73 4 1 31 1 38/73 1 2
1AVZ 0.333 8/33 10 1 0 0.667 10/33 7 6
1DQJ 0 0/72 - 0 2 0.333 8/72 6 1
1FSS 0 0/65 - 0 2 0 0/65 - 0
1WQ1 0 0/91 - 0 1 0 0/91 - 0
IMLC 0 0/56 - 0 3 0.333 8/56 7 1
1DFJ 0.333 19/73 10 1 0 0.667 31/73 9 1
1BVK 0.333 7/53 9 1 2 0.333 8/53 3 1
1CGI 0.333 10/85 9 1 11 0.667 26/85 9 3
1KKL 0.333 3/28 4 2 0 0.333 3/28 5 3
1FQ1 0 0/61 - 0 2 0.333 8/61 2 1
1FIN 0 0/86 - 0 0 0 0/86 - 0

av. score TP rate av. posn of av.#intop av. av. score TP rate av. posn of av. #in top

best 10 best 10
0.3 0.17 6.4 15 5.8 0.47 0.23 48 2.1

for the cluster centers is that between protocols Bl
and A, i.e. to rerank the cluster centers 4+ unbound-—
unbound globally, and compare with the default
protocol, as if in a blind trial. By this measure, better
results are obtained for five complexes, worse

results for one, and the remainder are approxi-
mately the same. The probability of this outcome is
around 0.1; this is suggestive that an improvement
is achieved but is not significantly different from
random. In detail, better results are obtained for
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Table 3 (continued)

Protocol C: the unbound starting structures are docked repeatedly at different random starting orientations, the same number of runs
being done as for B. C1: all runs re-ranked; C2: the best of the 4-9 runs selected. Comparison between the different methods is shown in
Figure 8

Multiple randomly spun 3D-Dock runs+ub-ub C1 re-rank all C2 best single

CAPRI Correct Position of No.intop n<5 Ain  CAPRI Correct Position of ~ No. in top
Complex score contacts best 10 top 10,000  score contacts best 10
2PTC 0 0/68 - 0 6 0.333 7/68 3 1
1WE] 0 0/43 - 0 25 0.333 7/43 4 1
2SNI 0.333 11/71 7 4 0 0.333 11/71 3 3
2SIC 0 0/71 0 0 0.333 9/71 3 1
2VIR 0 0/51 - 0 0 0 0/51 - 0
2PCC 0.333 4/29 1 3 0 0.333 4/29 1 4
1BRC 1 46/60 9 10 38 1 48/60 6 5
1BGS 0 0/56 - 0 37 1 32/56 7 4
1UGH 0 0/82 - 0 0 0 0/82 - 0
2KAI 0.333 13/64 2 5 14 0.333 15/64 1 5
1AHW 1 51/73 10 8 80 1 54/73 5 2
1AVZ 0.333 6/33 10 1 0 0.667 11/33 9 4
1DQJ 0 0/72 - 0 1 0.333 12/72 10 1
1FSS 0 0/65 - 0 4 0 0/65 - 0
1WQ1 0 0/91 - 0 0 0 0/91 - 0
1IMLC 0 0/56 - 0 1 0 0/56 - 0
1DFJ 0 0/73 - 0 1 0.667 29/73 7 1
1BVK 0 0/53 - 0 0 0.667 16/53 10 3
1CGI 0.667 26/85 5 6 46 1 54/85 2 1
1KKL 0 0/28 0 0 0.333 7/28 7 1
1FQ1 0 0/61 - 0 1 0 0/61 - 0
1FIN 0 0/86 - 0 0 0.333 14/86 10 1

Av. score TP rate Av. posn Av. #in top  Aw. Av. score TP rate Av. posn Av. #in top

of best 10 of best 10

0.18 0.12 6.3 17 115 041 0.24 5.5 17

Protocol D: docking PCA-derived components for 1DFJ only. D1: global re-ranking D2: best run selected
Principal components projection D1 re-rank all D2 best single
Complex CAPRI Correct Position of ~ No. in top CAPRI Position of ~ No. in top
score contacts best 10 score Cor- best 10
rect contacts

1DFJ 0.333 10/73 10 1 0.667 30/73 3 1

Protocol E: Results of docking unbound conformations with 3D-Dock, with the surface thickness at the FTDock stage defined by the
amplitude of local fluctuations in MD, compared with default parameters

Surface softening by RMSF

Complex CAPRI score Correct contacts Position of best No. in top 10
2PTC 0 0/68 - 0
1WE] 0 0/43 - 0
2SNI 0 0/71 - 0
28IC 0 0/71 - 0
2VIR 0 0/51 - 0
2PCC 0 0/29 - 0
1BRC 0 0/60 - 0
1BGS 0 0/56 - 0
1UGH 0 0/82 - 0
2KAI 0.333 10/64 2 3
1AHW 0.667 36/73 9 1
1AVZ 0.333 4/33 9 1
1DQJ 0 0/72 - 0
1FSS 0 0/65 - 0
1WQ1 0 0/91 - 0
IMLC 0 0/56 - 0
1DFJ 0 0/73 - 0
1BVK 0 0/53 - 0
1CGI 0 0/85 - 0
1KKL 0 0/28 - 0
1FQ1 0 0/61 - 0
1FIN 0 0/86 - 0
Av. score TP rate Av. posn of best Av. #in top 10
0.06 0.04 22 0.2

In each Table, for each complex, we show the CAPRI score (as defined in Figure 9), the number of correct residue-residue contacts in the
interface in the best complex, the position of the highest-scoring complex found in the top ten, and the number of complexes in the top
ten that have >10% correct contacts. The bottom row shows averages of all these quantities.
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2PTC, 2PCC, 1BGS, 1DFJ and 1BVK, and only 1CGI
is worse.

It is worth remarking that if the X-ray unbound to
X-ray unbound run is excluded in the cross-docking
and re-ranking, then the same five complexes
improve but results are worse for three complexes,
1CGI, 2KAI and 1BRC, rather than one. This seems
to indicate that, while the MD-cluster-centers are
sometimes able to improve docking, they may also
in some cases make it worse, as might be expected
since they are in general further from the bound
structure than the unbound X-ray structure is.
However, if the unbound-unbound docking is
included and generates a good near-native solution,
the scoring functions are often able to pick it out,
which rescues the protocol for that complex.

Control runs for docking

Notwithstanding this fact, we believe that part of
the reason that a more significant improvement is
not found is that the RPScore scoring function,
which is presented with between four and nine
times as much data in the cluster-center docking
runs as the default, is not able to pick out a native-
like complex reliably from the very many more
possible “false positive” complexes. Some evidence
for this comes from comparing the “best” (i.e.
closest-to-native) run, B2, with A, when the per-
formance is much better using the cluster centers
(13 better, none worse; p-value <0.001). To separate
the effects of the amount of data is the function of
the second control, randomly spun runs. This is a
modified version of the default protocol where
multiple runs of the docking are performed with the
same conformation of the proteins (the unbound
X-ray structure), but starting in different relative
spatial orientations. The 3D-Dock algorithm is
known to be appreciably sensitive to the starting
orientation of the two components, both because the
Fourier transform grid is defined relative to the x, y
and z axes of the reference coordinate system, and
because the angle search step used in each run (9°) is
quite coarse and random spinning allows confor-
mations of one run to lie “in between” those
generated by another, so these differently oriented
dockings act effectively as near-independent runs.
The number of such runs is chosen to be the same as
the number of cluster-center runs for each complex;
four, six, or nine as appropriate (again with one of
the runs being the initial unbound—-unbound). Thus,
the amount of data from which the top ten
complexes must be picked is the same for both
protocols. The results are in Table 3 protocol C.
Again the comparison is done in the same two
ways: by re-ranking all complexes from all runs by
RPScore (C1), or by picking the best single run for
each (C2).

Unlike cluster centers, the re-ranked random spin
method (C1) is slightly worse than the default
protocol (three worse, the rest the same) and when
the best run is picked (C2) it is superior to A in only
nine cases, rather than 13 by method B2. Comparing

the blind trial methods B1 and C1 directly, results
are better with the cluster-center conformations for
seven complexes and worse for one (p-value =0.04)
(in detail, better results are generated for 2PTC,
2SIC, 2PCC, 1BGS, 1DFJ, 1BVK and 1KKL using the
cluster centers, while the performance is worse on
1CGI).

Further support to the hypothesis that using
cluster-center conformations is helping to find
additional good dockings, irrespective of the scor-
ing function used, is given by the comparison of the
best of each, protocols B2 and C2. It is found that the
cluster-center docking is better for seven complexes
and worse for three (p-value=0.17). We also remark
that a docking with at least 10% correct contacts is
generated for several complexes when using MD
cluster centers (B2 protocol) where no acceptable
docking is produced with the random spins. These
are 1UGH, IMLC and 1FQ1. 1UGH was previously
discussed as being the only complex for which a
large segment of the polypeptide backbone (in the
inhibitor component 1UGI) showed a consistent
tendency to approach its bound conformation
during the MD; the success could be tentatively
ascribed to this. It is also encouraging to have
generated an acceptable solution with cluster
centers for the difficult case of the CDK2-phospha-
tase complex 1FQI, where a large conformational
change occurs, though this is tempered by the fact
that for the very similar CDK2-cyclin complex 1FIN
an acceptable complex is generated with protocol
C2 but not B2.

Since the skimming off of the top ten confor-
mations is an extreme reduction of the data, we
have also evaluated the number of complexes with
ligand RMSD <5 A that are generated in the top
10,000 by each protocol (the top 10,000 being ranked
by RPScore over all lists globally). This has been
done for protocols A, Bl and C1, and the result is
included in the appropriate parts of Table 3. There
are more on average in the list from B1 than A, but
somewhat surprisingly more still in the list from C1.
This may be due to the fact that the superposition of
the unbound in positions near to the true binding
site will have a smaller RMSD than the correspond-
ing superposition of an MD-generated confor-
mation, and therefore the MD conformations are
less tolerant to “near-binding-site” positions.

Docking of MD conformations: essential dynamics
may assist in some cases

Yet a third approach, is to take conformations
along the first eigenvector(s) identified by essential
dynamics simulation and dock these. This is an
even more expensive technique than the use of
cluster centers, as the distance to project along the
eigenvector is not known, so several conformations
along it, separated by a few A in RMSD, must be
examined. Therefore, it has been done here for only
one of the complexes in the test set, the ribo-
nuclease-ribonuclease inhibitor, 1DF]. The inhibitor
component of this complex (unbound PDB code
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Figure 8. Summary and comparisons of the different docking protocols shown in Table 3. The first column shows a
histogram of the CAPRI scores obtained by each method. In the rest of the Figure the protocols are compared. The sub-
figure at (x, y) shows a histogram of the number of complexes for which a better (B), the same (S) or worse (W) result is
obtained by the method in row x, compared to the method in column y as reference. The binomial probability that these
results would have if B and W were actually equally likely is also shown.

2BNH) was previously identified as having a
domain-movement-like conformational change on
binding, and conformations were generated by
projecting the C* structure along the eigenvector,
rebuilding the side-chains (from the unbound
conformer) and energy minimizing. We used only
conformations projected along the first principal
component eigenvector, and only for the inhibitor.
For its ribonuclease partner, the unbound X-ray
structure 7RSA was used throughout. The result is
shown as protocol D in Table 3. Use of the RPScore
function to rank the top complexes pooled over the
PCA conformers (D1) succeeds in producing a
complex with a CAPRI score of 0.333, better than
the default protocol and the random spins (score 0)
and equal to the use of cluster centers with RPScore
ranking (though in fact the cluster center docking
has the higher number of correct contacts). If the
best run is selected, (D2) then a complex scoring
0.667 is found; however this is also true for the
equivalent cluster centers (B2) and random spin
(C2) runs.

It is also interesting that the highest-scoring
complexes come from the projection of the complex
to —10 (for the global re-ranking D1) and —15 (for
the run that actually contains the complex with
the greatest number of correct contacts); this is the
direction of projection in which the RMSD to the
bound decreases, but in both cases the component is

actually projected past the minimum and the RMSD
has begun to increase again (Figure 3(c)).

Discussion and Conclusion

We have performed a 5ns simulation for 41
unbound protein complexes to evaluate the extent
to which their dynamic structure samples the
bound state in the binary complex. A major aim of
the study was to develop an approach to introduce
flexibility into existing rigid body algorithms. The
key conclusions from our study are now described.

Simulation of the test set of 41 proteins: how
well does MD sample the bound state?

Our hypothesis was that major regions of most of
the proteins would adopt, at least for an instant, the
conformation of the bound state. The complete
proteins are closer to the bound than to the
unbound slightly more than half the time (Figure
2), possibly as a consequence of relieving a bias due
to crystallographic contacts. Moreover, when the
surface is considered as composed of short seg-
ments (Figure 4), half of these segments do indeed
sample the bound state, in the sense of fluctuating
closer to it than the initial unbound state at some
instant, and about 5% are closer even on average.
Most surface side-chains, too, sample their bound-
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state rotamer at some time (Figure 5). However the
proteins never, in our simulations, fluctuate closer
as a whole to the bound state. This might be a
consequence of the use of 5ns trajectories, which
are still very short on a biological or experimental
timescale, or of inaccuracies/approximations in the
classical Force Field used for MD.

In addition, some of the proteins have high
overlap between the fluctuations identified by
principal components analysis and their
unbound —bound transitions, showing that part of
the protein is moving in the right direction even if it
does not move all the way.

All the above is in agreement with evidence from
other sources that the conformational changes on
docking may reflect a conformational sub-state of
the unbound component,*” and that the equilibrium
is simply shifted towards this by the presence of the
binding partner. The same has also been indicated
in the context of protein-ligand docking.**** Of
course, in a statistical mechanical description, every
conformation of the protein has a finite probability
of occurrence in the ensemble, and so any confor-
mation could be regarded as produced by a shift of
a pre-existing equilibrium, even though the vast
majority of possible conformations are so unlikely
that they would not be expected ever to be observed
over any reasonable biological timescale. The
operational definition, then, must be that the
bound state is an observable sub-state, as of course
it will be in experimental work. One might then,
tentatively categorize the binding behaviour of
complex-forming proteins (or regions of them) in
three ways: those that undergo very little change
(which are less of a challenge, though not trivial, for
computational protein—protein docking), those
where the docked state is a visited sub-state, and
those where it must be induced by a partner.

Docking using MD conformations

Encouragingly, even with classical MD, there is
some evidence that this partial capturing of aspects
of the bound state has advanced the quality of the
docking results, as indicated by our extensive
comparison of cross-docking of MD-generated
conformations with randomly generated starting
unbound conformations. Unfortunately the
improvement is on the edge of significance; further
developments in protocols, improvements in the
scoring function, or a larger data set are required.

Significantly less mobility in the core of the
known interface, and more in the periphery

The division of the interfaces into core and
periphery regions clearly shows that properties
relating to mobility (RMSF and side-chain entropy)
are different in the two regions, the core being less
mobile and the periphery more so: the average
values of the properties in the regions are separated
by >2 standard deviations, and up to 40/41
proteins individually showed this behaviour

(reduced to 30 if the requirement is that the result
for both RMSF and side-chain entropy be consist-
ent). Moreover, in the core, a higher proportion of
the side-chains (as identified by MD) than in the rest
of the surface are in the correct rotamer for docking.
Interestingly, these observations may relate to a
previous suggestion, that protein—protein binding
sites tend to contain regions which make both high
and low contributions to the stability of the
protein.”® In addition, they appear to corroborate
the recent findings of Ramajani et al.*® that certain
key residues in the core act as “anchors”, having a
high occupancy of the bound state rotamer in the
unbound ensemble. We remark that these differ-
ences between different surface regions are likely to
be more robust to changes in the MD force field than
are absolute values of RMSDs, rotamer occupancies
etc. described above.

In future work, to enhance our docking efforts,
we intend to apply our findings on core/peripheral
mobility to help us to identify potential interface
residues. Approaches based on e.g. patches of
sequence conservation, or interaction energy” are
powerful, though a combination of both conserva-
tion and mobility could aid in identification.
Indeed, use of a genetic algorithm to combine
information from a variety of sources, including
conservation, has recently proven to be better than
any single method in interface prediction.” It was
also important to consider spatial clusters of the
properties of interest, an approach that was also
used in the identification of binding sites®* and
homodimer interfaces.”® We remark that the pro-
tein—protein interfaces where antibodies bind seem
more difficult to identify than other interfaces:” the
mobility-based measures used here might help in
this problem.

Where did MD improve docking?

When using MD cluster-center conformations
globally re-ranked together with the unbound,
there was an indication of a small improvement in
performance over a single run on the unbound
components. Inadequacies of the scoring functions
are partly responsible for this: they are swamped by
false positives when attempting to cope with the
larger volume of data provided by the MD cluster-
center runs. This is shown by the fact that, when the
random spin runs were used as controls to equalize
the volume of data, the MD cluster-centers perform
better than the random spins. Moreover, the
comparison of results between “blind trial” runs
and runs where the best solution is selected also
indicate that improvements to the scoring functions
would enable selection of better solutions.

Perhaps the application of MD that may prove
most useful to docking in cases of large confor-
mational change is to extract information about sub-
domain motion with essential dynamics, as was
done in the case of the ribonuclease inhibitor. The
way of using the PCs produced by essential
dynamics to generate an ensemble of receptor
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conformations is similar to recent work by
Zacharias;” another approach, not investigated
here, is to use the PCs as collective coordinates in
a minimization algorithm. So far this has only been
done in protein-ligand docking.®” PCs extracted
from simplified (not full-atomic MD) models have
also given good results, indicating that it may be
possible to replace the full MD+ED analysis
conducted here with a simpler, and less time-
consuming, approach.

In connection with this, we would like to make
the observation that PC analysis proved effective for
us in a recent round of the CAPRI blind trial of
protein—protein docking,”® in which it was required
to predict the structure of the trimeric form of
the fusion protein from the virus TBEV given the
coordinates of the dimer. There turns out to be a
substantial sub-domain movement, straightening
the protein, resulting in a backbone RMSD of more
than 4 A.°" We tackled this problem in a similar way
to the ribonuclease, carrying out an MD simulation
and projecting along a principal component to
obtain structures for docking. One of these captured
enough of the conformational change to enable us to
submit a complex with >10% correct contacts,
which placed us amongst the best few groups for
this target. (We have not included a full analysis of
the docking of TBEV fusion protein in this work
because the simulation used a different MD proto-
col and 3D-Dock was also specially modified to take
into account the 3-fold symmetry.)

It seems, then, that if one or more of the docking
partners undergoes clear domain or sub-domain
movement, use of MD configurations can signifi-
cantly improve docking results.

Future directions in docking

The most important observation made here is that
the core of the interface is more rigid and predis-
posed for docking, while the periphery is more
flexible even than the rest of the surface. Our
current docking algorithms do not consider this
partition. If we were able to dock core regions
confidently and then allow small readjustments of
these regions, in conjunction with “gelling” of the
periphery, this could produce a more tractable
approach. This may reflect the physical time course
of docking: first a fast core-core recognition,
followed by a much longer process of confor-
mational sorting at the periphery.®® The difference
observed in the side-chain entropy in these regions
of the interface may have implications for the
affinity of binding: since there is less configurational
entropy to be lost in the core, its contribution to
binding will be greater. However, there is one
important caveat: core regions need to be predicted
with confidence first.

It may be useful in future work to consider two
avenues of enquiry: the further development of the
approach we have taken here, utilizing the
observed conformational states of the unbound

protein in solution; and the obvious need to include
both proteins in the MD simulations.

Methods

Molecular dynamics simulations and analysis were
carried out with Gromacs v 2.0,°? 3.0° and 3.1 on a farm
of Intel Pentium IIT and IV processors running Linux. The
simulations were performed according to the following
protocol.

The proteins were taken from the PDB.®* Non-protein
prosthetic groups were removed before the simulation.
This affects 1VXR, 1HRC, 5P21, 1YCC and 1CCA. If the
protein formed homodimers or homotrimers, a monomer
alone was used for simulation, and in certain cases the
polypeptide chain was cut into domains and only the
domain that forms the interface on docking was included
in the simulation. The proteins affected by this were the
antibodies 1QBL and 1BVL, where only the variable
domain of the L and H chains was used. Hemagglutinin
(2HMG) is a functional trimer of dimers, but only a
monomer of the larger polypeptide was simulated. It has
several sub-domains, a “head” consisting of receptor-
binding and esterase sub-domains and a long flexible
receptor-binding sub-domain;®® in our simulations the
receptor-binding sub-domain was truncated by removing
residues 1-42 and 310-326. HPrK/P (1JB1) was simulated
as a monomer. The smaller polypeptide that is present in
the hexamer but not our simulations also lies almost
entirely in the receptor-binding sub-domain. In general,
missing residues at the termini of a chain were not
included; those at the center of a chain, in CDK2 (1IHCL
and 1JB1 were modeled using spdbv66 and/or modeler.®

Each protein was then solvated by combining with
replicas of a pre-equilibrated box of SPC waters, those
waters that make bad contacts being removed. Crystal
waters present in the initial X-ray structure were retained.
Enough Na™ or Cl~ ions were added to neutralize the
protein charge, then further ions were added correspond-
ing to a salt solution of concentration 0.1 M. The ions were
added by randomly replacing water molecules. The
resulting system was energy minimized by steepest
descents, then equilibrated for 40 ps with water and
ions free to move but all protein atoms restrained to their
crystallographic coordinates with harmonic restraints
with spring constant 1000 kJ mol 'nm~2 A further
40 ps equilibration was performed with all atoms free to
move, then a 5 ns production run (often run in segments
of 1 ns or 2 ns) was carried out, again with no harmonic
restraints on the protein. In the first (restrained) equi-
libration stage the MD integration timestep was 2 fs; in
the second equilibration and production stages it was
increased to 5fs by using the heavy hydrogen and
dummy atom features of Gromacs.®® The force field
used was GROMOS 96%° and non-bonded forces were
treated using a 1.4 nm cut-off for van der Waals forces and
short-range electrostatics, long-range electrostatics being
treated by a reaction field with an effective relative
dielectric constant of 54.”° Coordinate frames were saved
every 10 ps from the MD trajectory for subsequent
analysis. The protocol is similar to one used previously
in van Gunsteren’s group.”’ The algorithms and force
fields currently recommended for use in protein simu-
lations with the Gromacs package are the particle-mesh
Ewald method for treatment of long-range electrostatics
(though twin-range cut off with reaction field is not
deprecated) and the OPLS-AA force field with a 2fs
timestep. These developments, however, were not
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available in Gromacs when the work reported here was
begun, and so we chose to retain our original simulation
protocol throughout. However, the OPLS-AA force field
may be slightly more accurate, which might affect the
details of the statistics of RMSDs, rotamer occupancies,
etc.

Essential dynamics calculations were performed by
calculating and diagonalizing the matrix of atomic
fluctuations observed over the course of the MD
trajectory:

Cij =((Si —{SN(S; —(SM

where i and j run over the three spatial coordinates S of
each atom (3N).*>%3 Only C* atoms were considered.

The displacement patterns in a normal mode can be
compared with the conformational changes on docking
using as a measure the overlap I:

N
121 gy Axl
] T <N 2N 2
2li=1 dj i AT
and the correlation c:

cov(lq;l, |Ar])

var(|q;|)var(|Ar])

where this time i runs over the N atoms in the molecule
that were considered in the ED analysis (C* atoms).”> qs is
the displacement vector of the ith atom in the jth normal
mode and Ar; is the conformational change vector of the
ith atom, i.e. rj(bound)—r;(unbound), where the all
coordinate frames (in the calculation of Ar; and qj;;) have
previously been aligned by least-squares fitting. In the
second equation |q; | and |Ar| refer to the sets of the
moduli of these vectors.

To extract specific large-scale sub-domain motions from
a PC eigenvector we use the program DynDom*>*
operating on two configurations obtained by projection
along it; DynDom identifies dynamic sub-domains as
regions whose relative movement between the two input
configurations can be described by a general rigid-body
transformation. This has been done for the first five
eigenvectors (ranked by size of associated eigen value) of
each protein. To compare with the unbound-bound
transition, DynDom was also run on the bound and
unbound X-ray crystal structures of the proteins. All
DynDom runs were carried out with default parameters.

Side-chain rotamer contingency analysis was carried
out by considering the rotamer of an entire side-chain to
be each unique combination of the rotamers of the non-
fixed torsion angles along it, put into bins of 120 or
180 degree width as appropriate.

Protein—protein docking was done with a modified
version of the 3D-Dock suite 2.0.*°® The initial global
shape complementarity search was carried out with a
grid spacing of 0.7 A and an angle step size of 9°. Twenty-
seven thousand possible dockings were kept from this
stage, and then reranked with a scoring function
(RPScore) derived from the statistics of residue-residue
contacts in a database of 92 non-redundant complexes.
Biological filters were applied defining a few residues
likely to be in the interface (detailed in Supplementary
Material). Clustering of solutions was carried out using a
single-linkage algorithm, the representative structure of
each cluster being taken to be that with the best RPScore.

When comparing the results of docking with different
protocols, the p-value is evaluated in the following way:
We work with the CAPRI scores of the “query method”,
which can be better, the same or worse than the

corresponding scores of the “reference method”. The
effective number of trials is No=N—N,, where N is
the number of complexes and N, is the number of
complexes where the same CAPRI score is obtained by
the two methods. Then if we obtain Ng better by the
“query method”, the significance of this is the probability
of getting at least Ny better in a model where the single-
trial probabilities of better and worse are taken to be the
same:

N, ' NUle[lNri
p(Ng) = > Pl =Y NC (5) (5)

i=Ng i=Ng
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