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Many cellular functions rely on interactions between protein pairs and
higher oligomers. We have recently shown that binding mechanisms are
robust and owing to the minimal frustration principle, just as for protein
folding, are governed primarily by the protein’s native topology, which is
characterized by the network of non-covalent residue-residue interactions.
The detailed binding mechanisms of nine dimers, a trimer, and a tetramer,
each involving different degrees of flexibility and plasticity during
assembly, are surveyed here using a model that is based solely on the
protein topology, having a perfectly funneled energy landscape. The
importance of flexibility in binding reactions is manifested by the fly-
casting effect, which is diminished in magnitude when protein flexibility is
removed. Many of the grosser and finer structural aspects of the various
binding mechanisms (including binding of pre-folded monomers, binding
of intrinsically unfolded monomers, and binding by domain-swapping)
predicted by the native topology based landscape model are consistent
with the mechanisms found in the laboratory. An asymmetric binding
mechanism is often observed for the formation of the symmetric
homodimers where one monomer is more structured at the binding
transition state and serves as a template for the folding of the other
monomer. & values were calculated to show how the structure of the
binding transition state ensemble would be manifested in protein
engineering studies. For most systems, the simulated ® values are
reasonably correlated with the available experimental values. This
agreement suggests that the overall binding mechanism and the nature
of the binding transition state ensemble can be understood from the
network of interactions that stabilize the native fold. The ® values for the
formation of an antibody-antigen complex indicate a possible role for
solvation of the interface in biomolecular association of large rigid proteins.
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Introduction

Understanding the detailed dynamics of protein
interactions with partners that are small molecules
or, very often, other biological macromolecules,

proteins, nucleic acids, or polysaccharides, must
ultimately underpin understanding most protein
functions. Transient interactions between both
proteins and nucleic acids are ubiquitous and
fundamental to many subcellular processes. Recent
studies in yeast have demonstrated that most

Abbreviations used: TSE, transition state ensemble; BS-
RNase, bovine seminal ribonuclease; HEWL, hen egg-
white lysozyme; WHAM, weighted histogram analysis

method.
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proteins exist in the cell as parts of multicomponent
assemblies."” Most of these complexes have
components in common with at least one other
multiprotein complex, reflecting a complex high-
order network of interacting proteins. Predicting
interactions on the proteomic scale®* requires
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quantitative prediction of the dynamics and
specificity of protein recognition and assembly.
Such understanding may lead to the ability to
design partners that form more stable complexes,
which can then act as “network” drugs. Under-
standing interactions will also help us to find ways
of inhibiting pathogenic association processes such
as irreversible aggregation.

Biomolecular recognition processes are often
described as the association of folded proteins that
dock as rigid bodies (the “lock and key” mechan-
ism5), or as formation of an encounter complex that
undergoes small, local conformational changes to
optimize the initial interactions (the “induced fit”®
mechanism). These models have been proposed
and are in modern days discussed by comparing the
crystal structures of the bound and unbound
proteins. It is becoming increasingly appreciated
that flexibility is often more fundamental in the
mechanisms of protein association than these
pictures lead us to believe. Protein function is not
strictly related to the three-dimensional structure of
the folded state but to its four-dimensional
dynamics governed by an energy landscape.” The
degree of plasticity involved in protein binding has
been recently investigated by molecular dynamics
simulations.” ' Protein flexibility has also been
invoked in the model of “conformational
selection”,"'* which suggests that binding entails
choice of the correct conformer for binding out of a
rapidly interconverting ensemble. Selection of
specific protein conformers and the presence of
conformational isomerism prior to association has
been shown by kinetic and equilibrium studies,'>"°
as well as by NMR."” Support for the functional role
of conformational diversity is provided by the
observation that a single protein can bind multiple
unrelated ligands at the same binding site
(promiscuity) or at different sites (moonlight-
ing).'®2 Catalytic promiscuity and moonlighting
are intriguing consequences of pre-existing protein
isomers, which may differ in both side-chain and
backbone conformations.

Greater flexibility during protein binding
processes is also envisioned in the domain-
swapping mechanism.”’** In this mechanism,
proteins assemble by exchanging a secondary
structure element or an entire globular domain
with the symmetrically identical part of the other
subunit, an interaction consistent with the principle
of minimal frustration.>>* Proteins that form
domain-swapped oligomers are found to have at
least two well-defined native states: a monomeric
and an intertwined structure. Domain-swapping
requires a large conformational change as at least
partial unfolding of the monomeric structure is
needed to allow the interchange to take place.” The
mechanism of assembly by domain-swapping and
its biological significance in both functional protein
assemblies and in pathologic aggregates are of
much interest.

A still more extreme manifestation of confor-
mational change upon binding occurs when

monomer folding is directly coupled to binding
events.””?® Many cellular proteins appear to be
partially, or even completely, unstructured under
native conditions, but form a perfectly ordered
structure in the presence of the appropriate
ligand.*"** Intrinsically disordered proteins are
thought to be common in the genome rather than
rare exceptions.”> A sequence-based bioinformatics
approach has predicted that more than 30% of the
genome of 29 eukaryotes have proteins with
disordered regions of 40 or more consecutive
residues.® An energy landscape survey of a large
database of protein complexes has suggested that
~15% of monomers may not fold in the absence of
partner proteins.®® Several physiological advan-
tages have been suggested for the use of disordered
proteins that only fold upon reaching their targets.
One functional advantage is that natively unfolded
proteins are more adaptive, giving them the
capability to bind to several different targets,*'°
overcome steric clashes, and thus achieve high
specificity with low affinity.”” Another advantage of
being unfolded is the capability of an extended
fragment to form complexes with large interfaces.
These large interfaces may therefore contain more
information than the smaller ones tolerable in a
completely folded protein. For a protein to be stable
as a monomer while having extensive interfaces, the
size of the protein needs to be more than twice as
large as one with a small interface, resulting in
increased cellular crowding.”® Accordingly, dis-
ordered proteins provide a simple solution for
having large inter-molecular interfaces while main-
taining a small genome. A kinetic advantage for
being initially unfolded before binding has been
postulated through the fly-casting mechanism.*
A partially structured or unstructured protein has a
greater capture radius than a folded protein with its
limited flexibility for a specific binding site, thereby
enhancing the speed of association. Fly-casting also
presents a route for kinetic specificity, even when
absolute speed is not essential.

Analyzing the transition state ensemble (TSE) for
a binding reaction, in principle, provides micro-
scopic insight into the degree of flexibility involved
in protein association and leads to predictions that
are testable in the laboratory. The structures of
oligomeric proteins at the binding transition state
may localize those parts of the internal structure of
the complex subunits necessary for association, as
well as the crucial interfacial contacts needed for a
productive association. Transition state ensembles
for folding and binding share similar characteristics,
in that for both processes non-bonded interactions
are formed, either intra or inter-molecularly. When
the binding process is coupled to monomer folding,
the search problem is similar to that of protein
folding and a single transition state reflects both
monomer folding and binding. Binding between
already folded subunits will exhibit distinct tran-
sition states for monomer folding and binding.
Thus, binding can be viewed as analogous to
folding processes that often have multiple
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intermediate states, reflecting a partially ordered
ensemble, with the difference of the sequence
discontinuity. In general, the search space involved
in the binding of fully structured proteins is smaller
than that for folding, yet it is still large enough that
predicting the structure of a complex formed
between two interacting proteins is currently a
challenge.***? The search involved in binding is
even more extensive when we take into account all
the possible complexes a protein might form in a
cell with inappropriate partners.

The degree of structure at the transition state is
usually quantified by the & values, which are
essential for understanding Erotem folding path-
ways on a microscopic basis. Experimentally, a
® value for a given residue is calculated by the ratio
of the effect that a mutation at that position has on
the stability of the TSE over its effect on the stability
of the folded state, both relative to the denatured
ensemble. A & value close to 1 means that the
mutation similarly affects the TSE and the folded
state, suggesting that the mutated residue is
analogously structured in the TSE as it is in the
folded state. Conversely, a @ value close to 0 means
that the mutation does not affect the stability of the
TSE (relative to its unfolded state), indicating that
the mutated residue is unstructured at the TSE.
While @ value analysis has been widely used to
decipher folding mechanisms, there are only few
cases where ® value analysis has been applied to
characterize the TSE of binding.**>

To study the nature of the binding transition state
ensemble and its dependence on the degree of
flexibility, we have simulated the association of
various monomeric proteins into dimers, trimers,
and tetramers. The protein complexes we have
selected differ in their size, topology, and detailed
association mechanism. Specifically, our survey
includes nine dimers, a single homotrimer, and a
single homotetramer. The dimer selected includes
eight homodimers and a single hetrodimer. The
folding of three of the homodimers (Arc-repressor,
troponin C site I1I, and FIS dimer) is coupled to their
binding (“two-state” homodimers, also called
obligatory complexes) and for the other three
homodimers (A repressor, LFB1 transcription factor,
and A Cro repressor) monomer folding is a
prerequisite for their association (“three-state”
homodimers or non-obligatory complexes). In
addition, one homodimer (Trp repressor) is formed
via a dimeric but incompletely folded intermediate.
Our set of homodimeric proteins also includes the
dimeric bovine seminal ribonuclease (BS-RNase),
which is stable as a monomer but can also form two
different quaternary structures: a dimer with a
small interface and a domain swapped dimer.
A comparison between the different binding
modes of BS-RNase provides an instructive
example of the peculiarities of domain-swapping.
The heterodimer included in our study is the
complex between hen egg-white lysozyme
(HEWL) and its Fab antibody. These partners
associate as already folded subunits (this complex

can be treated as a trimer, since the antibody is
composed of distinct light and heavy chains). The
homotrimer we have studied is the HIV-1 gp4l
envelope protein, which shows two-state thermo-
dynamics. The homotetramer chosen for study is
the tetramerization domain of the tumor suppressor
p53, often termed as a “dimer of dimers”. The
tetrameric domain of p53 is an especially important
system, not only because of its key role in cancer,
but also because the same units at different
stoichiometry show two distinct binding mechan-
isms. The tetramer is formed by dimerization of
prefolded dimers, while these are in turn formed by
association of unstructured monomers.*® Thus,
p53tet serves as an elegant system for a theoretical
study of the general principles of protein
association.

The microscopic analysis of the ® values for the
transition state of binding was carried out based on
native topology-based (G6) model simulations that
include only those contacts that exist in the native
complex structure. Such models, which lack
non-native interactions, correspond to perfectly
funneled energy landscapes. These simulations for
all eight of the above-mentioned homodimeric
proteins have successfully reproduced the gross
features of their experimental association mechan-
ism. This success indicates that binding, like
folding, 1s governed by a funneled energy
landscape.® The existence of a funneled landscape
for both folding and binding processes suggests
that proteins are evolutionarily des1gned to follow
the pr1nc1ple of minimal frustration,””'”* which
results in a faster search through the many
alternatives in the cell and affords considerable
robustness of binding capability against possible
mutations. The funneled landscape leading toward
the native bound configuration guarantees that
binding will also be stable against environmental
and evolutionary fluctuations. Minimal frustration
and the funnel concept has been prev1ously used to
explain different binding mechanisms,'"?>?%°
enzyme pathways and allostery,56 57 aspects of
binding selectivity and specificity,”® and the role
that water-medlated interactions have in enhancing
recognition.””*” The availability of experimental ®
values for three of the simulated protein complexes
(Arc repressor, lysozyme-Fab complex, and the
tetrameric domain of p53) enables an evaluation
of the accuracy of ® values calculated from the
Go-model. For the other systems, our study
provides predictions of the transition state
ensembles for different protein associations.

Results and Discussion

Quantifying topological characteristics of
protein complexes

The first step to elucidating how monomers form
oligomers is to explore the structural properties of
the complexes and to look for a direct correlation of
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structure with the association mechanism found by
experiments. Previous studies have characterized
protein—protein interfaces using measures of
accessible surface area, interface £olarity and
planarity,® buried water molecules,®* amino acid
composition, and residue-residue preferences.®® In
this study, however, we quantify also the properties
of the interface topology, as reflected by the
connectivity of the network of residue-residue
interactions. We have examined the structures of
25 homodimers (ten are two-state homodimers and
15 are three-state homodimers), as well as a non-
redundant data set of 122 homodimers,®* whose
kinetic behavior has not been classified experi-
mentally. The topological analyses of the complex
interfaces and monomers of this large set are shown
in Figure 1. Characteristics of those protein com-
plexes that were selected for simulation study are
summarized in Table 1. Figure 1(a) shows a
classification of the dimeric structures based on
the number of intra and inter-molecular contacts
per residue. This plot illustrates that monomers that
fold only upon binding have fewer monomeric
contacts per residue than do monomers that fold
independently from binding. The interfaces of the
resulting dimers are larger in those cases when
there is coupling between folding and binding.
These dimers also have a higher number of average
interfacial contacts per residue. In addition, the
interfaces for two-state dimers, when folding and
binding obligately couple, are more hydrophobic

(Figure 1(b)). This indicates the possible role of
electrostatic interactions,®®® as well as wet inter-
faces in the case of binding between folded
subunits.

To study further the structural features of the
selected homodimers, we analyzed the properties
of the network of contacts. The topology of each
dimer is characterized by calculating the average
clustering coefficient (equation (1)) and the average
shortest path-length (equation (2)). For two-state
dimers, we find the average clustering coefficient
for residues at the interface between the proteins is
larger than that for other residues. Thus, interfaces
that are formed in a coupled folding/binding
reactions, are more packed and have a network of
contacts that is denser than that of the monomer
itself (Figure 1(c)). This trend is not found for three-
state homodimers, where the clustering coefficient
for interfacial residues is similar to the average
clustering coefficient of all the residues. There are
some three-state homodimers, however, with a
larger interfacial clustering coefficient than mono-
meric clustering coefficient. The dimer topologies
were additionally quantified by the mean shortest
path-length (L). Two-state homodimers with up to
150 residues per monomer have larger L values than
the corresponding three-state complexes do (Figure
1(d)), indicating again their imperfect packing
within the monomer. This trend is also reflected
by smaller C values in comparison to three-state
homodimers of similar lengths. The relatively dilute

Figure 1. Topological analysis of
protein complexes. The analysis
includes ten homodimers that
exhibit coupling between folding
and binding (red circles), 15 homo-

dimers that fold prior to their
binding (blue circles and triangles)
b and a non-redundant data set of
122 homodimers which are not
classified experimentally (grey
circles). Triangles denote dimers
® with more than 150 residues per
monomer. The complexes are
characterized by (a) the average
number of monomeric and inter-

(Interfacial contacts)/(monomeric contacts)

facial native contacts per residue,
(b) the interface hydrophobicity, (c)
the average clustering coefficient of
monomeric and interfacial resi-
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Table 1. Structural and topological properties of the studied protein complexes

Monomeric  Interfacial Interfacial Interfacial
NC/No. of NC/No.of NC/Mono- hydro-
Name PDB code residues residues meric NC phobicity Cmonomer Clnterface Lmonomer
A. Association of unstructured monomers
Troponin C site 1cta 1.1 0.89 0.79 0.58 0.11 0.19 3.15
Arc repressor larr 1.06 1.75 1.66 0.32 0.12 0.11 6.17
Factor for inver- 1fis 1.36 1.51 1.1 0.38 0.09 0.11 5.44
sion stimulation
Trp repressor 2wrp 1.25 1.00 0.80 0.38 0.14 0.25 6.51
HIV gp41 1i5x 1.13 1.71 1.51 0.51 0.08 0.19 4.03
Dimeric p53° 1sak 0.77 1.65 2.13 0.35 0.04 0.10 4.15
1.13£0.18 1.42+0.34 1.33+0.48 0.42+0.09 0.10£0.03 0.16£0.06 490+1.22
B. Association of structured monomers
A Repressor 1lmb 1.90 0.61 0.32 0.43 0.17 0.14 3.59
A Cro repressor lcop 1.82 0.58 0.32 0.34 0.09 0.05 4.03
LFBI transcrip- 11fb 1.67 0.37 0.22 0.25 0.21 0.11 3.75
tion factor
BS-RNase M=M  1bsr 2.58 0.18 0.07 0.3 0.02 0.15 3.9
BS-RNase M XMP  1bsr 217 0.90 0.41 0.29 0.09 0.12 5.08
Tetrameric p53° 1sak 1.58 0.71 0.44 0.4 - - -
Lysozyme-Fab 3hfm 2.54 0.16 0.16 0.21 0.23 0.41 3.75
complex®
2.04+0.37 0.501+0.26 0.274+0.12 0.324+0.07 0.1440.08 0.161+0.11 3.80£0.15

The criterion for the existence of native contacts (NC), which is elementary to the topological analysis of the complexes, is a distance
between C* atoms of two residues i and j, which satisfy |i—j|>3, of less than 8 A, or a distance between any side-chain heavy atoms in
the two residues is less than 4 A.

? For the dimeric p53 the interface between two unfolded monomer was analyzed with respect to a single monomer. For the
tetrameric p53 the interface between the two dimers was analyzed with respect to a single dimer. Due to sequence discontinuity, the C
and L parameters cannot be calculated for a tetrameric p53.

® Due to the lack of structure for the domain-swapped structure of BS-RNase (M X M), it was modeled based on the non-swapped
structure (M=M) (see Models and Method section for details). As the formation domain swapped structure involves association of at
least partially unfolded monomer it was not included in the averaging of the complexes that are supposed to be formed by binding of
folded subunits.

¢ The complex between the lysozyme and its antibody (Fab) is the only hetro-oligomeric protein in this Table. The monomer in this
case refers to the lysozyme only.

contact networks in the monomers of two-state site I11,%° FIS dimer,” and Trp—repressor7l are shown

dimers are, in general, compensated by having
more contacts per residue at the interface (Figure
1(a)) and a there being denser network of contacts at
the interface (Figure 1(c)), as reflected by a higher
clustering coefficient for the interfacial residues.
This fact is illustrated by the extensive interfaces for
two-state homodimers (shown in Figure 2 by the
red lines), which are often characterized as inter-
twined structures, in comparison to the simple
topology of the interfaces of three-state homodi-
mers (Figure 5). Additionally, the quantitative
structural analysis illustrates that the majority of
the homodimers from the non-redundant data set
share similar structural properties with three-state
homodimers. Accordingly, most homodimers, as
reflected by the PDB entries, are formed by the
binding of folded monomers. This is in agreement
with the previous prediction that 6-17% of proteins
encoded by various genomes are fully disordered.**

Binding transition state ensemble for
dimerization

Coupled folding—binding reactions

The free energy surfaces for the togology based
models of binding of Arc-repressor,””*® troponin C

in Figure 2 as a function of Qo and the separation
distance between the two chains. For Arc-repressor,
troponin C site III, and FIS dimer, two states exist at
equilibrium: unfolded monomers and folded
dimers, ie. no thermodynamic intermediate is
detected in the simulations during their association
starting from unfolded chains, in agreement with
experiments. We would like to point out that a more
detailed analysis has to be performed to address the
existence of an on-pathway kinetic dimeric inter-
mediate that might be populated during the folding
of these homodimers. To examine the coupling
between folding and binding, the free energy
surfaces were also projected on the reaction
coordinates for folding of the two monomers (Qa
and Qgp) and the reaction coordinate for binding
(i.e. interface formation, Qinterface). These four-
dimensional energy surfaces clearly show that the
folding processes of monomeric Arc repressor,
troponin C site III, and FIS dimer are all coupled
to binding. At the binding transition state, the
monomers are only partially folded and the inter-
face is partially formed. Interestingly, the structure
of the transition state is asymmetric, in that one
monomer is significantly more structured than the
other monomer. This may indicate a binding
between the unfolded chain and a more fully
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Figure 2. Binding free energy landscape for obligatory protein complexes. The dimer subunits of Arc repressor,
troponin C site III, FIS dimer, and Trp repressor are colored grey and blue, and the native contacts that define the dimer
interface are denoted by the red lines. The two-state binding thermodynamics is shown by the projection of the free
energy on the total number of native contacts (Qrota is the sum of the monomeric native contacts, Q and Qg, and the
interfacial native contact, Qmterface)- The coupling between monomer folding and interface formation is seen by the
projection of the free energy on Qa, Qp, and Qunterface- In this four-dimensional plot, a contour of the free energy as a
function of Q4 and Qg is plotted at six different values of Qterface- U and D stand for an unfolded monomer and a folded
dimer, respectively.
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structured chain that has achieved a shape that
supports recognition. Due to the symmetry of the
dimer, the asymmetric binding pathway cannot
distinguish between monomers A and B, as both
can serve as a pseudo-template for binding to the
other chain. For Trp repressor, a dimeric inter-
mediate is populated at equilibrium, and its
formation is the rate-determining step for dimer-
ization. The four-dimensional energy landscape for
Trp repressor indicates that a folded free monomer
is not stable. The dimeric intermediate is comprised
of a relatively well-folded monomer with the
second monomer being only partially folded. In a
previous analysis, we found that this intermediate
gives rise to a significant fly-casting effect in the
dimer formation of Trp-repressor.

To microscopically analyze the nature of the
transition state, we calculate the ® values in the
binding transition state ensemble. The ® values are
calculated for each contact formed in the native
state (equation (3)), as well as averages for each
residue that take into account all contacts made by
that residue (equation (4)). The contact ® values for
the dimers that form concomitantly with monomer
folding are shown in Figure 3 in the format of a
contact probability map (the contact probabilities in
the native state, P;, is also shown). The & values for
individual contacts are not easily measured experi-
mentally. However, they are useful in providing a
more complete description of the structure of the
transition state ensemble. Contact ® values are
particularly valuable in the case of the binding
transition state because they treat separately the
intra- and inter-molecular contacts of a given
residue. The whole residue ® value measured in
the laboratory correspond to both intra-molecular
and inter-molecular interactions.

Examining the contact ® value maps for the
binding transition state reveals two major points
that are valid for all four studied homodimers. First,
all the contact ® values have relatively low values
(centered around 0.5 or less) and, in general, no
region is as completely structured as the native
state. Second, the intra and inter-monomeric con-
tacts generally have similar & values, which
demonstrate that the monomeric and interfacial
contacts are formed to nearly the same degree at the
transition state. This is an outcome of coupling
between folding and binding. The significant non-
native character of the binding transition state is
illustrated by the histogram of the calculated
contact ® values, which shows no value above 0.8.
Our computed & values can be tested by comparing
to measured ones. Of the dimers we simulated,
experimental ® values are currently available only
for Arc-repressor.**** The histograms of the com-
puted and experimental ® values for Arc-repressor
satisfactorily overlap. Both histograms indicate a
partially structured transition state; however, the
computed ® values are generally higher than those
from experiment. Figure 4(a) and (b) show the
correlation between the ® values from experiments
and simulations, giving a correlation coefficient of

0.31. The main deviation is found for the N-terminal
region, which was more structured in the simu-
lations than in the laboratory. Although there are
detailed deviations between the simulated and
experimental ® values of particular residues, both
methods support the overall view that residues
9-12 (located in the middle of the B-strand) and
residues 25-30 (the C-terminal of the first helix) are
the most structured at the binding TSE.

Binding of pre-folded subunits

The binding transition state ensembles for form-
ing homodimers via a three-state mechanism were
studied for three systems; A repressor,’> A Cro
repressor,73 and LFB1 transcription factor.”* These
systems are all found experimentally to form by
the association of already folded monomers.
We have already shown that G model simulations
for these homodimers successfully reproduce
the gross features of their three-state binding
mechanism.® However, while in all cases a stable
folded monomer is formed during the association
of these three homodimers, each one differs in the
details of how the subsequent monomer is
recognized.

A repressor forms via the so-called induced-fit
mechanism.®”® Figure 5(a) illustrates that two
unbound monomeric A repressors are prerequisite
for the dimer formation. For LFB1 transcription
factor and A Cro repressor, a folded monomer is
stable on its own; yet, in these systems association
does not follow an induced fit mechanism. Rather,
in these cases, the existence of a single folded
monomer acts as a template for the folding of the
other monomer. This asymmetric binding pathway
resembles the asymmetric structure of the transition
state found for the case of binding of monomers that
are intrinsically unstructured. The folded subunit
can be viewed as catalyzing the folding of the
unfolded partner by forming interfacial contacts
between the two chains. This catalysis of a
monomer folding is shown in Figure 6. In each
case the barrier for folding of a monomeric A
repressor, LFB1 transcription factor, and A Cro
repressor in the dimeric environment is lower
than the folding barrier for an isolated monomer.
The catalytic effect is more significant for LFB1
transcription factor and for A Cro repressor than for
A repressor. A mild effect, like that found for A
repressor, has also been observed for HIV-1 PR
(data not shown). This latter set of homodimers
follows the induced-fit binding mechanism,”””® and
the effect of the dimeric environment on the folding
of their subunits can be interpreted as a crowding
effect. The enhanced folding is expected to be
concentration dependent, being reduced upon
dilution.

The binding of both LFB1 transcription factor and
A Cro repressor occurs readily between unfolded
and folded subunits. For LFB1 transcription factor,
the complex between unfolded and folded mono-
mers is transient, and its formation is coupled with
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Figure 4. Comparison between the simulated and experimental ® values for binding of Arc repressor (a and b) and the

tetramerization domain of p53, p53tet (c and d).

the folding of the unfolded monomer (Figure 5(b)).
This complex for A Cro repressor is, however, more
stable and was significantly populated in our
simulations (Figure 5(c)). Once the complex is
formed, the unfolded monomer can fold on its
partner. The existence of this intermediate state was
verified by simulating A Cro repressor with a linker
of 12, 20, and 30 glycine residues that connect
between the two monomers, as well as in our
standard simulations where a linker was avoided.”
It is plausible that this asymmetric binding
mechanism for A Cro repressor is similar to the
effect related to pro-sequences in enzymes such as
subtilisin and a-lytic protease.”” Pro-sequences,
which are crucial for the timing of the enzyme
activity, have been found to catalyze enzyme
folding. The exact mechanism of the folding
catalysis by pro-sequences is still unknown, how-
ever, it seems that a folded pro-sequence may act as
a template for enzyme folding, as was found for
LFB1 transcription factor and A Cro repressor.

The different association mechanisms of the

three-state homodimers we studied are reflected
by different pattern of the ® values at the binding
transition state (Figure 7). The ® values of the intra-
monomeric contacts are much higher than those
corresponding to the inter-monomeric contacts,
indicating that at the binding transition state the
monomers are nearly folded. A histogram of the ®
values indicates that most of the contact ® values
are close to unity. The & values at the binding
transition state of LFB1 and A Cro repressors are
lower than those for A repressor.

The extended and simple interface of A Cro
makes binding possible even before folding, even
though the monomer is stable on its own. That there
may be an adaptational advantage for this binding
mechanism receives support from a recent retro-
evolutionary study of Cro proteins.”®”® The A Cro
repressor is the only one of the Cro proteins that has
a B-strand element. This element arises from two
specific mutations in a usually a-helical region of
the structure for the other family members that are
monomeric. Thus to enable dimerization A Cro

Figure 3. The contact ® values, @,
dimer, and (d) Trp repressor, and the contact probability,

P

ijr

at the binding transition state of (a) Arc repressor, (b) troponin C site III, (c) FIS

in the native dimer. The histogram of the contact ® values

for each dimer is also shown and, for Arc repressor, is compared with the experimental values.



1130

Transition State Ensemble of Protein Binding

Folding
(a) A repressor

Rcm(A) — Rem(B)

TSE UM

Binding
_TSE

anterface

o

50 150

(b)LFB1 transcription
factor

Recm(A) — Rem(B)

250 350
Total

. Binding
TSE

anterface_
0\ I [ AN B Y
\ A ;
) ?‘:‘,‘ ._‘. i i
1S
= i
joe] S

20 20 ; f 2
Qa
QTntaI

=

Rcem(A) — Rem(B)

Binding
TSE |

50

QTotal

250

Figure 5. Binding free energy landscape for non-obligatory protein complexes. The complexes include (a) A repressor,
(b) LFB1 transcription factor, and (c) A Cro repressor. U, M, and D refer to an unfolded monomer, a folded monomer, and

a folded dimer.

repressor has evolved a new interface, now leading
to an o/ P protein rather than an all-a one.

Association by domain-swapping

Domain-swapping”'** takes place by inter-

changing identical structural elements between
different subunits. Dimerization occurs by
recruiting interactions that originally were
evolutionary designed to internally stabilize
separate subunits. The experimentally observed
swapped dimer was reproduced using a landscape
model that allows each intra-molecular interaction
to be formed in a symmetric fashion inter-
molecularly. The postdiction of the native swapped

oligomer by this (partially) frustrated model, which
actually allows any region in the monomeric
protein to swap, indicates that domain-swapping
is a consequence of the principle of minimal
frustration.”” Since any monomeric protein has the
potential to oligomerize via domain-swapping to
form an inactive form of the protein, such as
amyloids, it is crucial to understand the transition
states for this binding reaction.

We study the transition state for domain-
swapping by BS-RNase. The BS-RNase is an
interesting system for studying the mechanism of
converting a monomeric protein into a domain-
swapped oligomer, because both of its quaternary
structures are relatively stable and have been
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Figure 6. Free energy for folding of (a) monomeric A
repressor, (b) LFB transcription factor, and (c¢) A Cro
repressor. For each homodimer, the free energy plots are
for folding of an isolated monomer (broken line) and a
monomer in a dimeric environment (continuous line) and
are both plotted at the folding temperature for the
monomer in the dimeric environment.

structurally characterized in the laboratory: a
domain-swapped dimer, M XM, and a dimer with
no interchange, M=M. The interface formed
between the two monomers is much larger in the
case of domain-swapping (Figure 8). Accordingly, a
greater stability is observed for the M XM dimer in
association simulations of BS-RNase.”* The contact
® values show that for both forms of BS-RNase the
® values for the interfacial contacts are smaller than
those for intra-monomeric contacts. The monomers
that form M=M BS-RNase are fully folded upon
binding. The monomers that form the swapped
structure are also nearly folded at the binding
transition state, however, the a-helix at the N
terminus (residues 1-19) is not yet fully structured.
At the binding transition state of MXM, the
contacts of this helix with the other subunit are
formed to a larger degree (®;~0.6) than the
interfacial contacts between the hinge loops that
form at a later stage (®;;~0.3).

Although for both dimerization reactions the
residue ® values span a similar range of values,
the monomers that bind to form M=M are
significantly more folded than the monomers that
form the M XM BS-RNase (Figure 9). The ® values
suggest that forming M=M involves much less
flexibility, while the formation of the domain-
swapped dimer requires more coupling between
folding and binding. It is possible that other
systems associating viz domain-swapping will

follow a more complete unfolding and thus will
show an even larger degree of coupling between
folding and binding.

Binding transition state ensemble for trimer and
tetramer formation

p53 tetramerization domain: dimerization of dimers

The tetramerization domain of p53 (p53tet,
residues 326-356) is an intriguing system to study
because it manifests different assembly scenarios in
different stoichiometry.***° The completed tetramer
is formed by two steps: first dimerization of two
unfolded chains, which then in turn further
associate to form the tetramer. Accordingly, this
tetramer is often called a dimer of dimers. For-
mation of p53tet dimer is coupled to monomer
folding, while the tetramer is formed by the binding
of already folded entities. The properties of the
network of contacts that define the interface of
the dimer and tetramer, as well as the topologies of
the monomeric and dimeric p53tet (see Figure
10(a)), are consistent with the different assembly
modes for formation of dimeric and tetrameric
p53tet. There are 0.77 intra-subunit contacts per
residue for the dimeric p53tet. The tetrameric p53tet
has 1.58 such contacts per residue. There are 1.65
interfacial contacts per residues for the dimer but
only 0.71 for the tetramer. Accordingly, the ratio
between interfacial and intra-subunits contacts for
dimeric p53tet is 2.13 and for the tetramer is 0.44.
The interface hydrophobicity of the dimer is 0.35
while that for the tetramer is 0.40. The phase
diagrams in Figure 1(a) and (b) would indicate,
therefore, that the p53tet dimer follows a two-state
equilibrium mechanism, while assembly into a
tetramer should follow a three-state equilibrium
binding. Moreover, the average clustering coef-
ficient of the monomer is 0.04 £0.01 and that for the
dimeric interface is 0.1+0.02. The average shortest
path-length for the monomer is 4.15+0.15,
suggesting an intrinsically unfolded monomer (see
Figure 1(c) and (d)).

The folding and assembly of the WT tetrameric
domain of p53 was simulated starting from four
unfolded monomers. The specific heat curve for
forming of WT pb53tet exhibits two peaks
(Figure 10(b)). To assign each of the specific heat
peaks found for the tetramerization reaction, the
change of the specific heat in the dimerization
reaction alone was also calculated. Dimerization
gives a peak at the higher temperature and thus the
other lower-temperature peak corresponds to the
dimers associating into a tetramer. This already
suggests that the fully formed dimeric p53tet is
prerequisite for the tetramer formation. To further
analyze the tetramer assembly, the free energy
surface was projected along the total number of
contacts (Qrota) and the radius of gyration of the
tetramer (Figure 11(a)). Four different oligomeric
states of p53tet were formed and correspond to all
four subunits being unfolded, states where either a
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single dimer or two dimers are formed, and a
tetrameric state. The obligatory formation of two
dimers to form a tetramer and the fact that no stable
trimeric state is found in the simulation is consistent
with the experimental designation of the tetrameric
domain of p53 as a dimer of dimers (Figure 11(a)).

The two-step assembly is illustrated by the
projection of the free energy surface along the
reaction coordinates for the dimer formation (Q,.
and Qpg) and for the formation of the tetramer
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at the binding transition state of (a) A repressor, (b) LFB1 transcription factor, and
in the native dimer. The histogram of the contact ® values for each

interface (Qac—ba). Each dimer forms independently
and is stable on it own. Yet, two folded dimers are
prerequisite for tetramerization (Figure 11(b)).
Accordingly, a dimer is formed by association of
unfolded chains that become folded upon binding,
while the tetramer is formed by association of
folded molecules. These two different binding
modes are reflected by the change of the free energy
as a function of the distance between the two
molecules participating in each binding reaction



Transition State Ensemble of Protein Binding

1133

y P A 1 124 :

-y 1
s g 09 | g L 3

RO @,

* : o8 0.8

! i 1

v . - = B L
T ! o7 : ba a7

4 ‘ " o 4 | o i
| .- { 0.6 X o : '/ = % 0.6
i ' e 2 Pl R et L I, L I s
3 Fag i 124 : \J i
a ‘E.“ H P | 04 LT ’ \"-\’ : Plr 04
. ‘\k A i CChs T ‘"c,‘ : v

w N v Rl N

A Y 2 A R i)
P N | e [ 0 N [ W

i e e H . e i I o
[ <3 ]l i) 0.1 o e < % : e . e
R i i | : 172 | ‘
] 124 1" 124 I 124 1° 124°

Figure 8. The two quaternary structures of bovine seminal ribonuclease (BS-RNase): (a) M=M and (b) MXM. The
contact @ values at their binding transition state and the contact probability in the native state are shown in (c) and (d),

respectively.

(Figure 10(c)). A gradual decrease of the free energy
is seen for the association of unfolded monomers
even when the separation distance between them is
relatively large, reflecting a fly-casting effect due to
a transiently binding of unfolded regions. For the
tetramerization, a barrier has to be surmounted
to form a tetramer from two folded dimers. The
barrier’s origin is the entropy loss upon the
complex formation, owing to the lack of a fly-
casting effect. To assess the contribution of the high

(a)

flexibility of the monomers to their association into
dimeric p53tet via the fly-casting mechanism, a
simulation was also carried out where all the
monomeric contacts were kept permanently formed
(Figure 10(c)). This corresponds to association
reactions of partially flexible monomers (the mono-
mers are not completely rigid as there are almost no
interactions between the a-helix and the B-strand in
each monomer). A milder fly-casting effect was
actually still observed for this case, emphasizing the

(b)
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Figure 9. The residue ® value at the binding TSE of M=M and M XM isoforms of BS-RNase.
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Figure 10. Assembly mechanism of the tetramerization domain of p53 (p53tet). The tetramer, which is shown in two
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composed of 2 and ¢ as well as between b and d are shown by yellow lines. (a) The interfacial contacts between these two
dimers are shown by the red lines. (b) The specific heat as a function of temperature during the formation of p53tet, as
well as of its mutant L348A. For comparison the specific heat during the formation of the dimers ac or bd is shown by the
dotted graph. (c) The free energy as a function of the separation distance during the dimerization reaction (formation of
ac or bd) and the tetramerization reaction (formation of abcd) for different degree of flexibility.

crucial role of flexibility in the association of the
monomers. The signal for fly-casting is not elimi-
nated, because the monomers are not completely
rigid, and the B-strands that primarily participate in
the interface formation are still flexible. We would
like to point out that the fly-casting effect in the case
of dimerization of p53tet might be affected by
introducing either non-additive or non-native inter-
actions even in the case of highly flexible
recognition. The association of rigid folded dimers
to p53tet does not show any fly-casting behavior.
However, the barrier for binding is much smaller in
comparison to the case where flexibility was not
prohibited from the dimers. This is due to less
entropy loss during the association, as the subunits
have intrinsically less entropy, as dictated by the
enforced rigidity.

A quantitative comparison between the associ-
ation mechanisms of monomers and dimers can be
obtained from ® value analysis. The ® values were
calculated for the dimerization and tetramerization
reactions based on the location of their correspond-
ing transition state along Q. The contact ® values for
the two association modes exhibit significant
differences (Figure 12). The contact ® values for

the dimerization have similar values for intra and
inter-monomeric contacts, reflecting a coupled
folding-binding process. These contacts have
much higher ® values in the tetramerization
reaction where only the inter-dimeric contacts are
partially formed. The low ® values for dimerization
in comparison to those for tetramerization parallel
the pattern found in two-state versus three-state
homodimerization. Comparing the calculated ®
values to those measured experimentally by Fersht
and colleagues*® yields a reasonable agreement
(Figure 4(c)). The different nature of the two
association reactions is correctly captured by the
Go6 simulations (the correlation coefficient obtained
when comparing all the theoretical ® values of both
reactions with the experimental ones is 0.89). The
correlation coefficient within each set of ® values is
smaller. For the tetramerization, the correlation
coefficient is 0.36, however, upon exclusion of
residues 347 or 351, it is 0.48 and 0.51, respectively.
When both residues 347 and 351 are discarded, the
correlation coefficient is 0.70. Although the Go
simulations indicate, consistently with experi-
ments, low ® values at the dimerization transition
state, the correlation coefficient between the
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Figure 11. The free energy surface for the assembly of
p53tet. (a) The free energy is plotted as a function of Qrotal
and the radius of gyration of the tetramer. (b) A four-
dimensional energy landscape is plotted along the
reaction coordinates of formation of the dimers ac and
bd and the tetramer interface (ac-bd). U, D, and T refer to
an unfolded monomer, a folded dimer, and a folded
tetramer, respectively.

theoretical and experimental ® values of the
association of two unfolded subunits is poor,
around —0.08. This weak correlation can be under-
stood by the nature of these small ® values, which
makes them more sensitive to fluctuations. Corre-
lating low and similar ® values (i.e. those that span
a very small range) are intrinsically more vulner-
able in comparison to correlating two sets of values
that span a large range. Moreover, the fact that
many negative ® values are found experimentally

may indicate that the p53tet dimer on its own is an
energetically frustrated system, which cannot be
captured by a simple minimally frustrated Go
model. We would like to point out that very recently
an all-atom molecular dynamics study was done by
Pande and his co-workers on the dimerization
reaction of the tetramerization domain of p53.%'
The ® values for the binding TSE from that study,
which includes non-native interactions, displays
qualitatively similar results to those obtained from
our Go simulations.

Fersht et al. have shown that the L348A mutant
of p53tet destabilizes the tetramer by destroying
the hydrophobic packin% in the core of the
oligomerization domain.**®> The leucine residue
at position 348 participates in two contacts that
stabilize the dimer and three contacts at the inter-
face between the two dimers, resulting in a
potential decrease of four dimeric and 12 tetrameric
interfacial contacts upon mutation. The L344A
mutant was also predicted to show destabilization
of the tetramer in comparison to the dimer. This
destabilization effect of the tetramer interface is
consistent with the decreased number of contacts,
while the dimer is unaffected. In our study, the
L348A mutant was simulated by removing all the
inter-molecular contacts that it participates in. Like
the wild-type, the specific heat curve for forming
L348A p53tet exhibits two peaks (Figure 10(b)). The
peak at the higher temperature corresponding to
the dimerization is similar for both the wild-type
and mutant p53tet. The dimerization of dimers,
however, is different for the two molecules. For the
L348A pb53tet, the temperature at which the two
dimers are at equilibrium with a tetramer is now
much lower than that for the wild-type. For our
simulations, the mutant tetramer is less stable than
the wild-type. The mutation also stabilizes the
dimer and is thus consistent with the Fersht group
measurements.*®%’

The free energy surfaces for the tetramerization
of WT and L348A p53tet (at the same temperature,
€=0.96) plotted along the dimerization reaction
coordinates (Q,. and Qpq) show similar thermo-
dynamic properties (Figure 13(a)). In both cases, the
formations of the dimers ac and bd are decoupled
and their stability is similar. Figure 13(b) shows the
free energy surface along the coordinates to form
the dimers ac and ab. This illustrates that ab is
formed only upon the formation of the dimer ac.
Similar coupling is also observed between the
folding of the dimer ac and the formation of the
dimer ad, the trimer abc, and acd (data not shown).
The formation of the trimer abd is coupled to the
association of a and c. Accordingly, all the trimeric
states, as well as the dimers ab, ad, and bc, are not
stable and are defined only as part of the tetramer.
For L348A, the stability of the tetramer (reflected by
the free energy of either the dimer ab or the trimer
abd) is much lower than that of the WT. This
indicates that due to the poor packing at the
tetramer interface, which is introduced by the
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Figure 12. The contact ® values at the (a) dimerization and (b) tetramerization TSE of p53tet. For comparison, the
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L348A mutation, the tetramer is much less stable
and will be populated only at lower temperatures.

HIV-1 gp41 envelope protein: a two-state trimer
formation

The HIV-1 gp41 envelope protein (Figure 14(a)) is
a homotrimer of helical hairpins that mediates the
entry of immunodeficiency viruses into target cells
by promoting the fusion of viral and cellular
membranes. The folding thermodynamics of gp4l
envelope protein follows two-state characteristics,
which has been susg%ested to have implications for
membrane fusion. The ratio between interfacial
and monomeric contacts is 1.51, the interface
hydrophobicity is 0.51, the average clustering
coefficient for monomeric and interfacial residues
are 0.08 and 0.19, respectively, and the mean
shortest path-length is 4.03. According to the
phase diagrams in Figure 1, these values would
place monomeric gp4l envelope protein (i.e. a
single helical hairpin) with the two-state homo-
dimers, that is, the free monomer is intrinsically
unfolded under conditions where the trimer can
form.

The free energy surface as a function of Qrotal
(: Qa + Qb + QC + Qah + Qac + cht where Qx counts
the number of contacts in monomer x and Q.
counts the number of interfacial contacts between
monomers y and z) and the radius of gyration of the
trimer indicates a two-state thermodynamics
(Figure 14(b)). The coupling between the binding
and folding of the helical hairpin is tested by
plotting the free energy along the reaction coordi-
nates for the formation of dimeric helical hairpins
(ab, ac, and bc) (Figure 14(c)). This free energy plot

illustrates that the dimeric species of gp41-envelope
protein are not stable on their own, and they are
defined only as part of the formed homotrimer.

® value analysis supports the existence of
coupling between monomer folding and trimer
formation. The contact ® values for intra and
inter-monomeric contacts have similar values
(Figure 15(a)) and are relatively low (0.2-0.65, see
Figure 15(b)). Accordingly, the HIV-1 gp41 envelope
protein exhibit ® values similar to those found for
two-state homodimers. Our simulation study indi-
cates that the residues at the C terminus of helix 1
(residues 20-32) and at the N terminus of helix 2
(residues 39-42) have the highest ® values. We
predict that the nucleation region for the folding
assembly is centered around the turn that connects
the two helices.

Antigen—antibody complexation: a possible role of
water at the binding transition state

Since Fisher’s time, components of the immune
system have been extenswely used as paradigms of
protein—protein interactions.® X—ray structures of
the complexes have guided kinetic and site-directed
mutagenesis investigations of several antigen—anti-
body complexes, including that of the chicken
lysozyme and its specific antibody,*”* to decipher
the high affinity and specificity of the antibody to
the antigen. The antibodies recognize their target
antigens using their variable domains, along with
fragments of the variable regions. Fab molecules,
which are the fragments of antibodies, are com-
posed of two polypeptide chains (light and heavy),
each composed of variable and constant domains.
Fv molecules consist of light and heavy chain
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of the trimer abd.

variable domains (VL and VH) of antibodies only
and are thus approximately half the molecular mass
of Fab (see Figure 16). The Fv molecule exhibits
antigen binding specificity and affinity similar to
those for Fab fragments. Extensive amino acid
replacements have been introduced into the lyso-
zyme (HEWL)-HyHEL-10 Fab complex to evaluate
the free energy contributions of the chicken lyso-
zyme epitope residues.”*

To study the transition state ensemble for forming
the antigen—antibody complex, we simulated the

L348A pS53tet
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lysozyme (HEWL)-HyHEL-10 Fab complex (PDB
entry 3HFM) at a temperature range where both the
HEWL and Fab molecules are folded, but undergo
binding/unbinding transitions. The recognition
between HEWL and Fab results from the
formation of 29 and 23 contacts between the
lysozyme and VL and VH, respectively.
The calculated ® values for the 19 HEWL
residues at the interface with Fab were calculated.
Grouping the ® values into two sets of values
between 0.25<® <0.60 and 0.60 <® <0.89 reveals a



1138

Transition State Ensemble of Protein Binding

éf) léO ‘

QTOtal

40

Figure 14. The trimerization of HIV-1 gp41. Each of the identical monomers is composed of two helices. (a) The
interfacial interactions are shown by the red lines. The binding free energy surface is projected along Qrota1, and (b) the
radius of gyration of the trimer and (c) the reaction coordinates for dimerization reactions (formation of the dimers ab, ac,

and bc).

distinct correlation with the lysozyme interface. The
low ® values correspond to residues that interact
with VH, while the higher ® values correspond to
residues that interact with VL. These @ values
present a polarized scenario where, at the transition
state, the interactions with VL are much more
formed than with VH. Comparison of the ® values
from our simulations with experimental ones can be
done on only a limited basis because ® values were
measured in the lab for only three HEWL residues:

R21, K97, and D101.*” R21 mainly interacts with VL
(participates in four contacts with VL and two
contacts with VH) and the R97 and D101 residues
interact solely with VH (two and three contacts with
VH, respectively). The experimental ® values for
K97 and D101 are much more similar to the
simulated ® values than those correspondingly
found for R21 (see Table 2). However, due to the
low resolution of the G6 model, one may compare
the simulated and experimental & values for
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Figure 15. @ value analysis for the trimerization of HIV-1 gp41. The ® values are shown (a) per contact, (b) as a

histogram, and (c) per residue.
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Lysozyme

(HEWL) VL HyHEL-10 Fab

WIBLIOP JUBISUO))

Figure 16. The complex between hen egg-white
lysozyme (HEWL) and the Fab antibody. The Fab is
composed of light (VL, colored grey) and heavy (VH,
colored blue) chains. Interfacial contacts between HEWL
and VL and VH are colored grey and blue, respectively.
Accordingly, the interfacial contacts between HEWL and
VL and VH are shown by grey and blue lines, respec-
tively. The HEWL residues with ® value larger than 0.6
are colored yellow and those below 0.6 are colored red.

regions of residues rather than for a single isolated
position.

The different ® values obtained for position 21
from the topology based model and the experi-
mental studies on the HEWL-Fab complex (0.84 and
0.14, respectively) can be explained in the light of
the crystal structure of HEWL with Fv. The overall
structures of the complexes of HEWL with Fv and
Fab, which includes in addition to the variable
domains, VL and VH that constitute Fv, also a
constant domain, are similar. However, at the
interface of HEWL-Fv, 11 water molecules were
found, while the complex with Fab is almost dry
and contains only a single water molecule.”* The
water molecule at the interface of HEWL with Fab

Table 2. ® values for complexation of FAB with HEWL

Experimental ®

HEWL residue Simulated ® value value
VL

13 0.67 NA
14 0.68 NA
15 0.70 NA
16 0.68 NA
17 0.89 NA
18 0.79 NA
20 0.83 NA
21 0.84 0.14
22 0.81 NA
96 0.68 NA
100 0.69 NA
VH

63 0.50 NA
73 0.35 NA
75 0.25 NA
89 0.36 NA
93 0.52 NA
97 0.57 0.36
101 0.52 0.36
102 0.44 NA

mediates a contact between the lysozyme with VH.
The numbers of water-mediated interactions of the
lysozyme made with the VH and VL domains of Fv
are four and 11, respectively. Clearly, the water
molecules at the interface of the complex HEWL-Fv
are important in mediating hydrogen bonds,
especially between the lysozyme and the antibody
VL domain and indicate a pure shape complemen-
tarity between the HEWL and VL. The involvement
of water in stabilizing the complex with Fv suggests
that the deletion of the constant region results in an
unfavorable effect that is compensated by solvent-
mediated hydrogen bond formation that may lead
to a minimum decreased affinity. The role of the
constant domain of Fab in the recognition of Fab to
HEWL is supported by normal mode dynamics.”*

The abundance of water in mediating contacts of
the lysozyme with VL domain in the absence of
constant domain (Fv fragment) can explain the
discrepancy between the ® value at position 21
from experiments and the GO simulations at the
binding transition state of the HEWL-Fab complex.
Although the interface between lysozyme with Fab
is very dry, the presence of several solvent-
mediated contacts between R21 and its neighbor
residues and the VL domain of Fv fragment may
indicate an important role of the water in effecting
antigen—antibody association. Solvent molecules,
thus, can assist the initial association to form the
encounter complex or, alternatively, the main
binding transition state, which will be squeezed
out at a later stage and result in a dry interface,
which is stabilized by shape complementarity. The
latter is probably affected in the case of HEWL-Fv
due to the lack of the constant domain, which is
compensated by water molecules at the interface
that improve lack of structural fitting. Accordingly,
the complex HEWL-Fv serves as a snapshot in the
recognition dynamics between the antibody and
antigen. We propose that the interface of HEWL
with the VL domain is much more solvated at the
binding transition state than the interface of VH
with HEWL. This may explain the lower ® value
found for R21 that cannot be captured by a simple
Go model.

Conclusions

Protein topology, currently well accepted as a
pivotal factor in determining unimolecular folding,
also determines many aspects of protein assembly.
The topology of a protein complex is characterized
by the network of non-covalent residue-residue
interactions that exist within each chain and
between the chains. The density of contacts, as
well as the average clustering coefficient and the
mean shortest path-length, were found to differen-
tiate between proteins that first fold and then bind
and proteins that, in contrast, fold and bind
simultaneously. Beyond this global structural
analysis, we have shown that the network of native
interactions of a few complexes (including nine
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dimers, a trimer, and a tetramer) determines the
funnel energy landscape that can be used to study
the residue-specific dynamics of assembly. Simu-
lations based on these landscapes, which uniformly
treat all the intra and inter-chain contacts, repro-
duce the gross features of binding regarding the
coupling between folding and binding. Further
support for the role of topology in protein assembly
can be found in a recent study that has shown that
the folding rate of a two-state homo-heptamer can
be predicted based on the topology of the native
monomer.” The important role of protein flexibility
for binding kinetics is manifested by the fly-casting
mechanism exhibited by intrinsically unfolded
monomers that fold upon association. Inhibiting
monomer flexibility results in a shallower fly-
casting effect and gives slower binding. Flexibility
is an inevitable ingredient of protein recognition. Its
importance is reflected also by the instances of
monomer folding on an already folded monomer. In
these situations, one partner serves as a template.
An asymmetric binding pathway for forming even
symmetric dimers is also formed where at the
binding TSE one monomer is more structured than
the other monomer.

The structures of the various transition state
ensembles were evaluated from these native top-
ology based simulations and used to calculate the
contact and residue ® values. A direct comparison
between the simulated and experimental ® values
was possible for three molecular systems. The
simulated ® values exhibit a general correlation
with the experimental ® values. This suggests that
the structure of the binding transition state can
indeed be obtained with the knowledge of the final
complex’s structure alone. For the other protein
complexes, the topology based model simulations
agreed with experimental findings of whether a
folded monomer constitutes a populated inter-
mediate state. The simulated & values at the
binding TSE for these less-studied assemblies may
serve as predictions to further test the thesis that
minimal frustration and funneled landscapes
dominate protein—protein recognition across the
genome. While the topological model captures the
gross binding mechanism and the finer features of
the binding transition state for most systems, the
simulation of the antibody—antigen complex points
out the possible additional role of water molecules
in recognizing rigid proteins. The magnitude of
desolvation, electrostatic, and trapping effects in
protein binding have to be quantified and com-
pared with the role of topology dominance and
structural complementarity in protein assembly.

Models and Method

The studied protein complexes

With the aim of surveying a range of mechanisms of
protein association, the complexes selected included
dimers, trimers, and a tetramer. In all cases, at least

some experimental evidence for the mechanism of
assembly was available. The selected complexes follow
different binding routes and have varying interface
topology. The studied set of dimeric proteins include
three homodimers that bind concurrently with their
monomer folding (Arc-repressor (larr, residues [1-53]5),
troponin C site III (1cta, residues [1-34],), and FIS dimer
(1£36, residues [1-34],)), one homodimer system that
associates through an on-pathway dimeric intermediate
(Trp repressor (2wrp, residues [8-108],)), and three
homodimers for which monomer folding is prerequisite
to their association (A Cro repressor (lcop, residues [1-
66]»), LFB1 transcription factor (11fb, residues [13-89],),
and A repressor (1lmb, residues [6-92],)). Bovine seminal
ribonuclease (BS-RNase, 11ba, residues [1-124],), which
adopts two quaternary structures (association of fully
folded monomers designated M=M and a domain-
swapped structure designated as M XM),”*"” represents
association via domain-swapping. Since a structure of
M=DM is not available, its structure was modeled based
on the coordinates of the MXM conformation.”” In
addition, the complex between hen egg-white lysozyme
(HEWL) and its Fab antibody (PDB entry 3hfm) that
associates as folded subunits was studied. The trimeric
protein investigated was the HIV gp41 envelope protein,
which shows two-state thermodynamics (1i5x, residues
[3-63]3). The tetrameric domain of p53 (1sak residues
[326-356]4), which has been classified as a dimer of
dimers, was studied as well.

In addition to the oligomeric proteins mentioned
above, a data set of 122 non-redundant homodimers,
which was generated by Janin and his Colleagues,64 was
studied. The thermodynamics and kinetics of the associ-
ation of the majority of these homodimers have not yet
been studied. Analyzing the structures of these 122
homodimers together with those where the binding
mechanism is known may indicate the relative frequency
of occurrence of the various binding mechanisms as
reflected by the Protein Data Bank (PDB).

Structural and topological analysis of protein
complexes

Various average structural properties of the monomers,
as well as of the interfaces, were analyzed. The dimer
structure may be crudely described by the number of
interactions in the folded state (the total number of native
contacts). Two definitions were applied to calculate the
number of native contacts. In the first definition, an
interaction between a pair of residues (i) exists if the
distance between the C* atoms of residues i and j is less
than 8 A or if the distance between any side-chain heavy
atoms in the two residues is smaller than 4 A. In the
second definition, the residues i and j in the native
structure are considered to be in contact according to the
Contacts of Structural Units (CSU) software,”® which is
available from the PDB. Intra-monomeric native contacts
between pairs of residues (i,j) with [i—j|<4 were
discarded from the native contact list, because any three
or four contiguous residues already interact through the
angle and dihedral terms. A set of contacts stabilizing the
native oligomeric protein defines the protein topology
and its subsets address the topology of the complex
subunits and interfaces. In general, a larger set of native
contacts is obtained by using the CSU definition of native
contact, yet, a similar trend is obtained when comparing
sets of proteins by either definition. A water-mediated
interaction is defined by there being a crystallographic
water molecule where an oxygen atom is within a
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distance of 4 A from at least a single heavy atom of two
residues and that the distance between their CP atoms (or
C“ for glycine) is between 4 A and 9.5 A.

In all cases, the resulting map of native interactions for
each protein complex was used to evaluate the average
number of contacts in and between the monomers. The
occurrence of amino acid residues that participate in
interfacial contacts was used to evaluate the interface
hydrophob1c1ty after scaling by the residue hydrophobi-
city factor.” To further characterize the contact map of
each protein (i.e. to quantify the protein topology), we
analyzed the selected complexes by calculating network
parameters that reflect the connectivity of the network of
native contacts. In this analysis, each residue is treated as
a node in the network and an edge between two nodes is
said to exist if the two residues associated with that node
interact based on the definition used for a native contact.
The clustering coefficient for a node i, C;, reflects the
fraction of nodes that are connected to a given node and
are interacting between themselves, thus measures the
local density of contacts. For residue i the clustering
coefficient is given by:

N N
1kAk]

=2 2N (N ™

=1 k=1

Here, N is the protein length, and Aj; is equal to 1 if
a contact is defined between residues i and j, otherwise it
equals 0. The average clustering coefficient for a certain
set of residues (e.g. residues at the complex interface) is
calculated by averaging the corresponding residue
clustering coefficients. The second average calculated is
the mean shortest path-length, L, which is the average
over the minimum number of connections that must
traverse to connect residue pair i and j. The mean shortest
path-length of a given contact map is:

N(N 5 Z Z L; @)

i=1 j=i+1

where L;; reflects the shortest path that connects node
(residue) i to node j, L is a global parameter that has often
been used to measure network efficiency. Due to the
sequence discontinuity for oligomeric proteins, L is
calculated here only for the complex subunits. These
two parameters have been reported to be modestly
powerful in analyzing protein dynamics and to predict
the folding transition state.'”% In this study, the
network analysis is used to characterize the residue
connectivity in the monomer and the interface, and to
differentiate between protein complexes that follow
different association mechanisms.

Association simulation model

The dynamic nature of the association of flexible
proteins was studied for the selected protein complexes
using a native topology based model (Go model). This
model takes into account only interactions that exist in the
native structure and, therefore, does not include energetic
frustration (or, alternatively, includes only topological
frustration). The Go-model has already been used to
study the folding of many monomeric proteins that fold
in a two-state fashion. A significant correlation is found
between the experimental folding rates and the rates (or
the free energy barrier hei htsS) obtained from the
topology based simulations."”'*® In addition, the Go
model was successfully used to predict intermediates
observed experimentally during the folding of larger

proteins.'®'%” Recently, the effect of gatekeepers on the
folding rate of the ribosomal protein S6 has also been
reproduced by topology based model simulations.' The
impressive agreement between the results for perfectly
funneled energy landscapes, and experimental studies
strongly indicates the validity of the idea that proteins are
energetically minimally frustrated for both folding and
binding. However, to resolve quantitative discrepancies
between the minimalist Go models based on pair
contacts, and the folding and binding behavior found in
the laboratory, creating supplemental minimalist models
is unavmdable Such supplements may include adding
cooperativity,'” ™! introducing roughness to the per-
fectly funneled landscape (adding non-native 1nter-
actions),'? and introducing the solvent environment."*3*

Here, we used an off-lattice Go6 model, where each
residue is represented b y 2 single bead centered on its
a-carbon (C”) position.”” Adjacent beads are strung
together into a polymer chain by means of a potential
encoding bond length and angle constraints. The secon-
dary structure is encoded in the dihedral angle potential
and the non-bonded (native contact) potential. In the
framework of the model, all native contacts are repre-
sented by the 10-12 Lennard-Jones form without any
discrimination between the various chemical types of
interaction. The details of the model, 1nclud1n§ 1ts
parameters, can be found in previous studies.®”>7°
enhance the sampling of binding events, a Constramt is
applied on the complex subunits. The first constraint,
which was applied in studying dimers only, is a
polyglycine linker, and the second type of constraint is a
harmonic potential on the distance between the center of
mass of the subunits. The force constant used to constrain
the distance between the center of mass is 0.04, i.e. 2500
times smaller than the force constant for bond between
two adjacent residues. The linker holds the two unbound
subunits (folded or unfolded) in close proximity during
their motions; essentially the local concentration is
enhanced. The linker’s length was determined by the
distance between the C terminus of subunit A and the N
terminus of subunit B. This length is sufficient to ensure
that the linker will not interfere with any intra or inter-
subunit contacts that stabilize the folded dimer. To
optimize its conformation with respect to the dimer, a
minimization was performed on the linker including the
two residues to which the linker 1s directly connected.
Covalently linked Arc repressor’ 7 has been experi-
mentally found to be fully functional with an enhanced
folding rate and stability, suggesting indeed that the
linker plays a passive, largely entropic role of keeping the
unbound monomers at high local concentrations during
folding. To further ensure the linker’s role is only
entropic, the linker residues have no non-bonded
interaction (native contacts) with either subunit. All the
parameters for the bonded terms of the linker residues
were chosen to be smaller by one order of magnitude to
enhance its flexibility and to reduce its energetic
contributions. To check the effect of the linker length on
the association mechamsms simulation were performed
for different linker sizes,® and also when a harmonic
constraint was applied to prevent the center of mass
distance of the two subunits from becoming greater than
twice its value in the native complex.

For the antibody—antigen complex, studying the fold-
ing of each subunit is very computationally expensive,
due to the size of the system (the antigen and antibody are
composed of 129 and 429 residues, respectively). For this
reason and because this complex is predicted by the
phase diagram (Figure 1) to bind only after folding, its
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simulations were done at a temperature where only
binding takes place. The tetrameric domain of p53, which
is simulated starting from four unfolded monomers, was
additionally simulated with models where constraints are
applied to limit the monomer flexibility. In one case, the
monomer was set to be relatively rigid by fixing all the
monomeric native contacts to be permanently formed. In
the second case, the dimers (ac and bd) were rigid and
cannot dissociate into two monomers. These models were
designed to address the role of flexibility in binding and
to quantify the magnitude of the fly-casting effect, which
is monitored by plotting the free energy as a function of
the distance between the association subunits.

For each system, several constant temperature molecu-
lar dynamics simulations were performed (using the
simulation package AMBER6 as an integratorf) starting
from either the folded dimeric conformation or the
unfolded and unbound monomers. At least a single
binding/unbinding transition was required to ensure an
equilibrated sampling. The multiple trajectories were
combined using the weighted histogram analysis method
(WHAM)'® to provide the transition temperatures from
the peaks of the specific heat versus temperature and to
calculate thermodynamic properties of the systems. The
temperatures and the free energy are in units of &, the
stability gain from formation of a single native contact.
The free energy surface of a binding process is projected
onto several candidate reaction coordinates for folding
and binding: the fractions of monomeric native contacts,
interfacial native contacts, the total number of native
contacts, and the distance between the center of mass of
the two subunits. In the free energy calculations, the
energy terms associated with the linker residues were
neglected to enable a comparison between a dimer and an
isolated monomer folding.

To probe the nature of the transition state ensemble, we
computed the ¢; value for each native contact pair
between i and j from the probability of formation, P;;:

_AAFSY PP
) —
7 AAFFY o PE—PY
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where AAF is the free energy difference between the wild-
type and mutant protein, Pj; is the probability of
formation of contact between i and j. For folding of a
monomeric protein the subscripts F, U, and TS corre-
spond to folded, unfolded, and folding transition state
ensembles, respectively. Similarly, for a binding reaction,
the subscripts F, U, and TS correspond to the folded
dimer, unfolded monomers, and binding transition state
ensembles, respectively. Since all non-bonded contacts in
the Go model have the same energies, the ¢; value of
residue i can be calculated from the contact values, ¢y, by
averaging all the ¢;; values that are involved with residue
i:

1 n
bi = zj: Pjj 4)

The computational ¢; value prediction can be compared
with the experimental data once they are available. The ®
values were calculated based on the use of Q, the fraction
of native contacts, as a reaction coordinate. Q successfully
distinguishes between F, U, and TS ensembles and has
been shown to reasonably reproduce experimental @
values 106116117
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