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Structural Bioinformatics: Methods, Concepts and Applications to Blood

Coagulation Proteins

Bruno O. Villoutreix*

INSERM U428, University Paris V, 4 Ave. de L'Observatoire 75006 Paris, France

Abstract: Structural and theoretical analyses of proteins are central to the understanding of
complex molecular mechanisms and are fundamental to the drug discovery process.

Computational techniques yield useful insights into an ever-wider range of biomolecular W
T

systems. Protein three-dimensional structures and molecular functions can be predicted in
some circumstances, while experimental structures can be analyzed in depth via such
computational approaches. Non-covalent binding of biomolecules can be understood by
considering structural, thermodynamic and kinetic issues, and theoretical simulations of

Q

such events can be attempted. The central role of electrostatic interactions with regard to protein function, structure
and stability has been investigated and some electrostatic properties can be modeled theoretically. Computer
methods thus help to prioritize, design, analyze and rationalize biochemical experiments. Cardiovascular diseases
and associated blood coagulation disorders are leading causes of death worldwide. Blood coagulation involves
more than 30 proteins that interact specifically with various degrees of affinity. Many of these molecules can also
bind transiently to phospholipid surfaces. Numerous point mutations in the genes of coagulation proteins and
regulators have been identified. Understanding the coagulation cascade, its regulation and the impact of mutations
is required for the development of new therapies and diagnostic tools. In this review, we describe concepts and
methods pertaining to the field of structural bioinformatics. We provide examples of applications of these
approaches to blood coagulation proteins and show that such studies can give insights about molecular
mechanisms contributing to cardiovascular disease susceptibility.

1. INTRODUCTION

Nature has evolved over millions of year highly
sophisticated mechanisms to perform biological functions.
Subtle imbalances in a living organism or apparently
insignificant errors during some chemical processes can lead
to disease states. Proteins carry out numerous functions in
the human body, and studies investigating the relationship
between sequence-structure-function and energetics aim at,
fundamental understanding of molecular mechanisms and of
protein folding and at the development of new and more
specific therapeutic compounds.

Knowledge of protein three-dimensional (3D) structures
is of major importance in providing insights into their
molecular functions [1, 2]. Analysis of 3D structures assists
identification of binding sites and thus facilitates design of
new drugs. Also, structural investigations at atomic
resolution help in conceiving how a single point mutation in
a gene, and the possible subsequent amino acid substitution
at the protein level can, for instance, lead to protein
deficiency and disease. Moreover, biochemical methods to
probe protein functions, or to enhance/inhibit some
reactions, and the entire protein engineering field benefit
tremendously when scientists have access to structural
information prior to initiating research projects. Such data
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indeed tend to simplify the design of experiments and the
rational processing of experimental results [3-5]. Clearly,
sophisticated methods used to compare genes and/or amino
acid sequences can also provide significant amount of
information about molecular functions, whether applied
alone or in the context of a three-dimensional representative
of a family member and facilitate rational engineering [6-11].

X-ray crystallography, NMR and biochemical methods
have been essential to start developing concepts about how
amino acid sequences relate to folding and function [12].
Such experimental data have helped in the design of
computer methods facilitating prediction and analysis of
protein structures [13-28]. As new 3D folds [29] are reported
(e.g., via the structural genomics initiative) at the Protein
Data Bank [30] (http://www.rcsh.org/pdb/), our level of
understanding is increasing because structural data provide
more powerful links to function than does sequence
information alone [31, 32]. Along the same line of
reasoning, reports about experimentally determined protein-
protein complexes should help understanding molecular
interactions and a Database of Interacting Proteins has been
created [33]. Furthermore, completion of large-scale genome
sequencing projects has resulted in the discovery of
thousands of new protein sequences that will also help in
relating sequence, fold and functions [6, 34-36]. However,
the vast majority of these new proteins has not been studied
by crystallography or NMR, nor they will be for many years
to come [17]. Furthermore, it might be an impossible task to
study some proteins or protein complexes by NMR or
crystallography alone. Therefore, theoretical techniques
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allowing prediction of 3D structures, of molecular complexes
and of functions have been developed over the years and
significant efforts are still expended in improving these
computational methods.

Bioinformatics encompasses tools and concepts aiming at
the analysis of gene expression (e.g., cDNA microarrays
immobilized on slides or gene chips) as well as approaches
leading to the prediction of protein structures and functions.
The term structural bioinformatics has been coined recently,
and commonly refers to research studies dealing with
structural predictions, simulations, sequence and structure
analyses, family classification, and genome annotation. The
field of structural bioinformatics and related concepts provide
not only a means of organizing one’s thinking about
sequence-structure-function problems, but also a framework
for predicting unobserved behavior and suggesting novel
experiments.

In the first part of this review, we comment on
computational methods and key concepts pertaining to the
field of structural bioinformatics. In the second part, we
present illustrative applications of these methods to
coagulation proteins. This review is far from exhaustive, as
the topics under examination are far too vast to be
summarized in a single article. We therefore reference several
review papers as well as research articles that can guide
readers to in-depth description of the material under
consideration or that underline some fundamental notions
with specific case studies in various areas of Life Science
research.

2. STRUCTURAL BIOINFORMATICS: METHODS
AND CONCEPTS

Bioinformatics has been referred to as an interdisciplinary
science that involves both conceptual and practical tools for
the understanding, generation, processing and propagation of
biological information [37]. There are currently three main
trends in the field of structural bioinformatics: protein
folding and 3D structure predictions (e.g., development of
more accurate free energy functions), investigation of
intermolecular interactions and of macromolecular complexes
(possible applications are structure-based ligand design,
scoring functions for in silico screening, metabolic
pathways), and prediction of potential structural impacts of
amino acid substitutions on protein folding and stability
(e.g., conformational diseases). Studies on this latter topic
have been stimulated by the realization that misfolding
and/or aggregation are involved in a number of diseases
(e.g., naturally occurring mutations can affect protein folding
and can lead to disease states, such diseases are often referred
to in the literature as conformational diseases).

Numerous debates are taking place in the field of
structural  bioinformatics, for instance about the
stabilizing/destabilizing effects of ionic interactions, either
within one protein or at the interface between two molecules.
Different opinions as to the nature of ligand binding surfaces
(hydrophobic, polar, charged) can also be noted in the
literature. With regard to possible roles of amino acid
substitutions on protein folding and stability, several
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hypotheses have been put forward. Assuming a simple two-
state folding process, with a protein moving from the
unfolded state through a transition state to the folded state,
thermodynamic stability depends on the relationship between
the Gibbs free energies of the folded and unfolded states (see
for instance [38]). Mutations will affect both the folded and
the unfolded states. A key problem here is the lack of
structural knowledge about the unfolded state. Also, water
molecules can play very important roles, not only in the
stabilization or destabilization of molecules, but also at the
interface between two molecules for appropriate docking and
binding, or they can compensate for mutations at protein-
protein interfaces. Water molecules can also contribute to the
coordination of ions. However, the positions of these water
molecules are difficult to define experimentally and
theoretically.

All methods have strengths and weaknesses, and with
regard to structure determination via NMR or crystallo-
graphy, 3D conformation of molecules may be under the
influence of crystal packing effects and experimental
conditions (pH, protein concentration, etc.). For instance, if
the energy barrier between two conformations is low,
different conformations can be found under different
experimental conditions [39]. In a similar vein, often only
one conformation is available for structural analysis, and it is
difficult to know if this structure represents the true in vivo
conformation or results from a given set of experimental
conditions. Also, some regions are flexible, and side chains
can re-orient. Furthermore, rules and programs that apply to
soluble proteins are not always appropriate to study
membrane proteins. In the following paragraphs, we discuss
and comment on some of the points mentioned above with
an emphasis on protein structural predictions, molecular
simulation, electrostatics, docking and conformational
diseases (also named biostructural pathology).

2.1. Structural
Building

Prediction and Comparative Model

At present, techniques to predict protein structures can be
divided in two groups, ab initio and comparative model
building methods [40-45]. Ab initio methods attempt to fold
a sequence in 3D using only information about the sequence
and mathematical models of interactions between amino
acids, while comparative modeling requires the presence of
experimental templates. The complexity of conformational
space has so far precluded ab initio prediction of 3D
structures of large proteins, whereas comparative (or
homology) modeling is a much more reliable approach.

The field of ab initio protein folding is progressing, and
special potential energy functions for folding simulations are
under development [46-48]. Lattice models [49-51] and
genetic algorithms associated with some modified energy
functions have been used for protein structure predictions
[52]. Also, it is encouraging to note that some peptide
structures could be predicted using well established methods
such as molecular dynamics or Monte Carlo searches [53-
56]. Simplified representations of amino acid residues,
together with some filtering functions, have proven a
successful approach for predicting the structure of short
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peptides [57]. Experimental and ab initio 3D model
structures (and others) can be refined via molecular dynamics
(see for instance [58-60] and references therein). The
possibility of predicting disulfide bonds would be very
valuable to all structural prediction methods including ab
initio approaches. It is feasible to predict the oxidation state
of cysteines in proteins ([61, 62]) but predicting the pairs of
cysteines that form disulfide bonds in proteins has not been
achieved so far.

It is known that 3D folds have evolved at a much slower
rate than have amino acid sequences, and that proteins
sufficiently similar at the amino acid sequence level (having
even as low as 5 % sequence identity) can have similar 3D
structures [63]. Comparative modeling is a method to build
3D models for proteins for which crystal or NMR structures
(called templates) of several family members are known. It is
well recognized that predicted models can serve as an
excellent basis for identifying binding sites, for protein
engineering, and drug design [45, 64-66]. Yet, different
levels of structural accuracy can be expected when developing
a model [67-69]. For instance, a 3D model is more difficult
to develop if several large insertions and/or deletions
between the protein to build and the experimental templates
are present. Moreover, a theoretical model can only be
accurate if the sequence alignment used during the modeling
procedure is reliable [70] (in other words, energy refinement
protocols usually can not easily fix sequence
misalignments). To circumvent in part this problem, several
sequence analysis methods can be utilized during
comparative model building experiments. Different energy
functions can also be used during the refinement procedures.
In addition, several sequence to structure alignments can be
tested.

Information about sequence alignment methods such as
pairwise and multiple sequence alignments, domain parsing,
family and phylogenetic classifications, prediction of signal
peptides, identification of glycosylation sites, and secondary
structure predictions can be found in a recent review by Xu
and collaborators [71]. Similarly, numerous tools and Web
addresses, as well as information about threading, homology
modeling, energy refinement and docking are presented in
their review and will therefore not be mentioned here. New
computer tools helping to build protein models and to
understand molecular functions will however be listed in the
different sections of the present review.

In general, a 3D structure can be predicted accurately by
comparative modeling when the sequence identity between
the template(s) and the model to build is high (50-60% and
above) with few insertions and deletions. When the identity
between the sequence of the protein to be predicted and the
one of the experimental 3D template is low (25-30 %), the
model tend to be less accurate in some regions. However, the
accuracy of the models increases if several 3D templates are
available, such that it becomes possible to generate precise
sequence to structure alignments. The predicted structures are
in general less accurate when sequence identity between the
sequence of the protein to model and the template is very
low (e.g., after threading, the sequence identity between the
model to build and the template can be around 10 %). This
problem can be partially circumvented if multiple sequence
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alignments [72] and structural alignments are available [73-
76]. In general, when the sequence identity between the
protein to build and the templates is high, fully automated
structure prediction methods can be used. However, it is
clear in most situations that “human plus machine”
predictions are superior to automated ones [77].

Numerous studies have shown that proteins with
seemingly (using traditional computer alignment programs)
unrelated sequences could adopt similar folds. Within this
context, conventional sequence alignment procedures can be
“lost” when the sequence identity falls below 20 %.
Empirical observation of sequences and 3D structures led to
the concept of “twilight zone”. This represents a range of
sequence identity that sets boundary confidence levels for
detecting evolutionary relatedness among proteins in
conventional sequence alignment analysis [78]. Attempts to
understand and define the twilight zone in sequence-structure
space are of course important in comparative modeling
projects [78]. Because of all these observations (i.e.,
structures are more conserved than amino acid sequences),
the notion of fold recognition has emerged. In protein fold
recognition or threading, modelers search to find if the
sequence of a protein of unknown structure is compatible
with the fold of proteins having known 3D structures [43,
73, 79-81]. Because the approach is different from the
classical sequence to sequence comparison methods,
threading algorithms can be very efficient in identifying
structural templates when the sequence identity is very low
[82-84]. In practice, once a structural template has been
identified using fold recognition, multiple sequence and
structural alignments have to be carried out. The other steps
to build a model follow those used in comparative
modeling. In analyzing the sequence of a new protein with
no known function, having an unknown 3D structure, and
apparently not belonging to any family, threading can at
once help to identify remote homologues and predict
structure and (molecular) functions. New methods to refine
model structures resulting from comparative modeling and
threading are under development [85].

The modeling of loops (or of some small insertion
domains) can be very challenging. For example, loop
structures can be flexible and might not be visible via NMR
or X-ray experiments. In comparative modeling, problems
with predictions of large insertion regions can be due to a
lack of templates or to inappropriate forcefield parameters
and energy functions. Thus, loop structures or insertions
should always be analyzed with caution. Several tools are,
however, available to try to circumvent this problem.
Simulation techniques of fully solvated molecules tend to be
computationally prohibitive and alternative approaches are
required. Among some recently reported methods, Monte
Carlo-Molecular Dynamics sampling using a generalized
Born model of solvation effects seem promising [86]. A
database of about 8000 loops of up to 20 residues in length
has been recently created [87], and this represents a
“knowledge-based” alternative for loop building (i.e., use of
known protein 3D fragments). Some methods combine a
knowledge-based approach and ab initio (or conformational
searching) algorithms [88]. The modified energy function
reported by Sali and colleagues [89] is another very
interesting approach. In this latter study, it was noted that
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the average accuracy of prediction was limited primarily by
the accuracy of the energy function rather than by the extent
of conformational sampling, suggesting that new version of
such energy function could lead in the future to accurate loop
prediction protocols. Possibly, new methods combining ab
initio and docking approaches could be developed to build
missing insertion domains in theoretical or experimental
structures.

The reliability of protein models can be evaluated not
only via interactive structural analysis [65] but also using
theoretical means such as, effective energy functions [27, 90,
91], 3D profile [92] and statistical potentials [93, 94]. These
types of methods can, in some circumstances, be sufficiently
precise to discriminate well-folded from misfolded protein
models.

2.2. Flexibility, Plasticity and Domain Motions

Proteins are not static but some (important) degrees of
flexibility have been noticed when analyzing experimental
structures or when trying to match fluorescence resonance
energy transfer or small angle X-ray scattering data with
experimental 3D structures. Movements can take place at the
surface (e.g., loops, side chains) but also in the core interior
(core plasticity, e.g., proteins can be regarded in some ways
as liquid-like although by some criteria they look-like
organic crystals)[95], where molecules can undergo varying
degrees of conformational changes, especially during
interactions with ligands. Different types of movements can
take place and for example involve entire segments. Further,
allosteric behavior, either discussed in term of effectors
inducing a new structure or as inducing a dynamic
population shift (and stabilization of one conformation) in
preexisting equilibrium, implies flexibility. Protein folding
reactions are dynamics in nature while hinge bending and
domain motions also reflect flexibility. Such movements can
be crucial to the function of a protein. In fact, because the 3D
structures of proteins change rapidly over time, a more
realistic representation of 3D structures could be dynamic
trajectories. Method like molecular dynamics or related
approaches allow theoretical investigations of some of these
conformational changes [60, 96-98]. One important problem
with such approaches is that if proteins are simulated in their
fully solvated state, eventually using periodic boundary
conditions, 90% of the calculations is spent on moving
water molecules and on others relatively uninteresting high
frequency motions. Another problem is the length of the
simulations. Long simulations could be performed [99],
however, it was found that individual trajectories of length
up to 5 ns sample only a fraction of the conformational
distribution generated by ten independent 120 ps trajectories
at 300 K [100]. Electrostatic interactions in such calculations
are also difficult to handle, even if an approach (with
numerous limitations, see for instance [101, 102] and
references therein) for simulation of molecules with explicit
solvent under periodic boundary conditions, like the particle
mesh Ewald algorithm, has been proposed [103, 104].

Important efforts are presently dedicated to the
development and assessment of “old”-new methods treating
solvent molecules implicitly [105, 106]. Generalized Born
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model to replace solvent seems promising [107-109].
Further, method like multi-body order dynamics in which
the protein is sub-structured into flexible and rigid bodies
has been proposed to attempt to simulate large motions
relatively fast [110, 111]. While interesting, it is not always
straightforward to decide which part of a protein belongs to
which structural subgroups. The Gaussian network model
has also been used to simulate large-scale motions [112].
Also, the method of principal component analysis has been
applied to molecular dynamics trajectories to study protein
motions [113, 114] (see also the paper by Amadei et al.
[115] to filter out high frequency motions).

Molecular dynamics can be used before designing
experiments to evaluate potential structural impacts of
mutations (e.g., destabilization) [116-120]. For such studies,
simulations can be performed at room temperature, higher
temperatures or via simulated annealing protocols. As
mentioned earlier, molecular dynamics is often used to
search conformational space. Running dynamics at higher
temperatures, on the order of 400 to 600 K, gives the
molecule enough energy to overcome relatively large energy
barriers and in this way the conformational space is searched
more efficiently while the process also speeds-up the
calculation (such calculations have to be run with care).
Simulated annealing is a special case of simulation in which
the temperature is gradually reduced during the calculations.
This method is often used to investigate mutated structure or
to probe flexible areas.

Simulations of protein folding and unfolding and overall
comparisons with experimental data have also been reported
[121, 122]. Unfolded proteins may not be fully extended but
it seems indeed that unfolded states represent an ensemble of
poorly structured conformers that yet can retain significant
residual structures and native-like contacts. Considering the
importance of conformational changes, inherently dynamics
in nature, simulations can provide new insights not only to
understand the mechanisms involved in for instance
conformational diseases but also to develop a new generation
of rationally devised chemotherapeutically active reagents
[123-125]. Method such as graph theory (that analyzes bond
networks in proteins and identify flexible and rigid regions a
million times faster than molecular dynamics) can be applied
to proteins [126].

2.3. Electrostatics

Electrostatic interactions such as salt bridges and their
networks play important roles in protein folding (and
denatured states), stability, binding (and other molecular
functions) and structure [127-132]. For example, electrostatic
plays a crucial role in enzyme catalysis, in part due to a pre-
organized polar environment within the active site [133,
134]. Also, electrostatic calculations may help identify
residues that are potentially important for functions (the
hypothesis being that functional residues often destabilize
proteins) (see [127] and references therein). Many simulation
models have been used to study protein electrostatics. These
range from microscopic models (e.g., density functional
calculations,  hybrid  quantum mechanics-molecular
mechanics, molecular dynamics or Monte Carlo
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simulations), semi-macroscopic models (e.g., dipolar
models) to macroscopic models (e.g., Poisson-Boltzmann,
modified Tanford-Kirkwood model, generalized Born model,
screened Coulomb potentials) [102, 135-145]. Calculations
of pKa values can be performed but are not trivial [102, 146-
159]. For instance, within the Poisson-Boltzmann scheme, it
is important but difficult to decide which dielectric constant
should be assigned to the protein interior and to define the
meaning of dielectric constant [102]. Calculations using the
Frohlich-Kirkwood dipole moment fluctuation model
evaluate the dielectric constant of proteins to range from 4 to
15 to 40 (see meanings of dielectric constant in [102, 160,
161]). High apparent dielectric constants in the interior of
proteins could reflect water penetration [162] (see also notion
of packing density [95]). Yet, further enhancements of the
nonlinear Poisson-Boltzmann equation with  multiple
dielectric constants and new method to decompose the
energy terms to remove dependency on the lattice grid (into
which the proteins are mapped) have been reported [163].
Calculations of pH-dependent properties can be accomplished
using the modified Tanford-Kirkwood theory [164] or
“modified” Poisson-Boltzmann equation [147, 152] and
information about charges of titratable groups at a given pH
can be used as input for Poisson-Boltzmann calculations
[165-168]. Electrostatic computations have also been used to
map the free energy of water molecules around a protein in
order to facilitate understanding of protein-water interactions
[169]. Principles for enhancing the effect of electrostatic
interactions in molecular binding have been discussed [170].
Structural alignments based upon electrostatic potentials can
provide important information about protein functions [171].
Electrostatic potentials can be visualized either by displaying
isopotential surfaces or by color-coding the molecular surface
according to potential values (e.g., red for negative potentials
and blue for positive potentials while a linear interpolation is
used to color surface potentials between the two selected
values). Electrostatic potential visualization can definitively
help in the identification of functional hot spots at the
surface of a protein [135].

Information about the stabilizing and destabilizing
characters of ionic interactions can be computed and
investigated experimentally. The roles of ionic interactions
with regard to protein stability are sill under debate [102].
Using continuum electrostatic calculations, it has been found
that salt-bridges were generally destabilizing with respect to
mutation to hydrophobic isosteres (often the computed data
are pH-independent since ionizable groups are assumed to be
in their charged states and calculations are performed at pH =
7) [172]. Some experimental evidences support such data,
since for example, contribution of buried salt-bridges
(peptide in octanol environment to mimic protein interior) to
stability was found to be neutral or slightly destabilizing and
in any case were less stabilizing than hydrophobic residues
[173]. However, more recently, theoretical analysis of ionic
interactions suggested most salt-bridges to be stabilizing
[174, 175]. These latter calculations are also consistent with
many experimental data [38]. Three factors influence the
energetics of salt-bridges: the geometry, the location and the
interaction of salt-bridging residues with other charged
residues in the protein. Optimal salt-bridge geometry and
appropriate interactions with other charges can compensate
desolvation penalty. Buried salt-bridges could thus be
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strongly stabilizing (e.g., stabilize proteins by 3-5 kcal/mol)
[149] and would tend to be more stabilizing than surface-
exposed ones (e.g., stabilize proteins by 0.5 kcal/mol).
Overall, when salt-bridges are part of a network, they are
most likely stabilizing. Salt-bridges and their networks may
easily break and reform in solution [176]. Possibly, ionic
interactions can oppose binding in some cases [177] but
continuum electrostatic calculations can be very sensitive to
the presence of water molecules. Thus, for the time being,
the impact of ion-pairs on protein stability needs to be
considered with care [102]. Quantitative calculations are not
trivial as assumptions about the unfolded structure, dielectric
constant and ionization states, among other parameters, have
to be made but their effects are difficult to estimate.
Furthermore, protein engineering experiments usually probe
several physical contributions to stability at the same time
(electrostatic, steric, entropic) [149]. Overall, it is generally
accepted that salt-bridge and hydrogen bond networks at the
interface between two proteins or within a protein, tend to be
stabilizing. Most likely, salt-bridges contribute to the
specificity of the fold. Along the same line of reasoning, it
is interesting to note that clusters of similar charge could
also be stabilizing. For instance, two arginines close in space
can stabilize a protein through interaction with many water
molecules [178].

Although not always applicable to mesophilic proteins,
structural analysis of hyperthermophilic proteins, halophilic
(adapted to high-salt conditions) proteins and psychrophilic
(cold-adapted) proteins gives important insights about
specific features increasing stability under extreme
environments. Considering only electrostatic properties,
hyperthermophilic proteins can achieve enhanced stability
through buried ion-pair network within inter-subunit regions
[179] or via increasing the number of ion-pairs [38, 180,
181]. This would be consistent with the fact that at high
temperature, the hydrophobic effect would be minimal (i.e.,
it seems easier for Nature to improve stability via
electrostatic means than through manipulating the location
and the number of hydrophobic residues within the amino
acid sequence). Also, at high temperatures, the desolvation
penalty for formation of salt-bridges should be markedly
reduced in magnitude [182]. Yet, it might not be the number
of ion-pairs but rather the location of these groups within the
protein structure that is essential for stability [183].
Halophilic proteins could be stabilized through displaying
many acidic residues at the surface that would avoid self-
aggregation [184] and possibly by better water-binding
capacity as compared to their non-halophilic homologues
[185]. Psychrophilic proteins could be stabilized because
they possess, among other structural features, an increased
number of intra-molecular ion-pairs [186, 187].

2.4. Protein-Ligand Interactions and Docking

Proteins function through their binding properties. The
target molecules vary in size and complexity, from a single
ion to large multi-domain proteins to macromolecular
complexes. In a sense, there are many similarities (with
some important differences) between binding and folding
although hydrophilic side chains seem to play a more
important role in binding than in folding [188-191]. Burial
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of solvent-accessible surface areas is an important factor
contributing to the free energy of both, folding and binding.

Protein-ligand binding affinity is determined by the
Gibbs energy [Ka = exp (-DG/RT)] and DG is given by DG
= DH - TDS (where DH is the change in enthalpy and DS
the change in entropy and Ka the equilibrium association
constant). High affinity can be accomplished via negative
DH (e.g., formation of polar interactions upon binding is
favorable while burial of hydrophobic groups is not) and/or
via positive DS (e.g., desolvation of nonpolar groups upon
binding, also called solvation entropy, is favorable, while
loss in conformational degrees of freedom of both receptor
and ligand upon binding or conformational entropy change is
not). Electrostatic attraction between two molecules is
enthalpic in nature, and loss of conformational entropy is
often offset by massive dehydration of interfaces. Enthalpy
can drive the interaction between two molecules with a
negligible change in entropy on binding [192]. For instance,
the rotational, translational and conformational entropy loss
upon binding can be balanced by the hydrophobic effect (i.e.,
the increase in the entropy of the solvent due to burial of
surface area) and by changes in the protonation states, as well
as counter ion release, and the presence of new vibrational
degrees of freedom [193-195]. On the other hand, a favorable
entropy change can be the driving force for ligand binding
[196]. Thus, strong binding would require that the ligand be
sufficiently hydrophobic, rigid (both hydrophobicity and
rigidity can affect entropy) and polar (polarity strongly
influences enthalpy). Protein interfaces are close-packed, and
several types of direct interactions have been noticed, such as
hydrogen bonds, van der Waals, and ionic interactions,
together with  contributions  of  solvent entropy.
Hydrophobicity is a major factor that stabilizes protein-
protein associations, while polar/electrostatic interactions and
electrostatic complementarity, but not necessarily shape
complementarity, contribute to specificity [197-200]. Yet, in
some situations, both, specificity and affinity can arise

mainly from shape complementarity [201]. It is also
important to  differentiate the notion of charge
complementarity from the notion of electrostatic

complementarity. For instance, there might be significant
electrostatic complementarity at protein-protein interfaces but
little charge complementarity [202]. The former can also
contribute importantly to specificity. Usually, the interface
between two proteins buries about 600-1000 A“ of accessible
surface area with about 10 hydrogen bonds/salt bridges.
Often, the two protein partners can be considered as behaving
as rigid bodies, with some side chain/main chain
rearrangements [203]. Contributions of the main-chain/side-
chain components to the overall interaction energy can vary
significantly between different types of complexes (e.g.,
protease-inhibitors, antibody-antigen) [204]. A single
binding site can bind very different molecular structures, and
such a convergent binding surface tends to be highly
accessible, adaptive and hydrophobic while containing
relatively few sites for polar interactions [205].

The interaction between two molecules A and B can be
conceived as:

A+B U A:B — AB; AB being defined as a low
affinity loose complex, often called an encounter complex,
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and AB being the final high affinity complex. Long-range
electrostatic forces can attract and then hold A and B in close
vicinity within the encounter complex [206, 207]. Short-
range interactions between specific residues, expulsion of
water from the interface, and possible structural
rearrangements are required for the formation of the final
complex. Electrostatic and/or hydrophobic forces can steer a
ligand into its binding site and play an important role in the
rates of diffusion of substrates. In some systems, the rate of
association is dictated primarily by long-range electrostatic
interaction that stabilizes the encounter complex. Once the
ligand is close to the receptor, ionic tethering (e.g., loop
motions, channel openings upon ligand binding) can regulate
or modulate substrate binding [139]. In the last step, direct
salt bridges and hydrogen bonds (among others) between the
ligand and the receptor can be formed. Conserved
electrostatic potentials are often noted within a family of
molecules (e.g., enzymes) in the binding site region (e.g.,
active site). It is always difficult to evaluate the relative
importance of each interaction type (e.g., hydrogen bond,
ionic) because their relative contributions to binding vary
[208, 209]. Strong attractions between large hydrophobic
objects at large distances have been observed but the
importance of such mechanisms is still under evaluation
with regard to protein folding and binding [210, 211].

Two molecules can interact in several different ways and
it can be difficult to differentiate between crystal and
biological interfaces [212]. Site directed mutagenesis could
be an efficient way to probe protein-protein interactions, yet
such data have to be evaluated with caution (see examples
with thrombin [213]). It was noted that despite the large size
of a binding interface, few residues could contribute a large
fraction to the binding free energy [214]. As such, there is
little correlation between buried surface area and free energy
of binding. There are hot spots at interfaces that are enriched
in Trp, Tyr and Arg [215]. Whereas overall, interfaces
manifest a higher frequency of occurrence of hydrophobic
residues [216, 217], some residues (essentially polar) are
preferentially conserved (Arg, GIn, His, Asp, Pro) [218]. Hot
spots can also be located within flexible regions [219]. There
are differences at the interfaces between proteins that must be
independently stable before association (transient) from those
present in obligate complexes. The latter interfaces tend to be
depleted in charged groups and to present an abundance of
hydrophobic residues [220-222]. Yet, Lo Conte et al. did
not observe that protein-protein interaction sites (for transient
binding) were enriched in hydrophobic residues, in contrast
with many related studies [223]. Clusters of charged residues
could also be important for protein-protein interactions [224,
225]. The role of water molecules can also be significant
[226].

Numerous docking procedures, scoring functions, lead
optimization and virtual screening methods have been
developed during the last decade (e.g., it is possible to
compute in some cases approximate DG values and thus an
equilibrium association constant Ka, which is the reciprocal
of the dissociation constant Kd) [71, 227-245]. Clearly, the
selection of a method will depend on several criteria. For
instance, if the binding site is not known and if the ligand is
a small molecule, screening for a cavity on the receptor
surface might be needed [246]. If the ligand is a protein, a
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search for relatively flat and extended surfaces, possibly
presenting with solvent exposed hydrophobic clusters and/or
patches of polar and charged residues could be performed. In
both cases, tools to predict binding sites using multiple
sequence alignments with or without 3D structure
information have been developed [8, 216, 247-257]. The
ability to predict the strength of noncovalent binding
between macromolecules from structural parameters has been
a long-standing goal in computational chemistry. Yet,
docking programs can not always achieve reliable prediction
at present [258-260].

A possible docking protocol is to start with rigid body
docking and Monte Carlo sampling. The ligand can be
considered as flexible while the protein receptor can be
maintained rigid initially to facilitate the search. A second
step is then to allow for relative flexibility and to run a
simulated annealing protocol. The last step could be to use
some scoring functions to rank the different hits.
Comparisons between the resulting complexes and predicted
binding sites based upon sequence analysis can further
confirm the validity of the docked structures. During such a
process, it is important to try to evaluate the potential roles
of water molecules and ions, as their presence or absence can
change considerably the calculation outputs. Also, glycans
are seldom present on experimental and modeled protein 3D
structures, while they could play a role during binding [261].
The docking protocol described above (with attempts to
derive binding energies) relates to the thermodynamic aspects
of protein-protein  interactions, but  protein-protein
association kinetics can also be important to probe, and such
events can be modeled via Brownian dynamics (see [259]
and references therein).

Better understanding of protein-membrane interactions
and of the behavior of phospholipids allow computer
simulations of such systems (see for instance [154, 262-
264]). Along this line, a preference for aromatic residues at
protein-membrane interfaces has been observed, and this can
help the docking process [265]. Several studies dealing with
experimental/theoretical analysis of membrane binding
properties of blood coagulation proteins and other molecules
(e.g., peptides) with a special emphasis on electrostatics have
been reported [266-270].

Protein-ligand interactions can be probed using site
directed mutagenesis [213]. Yet, it is important to assess
that the mutation does not damage the 3D structure and
stability of the molecules (the quality of the mutant 3D
structure can be assessed via testing binding of several
monoclonal antibodies possessing different epitopes).
Double or higher-order mutant cycles can be used to analyze
interactions [209]. Evaluation of binding sites using small
peptides without knowledge of 3D structures or at least
without performing sequence analysis can give ambiguous
results. For instance it is common that a peptide inhibits an
interaction while, once mapped onto the protein structure,
the segment is seen fully buried into the protein core, and
thus it can not form a recognition site under physiological
conditions. Linear peptides tend to be flexible, and they can
be forced to adopt a specific conformation when they get into
contact with a receptor. Yet, short amino-acid stretches can
be very helpful for rational drug design studies, and it is
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possible to use computer methods to move from peptides to
non-peptide peptidomimetics (see example of inhibitors
against aspartic peptidases by Rich and colleagues [271] and
references therein). Probing binding sites using antibodies
can be helpful, but the epitope should be known and the
relative size of the antibody versus the receptor should be
considered [272]. Clearly, antibodies are such large
molecules that they can interfere with binding because of
steric hindrance and not because they cover a binding surface.
The ionic versus non-ionic nature of an interaction can be
tested via experiments performed at different salt
concentrations [273-275], and such information can be used
to facilitate evaluation of computer docking protocols.

2.5. Biostructural and Conformational

Diseases

Pathology

Biological systems have evolved elaborate procedures to
ensure that proteins fold correctly. Despite these quality
control events, a range of debilitating diseases is associated
with protein misfolding and aggregation [124, 276-278].
Numerous studies attempt to understand such problems at a
structural level. The term biostructural pathology has thus
been used to describe these phenomena [279]. Biostructural
was selected to differentiate these studies performed at
atomic resolution from the well-established discipline of
structural pathology. Conformational disease (e.g., protein
aggregation after a point mutation) is a related name often
used when dealing with structural problems (see [124, 280]).

While it is easily conceivable that a major deletion in a
gene can lead to protein deficiency and consequently
potentially life-threatening events, it is much more
challenging to understand how a single amino acid
substitution can cause disease, and this is even more
intriguing, considering that proteins tend to be rather robust
to site mutations [281, 282]. A key step in this process is of
course to learn more about protein folding in vivo and
quality control mechanisms. Important progresses have been
made in understanding the functions of chaperones [283] and
about protein folding (see for example [14, 15, 20]). The
idea that inside a living organism, the mutant protein can be
stabilized via contacts with surrounding molecules is also of
importance (see also the concept of stabilization of proteins
in confined spaces [284]). Another step is to understand the
relationships between genetic and phenotypic variations and
to assess the structural consequences of the mutations. Rules
that are used to analyze the structural and functional effects
of mutagenesis experiments can be applied here. Similarly,
experimental structure analysis of protein variants and related
biochemical data (e.g., calorimetry) can shed light on in vivo
events.

In the following, we will consider only missense
mutations (the most common type of genetic variations in
humans) that can be analyzed at the protein structural level.
Catalogues of naturally occurring mutations and associated
molecular and clinical phenotypes have been reported for
numerous proteins. Yet, it is not always clear if protein
deficiency results from a given missense mutation, although
absolute co-segregation between the mutation and the
deficiency is certainly an important point. Mapping point
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mutations onto 3D structures can not only clarify amino acid
substitution-phenotype relationships but also provide
significant insights about the roles of these residues on
protein function, folding and stability [285-287]. Thus,
combining clinical and structural studies should lead to a
much broader understanding of some human diseases and
help designing new treatments [2].

It has been shown, using site directed mutagenesis/
conformation-specific monoclonal antibodies and X-ray
crystallography, that residue substitutions (for instance in the
core interior) by amino acids of slightly smaller/larger
volumes (or even by charged residues) tend to destabilize the
proteins but eventually do not alter significantly their 3D
structures [129, 288-290]. Lack of important conformational
changes illustrates the plasticity of protein cores, in which a
new side chain can be tolerated via small local structural
rearrangements. Yet, in some cases, structural shifts can
propagate away from the site of mutation, sometime, up to
15-20 A [195, 290, 291]. Cavity-filling mutations can
stabilize a protein but alter its function if this latter is
depending on slight movements within the core area that can
be allowed by the presence of such internal cavities. These
cavities can be lined by hydrophobic side chains (empty
cavity) or by charged and/or polar residues (cavities filled
with one or more water molecules) [292]. Mutations of
residues lining these cavities can be detrimental to both
stability and function. For instance, mutations that do not
allow the presence of internal water molecules and H-bond
networks can be destabilizing [293]. Creation of relatively
large cavities within the protein core usually destabilizes a
protein [293-295]. Large side chain deletions of buried and
close packed residues within two structurally similar 3D
structures can have little effect on stability of one molecule
while being destabilizing for the other [296]. Possibly, the
unaffected protein has greater intrinsic flexibility as
compared to the destabilized molecule. Also, it has been
proposed that residue depth relative to the protein surface
correlates significantly better than solvent accessibility with
regard to effects of mutations on protein stability and
interactions [297].

Mutations of solvent exposed residues are often tolerated
structurally but can cause significant functional disruption
[298]. Substitution of solvent exposed residues by glycine
can alter stability [293]. Proteins can undergo local
folding/unfolding reactions and binding sites are often
characterized by the presence of regions with low structural
stability and regions with high structural stability [291,
299]. In enzymes, catalytic residues are usually (but not
always) in regions with high structural stability (yet the
important residues there can be found to be destabilizing).
Such differences in stability can play a crucial role in the
transmission of information from one region of a molecule
toward (for instance) the catalytic site. Mutations in such
regions could thus have dramatic effects on the function,
while they would seem structurally tolerated. Salt-bridges
can stabilize the native state and the unfolded states such that
the net contribution to stability is small [300]. Charge-
charge interactions can also contribute significantly to
protein stability [301]. Salt-bridges/H-bonds can be
destabilizing or only mildly stabilizing if isolated, but can
be highly stabilizing when part of a larger network of
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electrostatic interactions [172, 302-304]. Introduction of a
charged residue in the protein core can induce behavior
characteristic of molten globule states [290] or can be
tolerated. Molten globule-like states can also occur when, for
instance, a large residue (e.g., Phe) is replaced by a small
amino acid (e.g., Ala) in the protein interior [305].
Regarding charged residues, the energetically unfavorable
process of desolvation (e.g., charge burial into a hydrophobic
cavity) will shift the pKa to favor the neutral form of the
amino acids (upwards for acidic residues, downwards for
basic residues). Coulombic interactions with neighboring
charged or polar groups will generally favor the ionized form
and can in some situations compensate for desolvation. A
higher desolvation penalty is expected when charges are more
localized (e.g., possibly Lys as compared to Glu). Also,
Arg, Glu and Asp are able to form many hydrogen bonds
and could be better tolerated in the protein core as compared
to Lys. Polar residues inside the protein core can be
stabilizing. Polar-to-hydrophobic substitutions at the surface
of a protein can be tolerated in some regions and prohibited
in other segments [306]. Unexpectedly, substituting solvent
exposed charged residues by hydrophobic amino acids led to
increased protein stability [307]. Mutations that change the
configurational entropy of the unfolded state can modify
protein stability [308, 309]. Mutations that shorten loops
can stabilize a protein but be detrimental to its functions.
Mutations of buried residues located on secondary structure
elements can damage both the structure and the function.
Mutations can change the folding pathway of proteins [131].

Considering the large range of effects possibly induced
by (naturally occurring) point mutations, we define a set of
simple rules aimed at facilitating structural analysis of
protein variants (Table I). These rules follow the ones
proposed by Wang and Moult [287] but new ones have been
added. Naturally occurring point mutations can thus affect
folding, stability, multimerization, ligand binding, catalysis,
allosteric regulation, or post-translational modification.

Often, point mutations are only mildly destabilizing
(around 2-5 kcal/mol), yet they can be highly destructive to
function. Mutations that affect the stability of proteins seem
to be the most common type as compared to destruction of
binding sites or catalysis and others [287]. Unstable protein
variants may be trapped inside the cells and rapidly cleared
from the system.

As it is not possible to investigate experimentally all
naturally occurring mutations, computer approaches can be
used. Thus interactive structural analysis and molecular
dynamics have been proven useful to analyze mutations prior
to site directed mutagenesis, or to investigate the behavior of
mutant proteins [116, 117, 120]. Along this line,
investigation of wild-type and mutant Alzheimer’s b-
amyloid peptides by combining NMR and molecular
dynamics has been performed in order to understand better
how a point mutation relates to disease [310]. Multiple
sequence and structural alignments are also helpful in order
to assess if residues are conserved, if the regions are flexible
or rigid, or if spatially correlated mutations occur in a given
area. Effective energy functions and inverse protein folding
methods can give some insights [90, 92]. Approaches such
as the MAGE/PROBE and PoPMuSiC methods can also be
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Table I.
Folding and Stability
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Biostructural Pathology: Some Rules for Assigning the Effects of Missense Mutations on Molecular Functions,

# Loss of hydrogen bond(s)
@ Loss of burial of non-polar area on folding

@ Over-exposure of non-polar residues (e.g., aggregation)

and/or specificity of the fold)

@ Introduction of large side chain in a tightly packed area

@ Creation of an internal cavity or destruction of an internal cavity

H-bonds

@ Disruption of metal binding sites

of the unfolded state)

(destabilization of secondary structures)

@ Destabilization of a protein multimer (e.g., mutation at the interface)

# Destruction of a binding site or binding exosite
@ Disruption of residues stabilizing the helix macrodipole

4 Removal of residue involved in catalytic activity

intermolecular interaction

(e.g., alteration of allosteric effects).

# Loss of salt-bridge(s) (assuming it is stabilizing, thus possibly part of a network and/or highly conserved between species, suggesting stabilization

# Introduction of charged residues or polar residues in a hydrophobic pocket

& Substitution of a large solvent exposed residue by an amino acid with a smaller side chain that allows water molecules or ions to compete with internal

@ Breakage of a disulfide bond (disulfide bonds can significantly stabilize proteins, possibly because of a decrease in the configurational chain entropy

@ Apparition of a free Cys, which either disturbs normal disulfide bonding pattern or becomes exposed at the protein surface

@ Backbone strain (e.g., Gly replaced by a large residue, any amino acid changed to Pro) either in loop structures or in secondary structure elements

& Post-translational modification (e.g., disruption/creation of a N- or O-glycosylation or sulfation or phosphorylation site)
@ Electrostatic repulsion via introduction of charged groups nearby like-charges

# Destruction of aromatic-aromatic interactions, of cation-pi electron interactions

& Amino acid changes away from the active site/binding site that alters the pKa of residues responsible of the catalytic activity or involved in

# Over-stabilization of a segment (e.g., extra Pro) or increased flexibility of a segment (e.g., extra Gly)

4 Mutation of a residue located on an intra-molecular pathway that no longer allows propagation of a signal upon binding of ligand to distal regions

used for this purpose [311, 312]. Other structural analysis
and theoretical studies have also been reported for evaluation
of potential impacts of mutations on folding and/or stability
(see for instance [195, 313, 314]).

3. ILLUSTRATIVE EXAMPLES:
COAGULATION PROTEINS

BLOOD

Cardiovascular diseases and associated blood coagulation
disorders are leading causes of death worldwide. Blood
coagulation involves more than 30 proteins that interact
specifically with various degrees of affinity. Some of these
molecules can bind transiently to membrane while others are
membrane receptors. Series of catalytic reactions are taking
place and the entire system is efficiently regulated under non-
pathological situations [315]. However, hundreds of
naturally occurring mutations (sometimes leading to
complete deficiency) in proteins from the coagulation cascade
and regulators have been reported, some being considered as
risk factors for coagulation disorders, some being neutral.
Investigation of the coagulation system via structural
bioinformatics methods is therefore gratifying, not only for
fundamental reasons, but also because understanding new

mechanisms helps in designing new diagnostic kits and
more specific therapeutic compounds.

Numerous modeling studies have been reported, and we
can only mention some of the most recent ones in the
present review. Overall, study topics range from molecular
dynamics of factors IXa/IX and Xa [316, 317], structure-
based drug design for Xa and thrombin [318-320]; homology
modeling of factor Xla and analysis of heparin binding
[321], modeling of Xlla [322], modeling of the lectin-like
domain of thrombomodulin [323] and suggested absence of
calcium binding confirmed experimentally [324], docking of
heparin-like molecules onto antithrombin [325], analysis of
naturally occurring mutations in protein C or factor X or
factor XIIl or prothrombin [326-330], to modeling
macromolecular complexes [331-333].

In the following paragraphs, we describe modeling
studies related to C4b-binding protein (C4BP) and protein S
(PS), protein C (PC) and the endothelial cell receptor
(EPCR) for PC/activated protein C (APC), and factor V
(FV) and factor VIII (FVIII). Such in silico investigations
definitively help plan experiments, facilitate analysis of
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naturally occurring mutations and give new insights about
important molecular mechanisms.

3.1. Protein S — C4BP

Protein S (PS, 635 residues) is an anticoagulant non-
enzymatic vitamin K-dependent glycoprotein that functions
mainly as a cofactor to APC in the cleavage of coagulation
FVa and FVllla. Protein S is structurally related to growth
arrest specific factor 6 (Gas6), a ligand for some tyrosine
kinase receptors [334]. A large amount of PS (about 60 %) is
non-covalently associated and circulates with a molecule
involved in the regulation of the complement system, C4b-
binding protein (C4BP). Within this macromolecular
complex, PS loses most of its anticoagulant properties.
Protein S deficiency is a risk factor for thrombosis, and

Protein S hinding site
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numerous mutations in the PS gene have been reported
[335]. Thus, understanding the roles of PS and its
interactions with C4BP is of clinical importance, and
inhibiting the PS-C4BP complex formation using small
molecules could be beneficial to some patients suffering
from thrombosis.

Protein S is a mosaic protein composed of multiple
domains or modules (Fig. 1) [336]. Starting from the N-
terminus, it contains a g-carboxyglutamic acid-rich domain
(or Gla domain important for interaction with the membrane,
it binds calcium ions), a thrombin sensitive region (TSR),
four epidermal growth factor (EGF)-like modules and a sex
hormone binding globulin (SHBG)-like region. This last
region has sequence homology (about 27 % sequence
identity) with plasma sex hormone binding globulin protein
(plasma SHBG), a molecule that binds steroid hormones
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Fig. (1). Structural investigation of the C4BP-protein S interaction.

Models for regions of PS were developed in order to facilitate analysis of missense mutations, membrane binding and interaction
with C4BP. At present, only the Gla-TSR-EGF1 region and the SHBG-like domain (two LG domains) have been built. The
experimentally proposed binding sites for C4BP on the two LG domains have been investigated on the model structure, but
additional mutagenesis studies are required to fully define the recognition surface. With the same scale as the one used for PS, the
first CCP module of the C4BP b-chain is shown (molecular surface). In dark, the cluster of hydrophobic residues proposed after
structural analysis to be the key binding site for PS is shown. The importance of this patch has been fully validated via site directed

mutagenesis.
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[337]. The SHBG-like region of PS and plasma SHBG have
been further subdivided using sensitive sequence comparison
tools into two laminin G-type domains (LG domain, each of
about 190 residues) [338, 339].

C4BP (about 4627 residues) is a spider-like multimeric
glycoprotein composed of 6 or 7 a-chains, with or without a
b-chain [337]. The b-chain and a-chain of C4BP are
composed of 3 and 8 modules, respectively, of about 60
residues, called short consensus repeats (SCR) or CCP
modules, further continued by a carboxyl-terminal region
involved in the polymerization of the b- and a-chains [340,
341]. It has been suggested, after experimental studies, that
the first CCP module of the b-chain contained a key
interaction site for PS [342-344].

Models for the Gla-TSR-EGF1 region of PS have been
developed [345, 346] to probe PS-APC and PS-cell
membrane interactions [346, 347] and to analyze missense
mutations [345, 348]. Models for this region of PS were
built using sequence analysis, homology modeling, short
molecular dynamics or Monte Carlo simulation with
statistical potential and related X-ray and NMR template
structures [349, 350]. Using site directed mutagenesis
experiments and molecular modeling, a binding site for a
calcium-dependent monoclonal antibody that does not
inhibit interaction of PS with the cell membrane was
localized around residues 49 and 52 of the TSR [346]. This
information suggests that the Gla domain of PS has to be
tilted with regard to the membrane plane in order to
accommodate the large antibody molecule (Fig. 1). Also,
despite the presence of several hydrophobic and/or aromatic
residues within the TSR, it appeared that this segment of PS
should contribute to the stabilization of the Gla domain but
that the loop should not interact directly with the membrane.
Some new experimental evidence supports these points
[351]. Structural analysis of naturally occurring mutations
mapping to this region of PS was carried out. One amino-
acid substitution (Arg49His) within the TSR, was suggested
to be associated with quantitative PS deficiency [352].
Investigation of the model and multiple sequence alignment
showed that this residue is not conserved and apparently is
solvent exposed. As such, structural data indicated that the
substitution could be structurally tolerated. This hypothesis
was confirmed via site directed mutagenesis experiments
[348] and additional studies of co-segregation between
plasma phenotypes and the mutation in the affected family
[335]. This example illustrates how integration of modeling,
biochemical and clinical studies help to understand the
relationships between genetic mutations, molecular and
clinical phenotypes.

Investigation of the SHBG-like region of PS has been
hampered because of the lack of structural information about
such domains. It was suggested that this region of PS could
be subdivided into two LG domains [339]. However,
because of the low sequence identity (about 10-15 %), it was
difficult to define accurately the exact domain boundaries
[353]. Multiple sequence alignments and secondary structure
predictions were then carried out in order to gain some initial
structural insights into the SHBG-like region of PS. Shortly
after, the LG domains were merged to the pentraxin family
[354]. The prediction of a 3D model using the pentraxin fold
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for PS was, however, not possible at that time because of the
extreme difficulty in generating accurate sequence to structure
alignments. Clarifications came from X-ray studies of
plasma SHBG, laminin LG domains and neurexin Ib [355-
358]. Models for the SHBG-like region of PS were then
developed using the Accelrys software package (San Diego,
CA, USA) running on a Silicon Graphics R12000 02
workstation (Mountain View, CA, USA) [359]. Secondary
structure predictions over-estimated the a-helical content by
about 10-15 % as compared to the structural model (mainly
b-strands) while the overall location of the secondary
structure elements was essentially correct [353, 359]. Such
artifacts regarding over- or under-estimation of secondary
structure elements is well known [65]. Proposed binding
sites for C4BP on the surface of the SHBG-like region of PS
were investigated on the model structure, but additional
mutagenesis studies are required to fully characterize this
interaction [359]. Naturally occurring point mutations were
mapped onto the 3D model and analyzed [359, 360].
Overall, the mutations involved highly conserved and buried
residues, localized within secondary structure elements or at
the interface between the two LG domains. Some mutations
destroyed disulfide bonds while others led to the burial of
charged residues in the tightly packed hydrophobic core.
Other mutations appeared to create a cavity. Some
substitutions difficult to classify clinically could be assessed
further in the 3D model. It is likely that many mutations
destabilize (slightly) the structure rather than obstructing
folding. Thus, subtle quality control systems should be able
to detect even moderately unstable proteins and contribute to
rapid clearance (e.g., degradation inside the cells) of these
molecules.

Investigation of the C4BP-PS interaction is another
example illustrating application of structural bioinformatics,
potentially leading to development of new therapeutic
compounds aiming at setting free more PS molecules. It was
known that the C4BP b-chain was involved in PS binding
[340]. A 3D model for this chain was developed and a
solvent exposed hydrophobic patch was observed next to the
junction with the second CCP [361]. Experimental
characterization of the PS-C4BP interaction was then
performed under increasing salt concentrations to confirm or
reject the hypothesis resulting from structural analysis. It
was indeed noticed that NaCl had very limited effects on the
reaction, suggesting that electrostatic forces were not
essential to the PS-C4BP interaction [362]. Theoretical
screening [216] of the model molecular surface also
highlighted the potential importance of this hydrophobic
patch [362]. Further experimental evidence about the role of
this hydrophobic surface came from mutagenesis studies, as
substitutions of a few residues that were part of the
hydrophobic cluster reduced dramatically the PS-C4BP
interaction [363]. Such data are in agreement with the role of
solvent exposed hydrophobic/aromatic patches discussed in
the previous section for formation of a stable macromolecular
complex. In contrast, a positively charged cluster was
noticed in the C4BP a-chain model and was found to be
essential for transient binding of complement protein C4b
(the interaction was highly sensitive to salt concentration)
[364, 365]. A binding surface displaying charged residues
and able to form (weak) electrostatic contacts seems more
appropriate than surface exposed hydrophobic clusters for
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transient binding. These examples illustrate how CCP
modules, via variation of their molecular surface, are able to
bind very different proteins, with different affinities and high
specificity. Small molecules could be designed rationally,
based upon the modeling studies, to inhibit interactions
between C4BP and PS or C4b.

3.2. Protein C - EPCR

A cascade of zymogen activation events is essential to the
coagulation system and its regulation [366]. Protein C (PC;
419 residues), a multi-modular zymogen, is activated to an
anticoagulant serine protease (activated PC or APC) by
thrombin bound to thrombomodulin on the surface of
endothelial cells. APC inactivates FVa and FVIlla in the
presence of its cofactor, PS [315]. From a structural
standpoint, PC is a vitamin K-dependent plasma
glycoprotein that has the same modular organization as many
other blood coagulation enzymes (e.g., factor VII or factor
IX). Protein C consists of a phospholipid binding g-
carboxyglutamic acid (Gla)-rich domain (which binds at least
7 calcium ions), two epidermal growth factor (EGF)-like
domains and a serine protease domain (Fig. 2). The Gla-
EGF1-EGF2 region constitutes the light chain while the
serine protease (SP) domain is referred to as the heavy chain.
These two chains are covalently linked via a disulfide bond
that bridges the light chain to the heavy chain. An X-ray
structure for Gla-domainless APC was reported in 1996
[367], but homology models for the SP domain (activated
and zymogen forms) were developed prior to the
experimental structure based upon related serine proteases
[368, 369]. These models superimpose well onto the
experimental structure and several important regions were
already highlighted on these theoretical structures. Missense
mutations causing protein C deficiency were investigated on
these models [369, 370], and it was found that substitutions
that led to complete protein deficiency essentially mapped
inside the hydrophobic core. Models of the catalytic domain
of early mammalian protein C were also reported [371].
More recently, models for full length APC and zymogen
have been developed with the aim of understanding better the
activation  process by the complex  thrombin-
thrombomodulin [372-374]. The overall elongated shape of
the PC/APC models was further cross-validated using size
exclusion chromatography, which allowed evaluation of the
Stokes radius, frictional ratio and axial ratio [373]. Potential
binding sites at the surface of PC/APC using surface
hydro-phobicity as a determinant of the preferred sites of
intermole-cular recognition were then reported, and
interesting regions were noticed, for instance, on the first
EGF domain.

The endothelial cell receptor (EPCR) for PC/APC is a
221 amino-acid residue long transmembrane glycoprotein.
EPCR regulates the protein C anticoagulant pathway by
binding PC/APC in a calcium-dependent manner and
augmenting PC activation by the thrombin-thrombomodulin
complex [375]. To facilitate future studies and to rationalize
reported experimental data about this receptor, 3D models of
human, bovine and mouse EPCR were developed using
threading, comparative model building and secondary
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structure prediction for the single transmembrane helix [376].
Clearly, the region preceding the transmembrane segment
and the overall orientation of the receptor with regard to the
membrane plane could not be predicted accurately. EPCR is
related to CD1/MHC class | molecules (less than 30 %
sequence identity) [375, 377]. It should consist of two
domains, which are similar to the al and a2 domains of
MHC class | molecules, whereas the a3 domain of MHC is
replaced in EPCR by a transmembrane region followed by a
short cytosolic tail. The a3 domain is important for the
interaction with b2-microglobulin. Also, the al and a2
domains of CD1/MHC proteins are essential to the function
of the molecules as they form a groove that usually binds
short peptides. These two domains are composed of an eight-
stranded antiparallel b-pleated sheet with two long
antiparallel a-helices sitting on top. The distance between
the helical segments dictates the width of the groove. In the
EPCR maodels, the cleft appeared to be relatively narrow and
was lined with hydrophobic/aromatic and polar residues,
with a few charged amino acids. Analysis of the human
EPCR model suggested, for instance, that the protein does
not contain any calcium-binding pocket and that the four
potential glycosylation sites are solvent exposed. As
mentioned earlier, comparative analysis of related structures
provides insights into the location and nature of potential
binding sites. The structure and electrostatic properties of the
three EPCR models were thus compared with the aim of
identifying striking regions and recognition sites for
PC/APC (Fig. 2). We assumed that the binding site for
APC/PC at the surface of EPCR was conserved between
species. Therefore, regions displaying important variations at
the EPCR surface should not be involved in APC/PC
binding. For instance, the fact that mouse EPCR presents a
very acidic loop around position 106 suggests that this part
of the receptor is not involved in APC/PC binding and thus,
that site directed mutagenesis aiming at probing the
interaction should be performed elsewhere. Keeping in mind
that binding site locations can be conserved at the surface of
structurally related proteins, it was suggested that a potential
binding site for APC/PC could be present at the distal end
of the two helical segments, as in the case of the neonatal Fc
receptor [376]. As seen in (Fig. 2), this region is located
opposite to the EPCR loop 106. The predicted binding site
was confirmed via a combined modeling and site directed
mutagenesis study [378].

Understanding the EPCR-APC/PC interaction is
essential, as protein C is used as a therapeutic agent within
hospital settings. Furthermore, engineering APC to a super-
anticoagulant protein would most likely be beneficial to
some pathology.

3.3. Factor V and Factor VIII

Two homologous non-enzymatic cofactors, factor V (FV)
and factor VIII (FVIII) play important roles in the
coagulation cascade, as readily illustrated by severe bleeding
disorders occurring in patients deficient in FV and/or FVI1II
[379-381]. These two cofactors are essential to generation of
thrombin molecules via formation of macromolecular



Structural Bioinformatics Current Protein and Peptide Science, 2002, Vol. 3, No. 3 353

Serine protease h A P C

. domain ol loop
Proposed recognition
site for protein C
220 loop

’Lf Loop 106 area

hEPCR bEPCR mEPCR

Fig. (2). Structural analysis of the protein C-EPCR interaction.
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Legend (Fig. 2) contd....

The X-ray structures of mouse CD1 and b2M are shown (left). The CD1 helices are in yellow and the strands are white (orange in b2M).
The structure of the CD1 transmembrane segment is not known, and is shown here as a dashed line (blue). Human EPCR model is
presented in the middle with the Cys residues proposed to be involved in a disulfide bond yellow (C101-C169). The suggested free
Cys (C97) is buried and is part of a b-strand. The N-term and C-term residues in CD1 and EPCR are noted N and C, respectively.
Potentially glycosylated Asn residues in EPCR are shown in magenta. The model of human full length APC is presented (right) in
order to show the relative size of the molecules. The serine protease (SP) domain is in white with some key surface loops being labeled
and colored for orientation. The catalytic triad residues are in red (filled circles), and from left to right, they correspond to Asp 102,
His 57 and Ser 195. The numbering for SP domain residues and loops follows the chymotrypsinogen nomenclature. The overall
orientation of these molecules with respect to the membrane plane has not been experimentally proven yet, but is reasonable. A virtual
membrane with a width of about 40 A is displayed. Two phospholipid molecules were extracted from a lipid bilayer to aid in reading
the figure. Phosphorus atoms are in red.

Fig. (2 inset). Electrostatic potential isosurfaces of the EPCR models.

The electrostatic iso-surfaces are displayed at a level of -1 (red) and +1 (blue) kcal/mol/e. In mouse EPCR, a region presenting a
strikingly negative potential is observed. The transmembrane segment and part of the binding groove are neutral. The intra-
cytoplasmic tail contains two to three Arg residues that could interact with negative groups present in the inner part of the

phospholipid bilayer.

complexes (prothrombinase and tenase) [315], and
understanding these reactions in details could help in
designing new anticoagulant substances.

Starting from the N-terminus, FV and FVIII consist of
domains Al, A2, B, A3, C1 and C2. The A domains have
each about 300 residues, the B domain, heavily
glycosylated, has about 900 residues, and each C domain has
about 150 residues. The two molecules possess a heavy
chain (domains Al, A2 and B) and a light chain (domains
A3, C1 and C2). Activation by thrombin leads to the active
cofactors, FVIIla and FVa that lack the B domain. Binding
to appropriate phospholipid membranes represents a key step
allowing these two molecules to fully act as cofactors.
FVIlla and FVa are cleaved and inactivated by the complex
APC-PS, thereby down-regulating further generation of
thrombin and blocking the coagulation cascade.

The three A domains of FV and FVIII are homologous
(about 40 % sequence identity) to the three A domains of
ceruloplasmin (CP), the major transport protein for copper in
plasma. Human CP is a single chain glycoprotein of 1046
amino acid residues. It belongs to a family of blue copper
oxidases, with structural subunits based on the cupredoxin
domain [382]. The cupredoxin fold is an eight-stranded
Greek key b-barrel that was observed first in plastocyanin
and azurin.

Theoretical models for the A domains of FVIII [383,
384] and FV [385, 386] were recently reported using the well
established comparative model building method based on the
X-ray structure of CP [387]. Overall, the dimensions of this
region of the FVIII and FV molecules, as evaluated from
computer modeling, are consistent with recent electron
microscopy studies [388]. Numerous experimental data could
be mapped onto the 3D structure of the A domains,
including two cleavage sites for APC. Some mutations in
the FV gene associated with FV deficiency were evaluated in
the 3D structure [389, 390]. Similarly, mutations mapping
in the A domains of FVIII have been investigated [383, 391-
394]. The A domain model has also been used recently to

propose an initial structure of the factor 1Xa:factor Vlila
complex [395]. Possibly, analysis of the 3D structure of
human FVIII and related species could help reduce the
antigenicity of factor VIII toward inhibitory antibodies.

The FV and FVIII C domains belong to the discoidin
domain family [396], for which no structural information
was known until recent crystallographic studies [397, 398].
However, sensitive sequence comparisons merged the
discoidin domain with the D1 domain of galactose oxidase
(GOase) [399] in spite of sequence identities ranging from
about 8 to 12 % [7]. In parallel modeling studies using the
threading method reported by Fischer et al. [400] and a
comparative model building protocol [42] were performed,
and found to be in agreement with the sequence analysis
investigation of Baumgartner et al. [7, 401]. In order to
evaluate the overall accuracy of the predicted structure,
several cysteine residues known to form disulfide bonds in
several discoidin domains were mapped onto the model and
found sufficiently close in space to make such bonds.
Similarly, glycosylated residues in several of these domains
were seen at the surface of the model, thus confirming the
structural predictions. Because it was known that the C2
domain was important for membrane binding, screening the
surface of the theoretical model highlighted the presence of a
solvent exposed hydrophobic loop (loop 2060 in factor V)
and clusters of positively charged residues [401]. This loop
was thus suggested to be of importance for membrane
binding, for both FV and FVIII. Another modeling study
suggested the C domains of FV and FVIII to adopt the fold
of the D1 domain of GOase, and underlined the importance
of some loops for membrane binding [402, 403].

However, these modeling studies were in disagreement
with NMR data indicating that a segment of the discoidin
domain of FVI1II adopted a helical structure in the presence of
lipids [404]. This region was in fact found to be a loop and
beta strand in the X-ray structure of FVIII, and was unlikely
to become an a-helix upon membrane binding [397].
Comparison of the theoretical model and X-ray structure for
the C2 domain of FV shows that the model structure is
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Fig. (3). Theoretical model and X-ray structure for the C2 domain of factor V.

The theoretical model is shown to the left, while the X-ray structure of the domain, reported one year after the predicted structure, is
presented in the right part of the panel. Glycosylated Asn 2181 is displayed to facilitate orientation. As expected, some differences
are noted in loop regions when comparing the model and the X-ray structure. However, the theoretical model was sufficiently accurate
to define key functional regions such as the 2060-loop. This segment, containing two tryptophan residues, was shown

experimentally, at a later stage, to be important for membrane binding

essentially correct (Fig. 3). The factor V C2 model was used
to design and analyze site directed mutagenesis experiments
aimed at investigating the role of glycosylation at residue
Asn2181, and possible functions of the loop 2060 with
regard to membrane binding [405, 406]. Models for the C1
domains of FV and FVIII based on the above mentioned X-
ray structures were recently developed and used to investigate
naturally occurring point mutations and membrane binding
processes [407-410]. A model for membrane-bound FVIII
using a 3D molecular envelope derived from electron
microscopy and molecular modeling has been reported,
showing for the first time the overall organization of the A
and C domains with regard to the membrane plane [411].
This structure provides direct evidence for the insertions of
some loops of the C2 domain into the lipids. The other
domains were not found to contact the lipid surface directly,
but flexibility between the C domains may allow such
movements (e.g., upon protein-protein interactions as within
the intrinsic tenase complex).

These recently reported structural information open new
avenues to study both FV and FVIII, and there can be little
doubt that our understanding of the "tenase" and
"prothrombinase" complexes will increase significantly over
the course of the next decade.

CONCLUSION

There is a growing trend towards the wuse of
computational procedures to model laboratory results before
actual physical experimentation. Indeed, protein modeling
methods and in silico investigations yield information
complementary to NMR spectroscopy, X-ray
crystallography, biochemistry and molecular biology. These
computational methods can be used to predict 3D structures,
potential protein-protein interaction sites and other molecular
functions. Progress in the development of more accurate
energy functions should facilitate structural predictions and
investigations of the dynamics and alternative states of
proteins. As docking procedures become more accurate, it
should be easier to develop models for macromolecular
complexes. Structure-based ligand design protocols have
been successful in numerous cases and should facilitate
generation of novel pharmacologically active molecules.
Computer modeling tools also allow for the analysis of both
theoretical and experimental 3D structures, either alone or in
combination with mutagenesis and other biophysical
methods such as fluorescence resonance energy transfer,
small angle X-ray scattering and electron microscopy. With
regard to cardiovascular diseases, structural bioinformatics
concepts/methods help to plan and rationalize experiments
and simplify understanding of some molecular mechanisms.
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Because cardiovascular diseases are leading causes of death
worldwide and are among the first causes of severe acquired
disability, it is important to associate experimental and
theoretical approaches to generate new information about
some key molecular mechanisms and ultimately to develop
new chemotherapeutically  active  reagents.  Better
understanding of conformational diseases and how point
mutations relate to folding/stability problems and functions
represents another important step that should contribute to
the development of new therapeutic compounds.
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