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Abstract

We discuss basic physical-chemical principles underlying formation
of stable macromolecular complexes, which in many cases are likely
to be the biological units performing a certain physiological function.
We also consider available theoretical approaches to the calculation
of macromolecular affinity and entropy of complexation. The latter is
shown to play an important role and make a major effect on complex
size and symmetry. We develop a new method, based on chemical
thermodynamics, for automatic detection of macromolecular assem-
blies in the Protein Data Bank entries that are the results of X-ray
diffraction experiments. As found, biological units may be recovered
at 80-90% success rate, which makes X-ray crystallography an impor-
tant source of experimental data on macromolecular complexes and
protein-protein interactions. The method is implemented as a public
WWW service available at
http://www.ebi.ac.uk/msd-srv/prot_int/pistart.html
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1 Introduction

Macromolecular assemblies are complexes of more than one polypeptide and/
or nucleotide chain that are stable in the native environment. The way,
in which the chains assemble, represents the protein quaternary structure
(PQS). Often (but not always), an assembly is the biological unit that per-
forms a certain physiological function by facilitating respective biochemical
processes. Functionality of many, if not most, proteins is not independent
of the context of a macromolecular assembly. A simple example is given by
the two gene product, hemoglobin [1]. This protein complex, made of four
polypeptide chains, is responsible for oxygen transport in the body, while no
functional significance may be assigned to the isolated chains. Other impor-
tant classes of macromolecular assemblies include holoenzymes, ion channels,
DNA polymerase, microtubules, nucleosomes, virons and many others [2].

Physiological function of macromolecular complexes is known to be closely
related to their 3D structure. While various techniques (e.g., light scattering
[3], X-ray and neutron scattering [4], mass spectrometry [5]) have been de-
veloped to study different properties of macromolecular assemblies, such as
molecular weight, accessible surface area, chemical composition and others,
inference on the 3D structure is difficult in such experimental studies. Cer-
tain conclusions about the shape of assembly may be derived from mobility
and mass measurements [3], as well as from experiments on small-angle scat-
tering [6]. Electron microscopy is applicable to studying large complexes,
but it offers only low-resolution images. About 20% of structures in Protein
Data Bank (PDB [7]) were obtained using NMR technique [8], which is capa-
ble of getting atomic coordinates of macromolecular complexes in solution.
However, this method has limitations on the size of objects under study and
is hardly applicable to medium and large assemblies. Besides, macromolecu-
lar complexes often exist in dynamic equilibrium, which further complicates
interpretation of experimental results.

More than 80% of PDB entries were obtained by means of X-ray diffrac-
tion on macromolecular crystals [9]. It is reasonable to expect that stable
macromolecular complexes do not change during crystallization and there-
fore they should be identifiable in crystal packing. By convention, a PDB
entry contains only the atomic coordinates for the asymmetric unit (ASU)
of a crystal. ASU is defined as the smallest unit that can be rotated and
translated to generate one unit cell, using only the symmetry operators al-
lowed by the crystallographic symmetry. Generally speaking, ASU may be
chosen in many different ways, from which any one that contains the crys-
tallographically unique covalently linked structure(s) may be acceptable for
PDB deposition. However, macromolecular complexes, as a rule, are linked



by weaker, non-covalent, interactions, and often possess crystallographic sym-
metry. As a result, a macromolecular complex may be made of a single or
several ASUs, or several parts of neighbouring ASUs, or several complexes
may be contained in a single ASU. The lack of a direct relationship be-
tween ASU and macromolecular complex poses considerable difficulties for
the identification of the latter in crystal packing in a universal manner.
Inference of macromolecular assemblies from crystalline state is often
seen as a bioinformatical problem. In the framework of informatics-based
approaches, macromolecular interfaces, found in crystal, are classified into
“biologically relevant” and “insignificant” (crystal packing) ones according
to a certain scoring system (cf., e.g., Ref. [10]). The score may depend on
the interface area, residue/atom composition and contacts, hydropathy in-
dex, charge distribution, topological complementarity and other parameters.
Disengagement of “insignificant” interfaces breaks the crystal apart, hypo-
thetically leaving monomeric chains assembled by “significant” interfaces into
biological units. This idea has found two different technical implementations.
The first one was the PQS server at MSD-EBI [11], which builds assemblies
by progressive addition of suitable chain contacts. Another approach is repre-
sented by PITA software [12], which starts with the largest complex allowed
by crystal symmetry, and then iteratively splits it by bisectioning until a
chosen threshold score is achieved. The interface scores in PITA were cali-
brated in the course of exhaustive study on statistical discrimination between
crystal contacts formed by homodimeric and monomeric proteins [10].
There are, however, grounds to believe that interface properties alone
are not indicative enough for unambiguous discrimination between relevant
interfaces and artifacts of crystal packing. Indeed, if binding energy of a
particular interface is sufficient for dimerization of given macromolecules,
it does not necessarily mean that an identical interface will bind a pair of
considerably heavier objects. This was implicitly confirmed in a detail study
of interface properties reported in Ref. [13]. It has been concluded that
no ultimate discriminating parameters for the identification of biologically
relevant protein interfaces may be proposed even in the simplest case of
dimeric complexes and that assessment of interface biological significance
should take assembly type into account. Many other attempts to assess the
significance of protein interfaces have been performed [14, 15, 16, 17, 18,
19, 20, 21, 22, 23, 24, 25, 26|, but no universal criteria were found. A few
databases of protein-protein interactions and interfaces, derived from PDB,
have been developed [25, 26, 27, 28] in attempt to provide a systematic
view on the factors that are responsible for macromolecular binding. One
can expect that such databases and statistical analysis of different interface
properties may be useful for the identification of transient interactions, which
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are extremely specific to the topology and chemical composition of binding
sites. However, formation of stable complexes involves an interplay between
affinity and entropy change and therefore it may be (and in fact it has been
found to be, as shown below), less dependent on the interface characteristic
features.

In this study, we discuss physical-chemical principles of macromolecular
complexation and assess complex stability from the positions of chemical
thermodynamics. We show that binding energy of an interface is not a sole
function of interface properties but also depends on the complex size and
shape. We also show that entropy change due to complex formation is a
major factor that, along with binding properties, determines complex size
and symmetry. Next, we find that available theoretical approaches to the
calculation of binding energy and entropy of dissociation have sufficient ac-
curacy for the correct identification of macromolecular assemblies in crystals
in 80-90% of instances.

2 Macromolecular complexes in solutions

Complexes differ from molecules in that, typically, their subunits do not
make strong chemical bonds. Rather, formation of complexes is only partly
due to immediate (contact-dependent and electrostatic) interactions between
the subunits. The dominant factors determining complex size and geometry
are due to interaction with the solvent, therefore, existence and stability
of complexes cannot be considered out of solvent context. Biological units
are most often viewed as stable structures. However, because of relatively
weak binding of their subunits, complexes, in general, exist in a dynamic
equilibrium between different multimeric forms, which equilibrium is subject
to subunit concentrations, temperature and solvent properties.

In order to better understand different factors, affecting formation and
dissociation of macromolecular complexes, relevant to the problem of their
identification in crystallized form, in this Section we discuss thermodynami-
cal basics of macromolecular complexation and give interpretation of complex
stability. We further consider principles of macromolecular binding in solu-
tions and role of entropy in complex formation.

2.1 Stability of macromolecular complexes

Consider complex A = (A;, Ay... A,) made of subunits A;. Any subunit
may be a complex or a monomeric unit, such as protein or DNA/RNA chain
or a ligand. Upon bringing subunits together into a complex, part of their



surface becomes inaccessible to solvent. We will call buried surface between
subunits A; and A; as interface I;;. T'wo interfaces are considered to be equiv-
alent if they are formed by structurally and chemically equivalent subunits
in equal relative positions. Equivalent interfaces are combined into interface
equivalence types.

Dissociation of complex A into subunits A; involves a change in the stan-
dard Gibbs free energy, given by the following expression [29]

AGYs = —AGi — TAS (1)
where AG,; is free energy gain due to bringing subunits A; together in the
complex (binding energy), 7" is absolute temperature and AS represents en-
tropy change upon dissociation. AGY,,, depends on many factors, in particu-
lar, on the set of subunits {A;, Az ... A}, which we will call as “dissociation
pattern”. Since we consider only equilibrium states, dissociation patterns
may include only stable subunits. In addition, dissociation patterns should
satisfy interface symmetry, which means that if one interface of a particular
equivalence type is disengaged upon dissociation, all other interfaces of the
same type are also disengaged.

Generally speaking, dissociation may proceed along different patterns if
they correspond to close values of AGY,.. and there are no dynamic factors
making one pattern more preferable to others. However, for simplicity we
will always assume that only one pattern with lowest AGY,,, is realized. One
may hope that this assumption holds in most instances, because existence of
different patterns with close values of AGY,,, seems to be rather exceptional
in real world.

Standard free energy of dissociation AGY,;,, may be expressed in terms of

the equilibrium dissociation constant Ky [29]:

" [A9
AGY,s = —RT log K; = —RT log HZ[_A%(E]%] (2)
where [A%] and [A?] are equilibrium concentrations of complex A and subunits
A; in units of the standard-state concentrations (1 M), at the standard-state
temperature (300 K) and atmospheric pressure. The ability of complex to

dissociate at arbitrary concentrations is measured by free energy of dissoci-
ation [29]

1A,
ACTVdiss = AGgiss + RT log H[ZE{] Z] (3)

If AG 45, is positive, then dissociation requires work to be done on the system.
At negative AGyss, the dissociation proceeds spontaneously. Using Egs.



(2,3), one can define complex as stable in the standard state if K; < 1, or
if AGY,,, > 0. It is important to realize that this definition does not, in
general, imply prevalence of equilibrium complex concentration over that of
subunits in normal physiological conditions. As may be found from Eq. (2),
assuming that neither of subunits is found in an excess amount, [A°] > [AY]
is attained at AGY,,, > —(n — 1)RT log[AY]. In case of dimers (n = 2), at
[AY] = 1 mM this yields AGY,,, > 4.1 kcal/mol. As is shown later in the
paper, this figure is close to the expected error in the estimated standard free
energies, therefore, in many cases the above definition of complex stability

will imply prevalence of complex concentration.

2.2 Macromolecular binding in solutions

Consider now the binding term of basic equation (1). There are many factors
that contribute into affinity of macromolecules [13, 14, 15, 16, 17, 30, 31, 32,
33]. Generally, the free energy of binding AG,; originates from the change
of solvation energy AG,y, and immediate (contact-dependent AG..,; and
electrostatic AG.;) interactions between the subunits upon bringing them
together in the complex:

AGim(4) = AGuw(A) =) AGuan(4) +
=1

> AGeont(Ai, A7) + ) AGes(A, A)) (4)

Jj>i Jj>i

Any complex may be viewed as a structure made of subunits A; connected
by interfaces. It is important to see that AG;,:(A) does not reduce to the
sum of binding energies of all interfaces in the complex, AG;:(I;;), found as
binding energies of two-subunit complexes A;; = (A;, 4;). In order to show
that, consider terms of Eq. (4) in more details.

Solvation energy of macromolecule A is equal to work required for replac-
ing a cavity of solvent C with the macromolecule:

A(;eml'u (A) = ACTvcont(147 V) - AGcont((ja V) +
AGes(A, V) — AGes(C, V) (5)

where V' stands for bulk solvent and all energies represent differences between
vacuum and solvent environments.

In Eq. (5), AGeont(A,V) and AGepni(C, V) include any sort of contact
interactions, such as hydrogen bonding, between bulk solvent V' and macro-
molecule A or cavity C, respectively. Contact interactions include also the
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entropy change arising from full or partial immobilization of solvent molecules
due to binding to macromolecular surface. One can reasonably assume that
contact interactions are proportional to the cavity surface area o4. Elec-
trostatic interactions AGes(A, V) and AGes(C, V) depend, strictly speaking,
on the position of all charged atoms in the cavity, in the macromolecule
and in the rest of the solvent. However, solvents in biological systems are
water-based and, as a result, have a high value of dielectric constant ¢, ~ 78.
Coulomb interaction in water fades on distance scale of 7 A (as given by the
Onsager length r¢ = €?/(4mepeskpT)), which is relatively short comparing
to the dimensions of biological macromolecules. Therefore, we may assume
that AG.s(C,V) depends mainly on the cavity surface area as well. As a
result,

AGsoin(A) & woy + AGes(A, V) (6)

This conclusion is supported by experimental measurements of solvation en-
ergies of saturated hydrocarbons in water (AGes(A,V) =~ 0 [34, 35, 36]),
which suggest the value of w &~ 7 cal/(mol A2).

Electrostatic interaction AG.s(A, V) is given by the difference of elec-
trostatic energies of macromolecule A in vacuum and solvent environments

[37, 38]:
AGes(A, V) Z G Z —¢;() = %Z G Z ¢;i()  (7)

where ¢; denote atomic charges in positions Z;, and ¢;(Z) stands for the
difference of electrostatic potentials ¢§(Z) and ¢}(Z), induced by charge ¢;
in point Z in solvent and vacuum environments, respectively. The partial
potential ¢;(Z) may be calculated as Green’s function of the Poisson equation:

Veo (e(F) = 1) Vo;(T) = —q;0(7 — 7) (8)

The difference between ¢5(Z) and ¢}(¥) is due to solvent polarisation in-
duced by the Coulomb interaction of solvent molecules with atomic charges
¢;- This is formally accounted for in Eq. (8) by coordinate-dependent dielec-
tric constant €(Z): €(Z¥) = €y ~ 4 inside the macromolecule, €(Z) = €5, ~ 78
in bulk solvent and €¢(Z) = 1 in vacuum. The low value of €), suggests a
relatively long range of electrostatic interactions inside the macromolecule
(r¢ ~ 140A). Therefore, AG, (A, V) contains contributions from all atomic
charges and cannot be approximated by surface interactions. This fact means
that solvation energy is not a sole function of macromolecular surface, which
leads us to conclusion that a) the binding energy of complex A, AG;,;(A),
is not a sum of interface binding energies AGj,:(1;;), and b) the interface
binding energy AGy.(1;;) is not a function of interface properties only.
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Solvent
E=80

Figure 1: Electrostatic interaction of charges ¢q; and g2 depends on the presence
of subunit A3 due to the difference between dielectric constants € inside the sub-
units and in the solvent. Therefore, binding energy of complex A = (A1, As, As3),
AGint(A), is not a sum of binding energies of isolated interfaces AGjnt(I12) and
AGint(I13). For the same reason, interaction between ¢; and ¢ also depends on
the size and shape of the subunits, therefore interface binding energy is not a sole
function of interface properties. See discussion in the text.

Indeed, consider a model complex in Figure 1. Electrostatic interaction
between charges ¢; and ¢y, belonging to subunits A; and A, is given by the
following expression:

Vie = (q1¢2(Z1) + qa1(72)) /2 (9)

where partial potentials ¢;(Z) and ¢,(Z) satisfy Eq. (8) with €(Z) corre-
sponding to the geometry of the whole macromolecular complex. Because of
the latter, Vi, depends on the presence of subunit As; one may show that
V19 is larger in the presence of A3. Similar considerations may be applied to
the comparison of identical interfaces formed by otherwise different macro-
molecules. If part of subunit A, in Fig. 1 is removed, as shown by dashed
line, electrostatic interaction between charges ¢; and go will decrease. This
will change the binding energy of subunits A; and A,, although all properties
of interface I;5, such as area, shape, geometrical complementarity, chemical
composition etc. remain unchanged.

Consider now the contact interaction between subunits AGeeni(A;, A;)
(cf. Eq. (4)). This interaction is mostly due to the formation of hydrogen
bonds, salt bridges and disulphide bonds across the interface between A; and
A;. It may be approximated by the following expression:

AGeoni(Ai, Aj) = NAEY, + NYEy + N3 Eg, (10)
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where Ni4. N N stand for the number of hydrogen bonds, salt bridges and
disulphide bonds between subunits 4; and A;, and EY,, Eg, Eg are the aver-
age free energy gains per corresponding bond. Experimental and theoretical
studies suggest that EY), ~2-10 kcal/mol [39]. Therefore, given that an aver-
age protein interface has 5-10 hydrogen bonds per 1000 A2 [40, 41], hydrogen
bonds may appear as a major contributor into AG;,;(A). However, in reality
their contribution is considerably less significant because potential hydrogen
bonding partners in the interfaces become satisfied by hydrogen bonds to
water upon dissociation of the complex. This is accounted for in Eq. (4) by
the sum of terms AG ,n:(As, V) substituted from Eq. (5). The only effect
that remains here is the decreased entropy of solvent due to the loss of mo-
bility by bound molecules. Estimations show a final contribution of about
Enpy 20.6-1.5 kcal/mol per bond only [42, 43]. Limited experimental data on
the stabilisation effect of salt bridges suggest that free energy contribution
of a salt bridge is close to that of a hydrogen bond Ey, ~0.9-1.25 kcal/mol
[44, 45], however salt bridges are much rarer in interfaces (=~ 1 per 1000 A2
[41]). A disulphide bond may contribute up to 2-8 kcal/mol [46, 47, 48], at a
yet lower occurrence. Due to infrequent occurence of disulphide bonds, they
are neglected in our practical calculations, however we leave them formally
in final expressions.

It follows from the above that binding energy of a complex may be rep-
resented as

AGin(A) = Z (—2wAoy; + NiEp, + N3 Eg + NjEg) + AG:, (1)

Jj>i

where Ao;; stands for the interface area between subunits A; and A; and
the sum runs over all interfaces. The expression under the sum sign depends
only on the properties of the corresponding interface, I;;. AG?, accounts for
all interactions that cannot be attributed to isolated interfaces:

AGs, = AGes(A V) =) T AG(Ai V) + ) AG(Ai 4))  (12)

j>i

As follows from Eqs. (11,12), representation of binding energy AG;,;(A) as
a sum of interface binding energies AGj,.(/;;) results in improper description
of electrostatic interactions. It is difficult to estimate the scale of the error
involved without detail numerical calculations. A number of techniques have
been developed for the solution of Poisson equation (8), which are applicable
if atomic charges ¢; are known [38, 49, 50, 51, 52, 53, 54, 55, 56, 57, 58, 59, 60,
61]. However, the latter is a genuine problem, because charge distribution
in a macromolecule depends on the molecule’s environment. Most proteins

10



represent charged particles due to the presence of charged residues, such as
Arg, in their composition. However, the particular charge exerted on the
molecule depends on the ionic strength of the solution, contact with other
molecules and other factors. Given the uncertainty in charge distribution, a
rigorous account of electrostatic interactions is hardly possible. Therefore,
for practical reasons, we do not make explicit electrostatic calculations in
this study and assume that binding energy is given by expression similar to
the first term in Eq. (11):

AGim(A) ~ Y (Z wrAok + Ny Epy + N Egy + N;{;Edb) (13)

j>i k

where index k£ enumerates different atom types, such as carbon, oxygen etc.,
Aafj stands for the area of subunits A; and A; made of atoms of kth type
buried in interface I;;, and wy is atomic solvation parameter (ASP) for kth
atom type. The concept of ASPs has been used in many studies [62, 63,
64, 65, 66, 67, 68, 69]). As may be concluded from the above, ASPs do not
have a real physical meaning and should be viewed as empirical parameters
allowing for better approximation of electrostatic term AG}, in Eq. (11).
Precision of solvation energy estimates with different ASP models was found
to be within a few kcal/mol [63, 67, 69], which is similar to that obtainable
with electrostatic models [54, 70].

2.3 Entropy of complex dissociation

Entropy S of a thermodynamic system is a logarithmic measure of the number
of energy states, or phase volume ®, that is accessible to the system [71]:

S=Rlogd (14)

Phase evolution of complex A may be represented as a correlated motion
of subunits A;, therefore part of phase volume A®, associated with relative
motion of the subunits, is not accessible to the system in bound state. Upon
dissociation, the system regains phase volume A®, which results in entropy
change

AS =) S(4)—S(4) (15)

The corresponding effect on Gibbs free energy amounts to —T'AS (cf. Eq.
(1)), which may be viewed as entropy driving force of dissociation. If TAS
outweights the binding energy, —AG;,;(A), the system moves toward dis-
sociated state. A simplified physical interpretation of entropy driving force
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corresponds to the regain of energy of those degrees of freedom that got lost
due to complex formation. Upon binding, their energy is dissipated by ther-
mal bath of the solvent and then is returned to the subunits in the course of
dissociation through encounters with the solvent molecules.

Calculation of absolute entropy S is a challenging task, which is not
fully solved as of today [71, 72, 73, 74, 75]). Entropy of subunit A may be
represented as

S(A) = Strans(A) + Srot(A) + Syin(A) + Ssurp(A) (16)

where Sirqns and Sy, stand for the rigid-body translational and rotational
entropy terms, respectively, S, is entropy of internal vibrational modes and
Ssury accounts for the entropy of surface atoms with fractional degrees of
freedom.

Translational entropy term Si..,, may be estimated using the Sackur-
Tetrode equation, originally derived for classical ideal gas [71, 72, 73, 74]:

Sirans(A) = R log (M)/ (ve”)] (17)

h2

where m(A) stands for the molecular mass of subunit A, h is the Plank’s
constant, e is the Euler’s number and v denotes the free volume of solvent.
The latter was introduced into Sackur-Tetrode equation in Ref. [74] in at-
tempt to account for the reduction of phase space in condensed media. In
ideal gas, when volume of molecules is negligibly small comparing to the
total volume of the system, v is inversely proportional to the concentration
of molecules, v &~ 1/[A]. In condensed media, the volume of molecules itself
can no longer be neglected, and free volume becomes a complex function of
solvent and solute structures and concentration [A]. As shown in Ref. [74],
setting v = 1/[A] yields values of S as precise as 0.5% of experimental values
for real gases, while for liquids it results in 30 — 50% overestimation. Using
an appropriate function for v allows one to bring the calculated values of S to
within 2% of the observed ones in liquids as well [74], however the parameter
remains largely of empiric nature. As will be shown later in the paper, we
do not use any explicit value for the free volume v, and leave it hidden in a
more general empirical parameter chosen to describe a set of experimentally
verified macromolecular assemblies.

Rotational entropy term S,,(A) can be calculated as logarithm of phase
volume &, corresponding to the rotational motion of A. The volume is
proportional to the number of elementary h® cells, attainable by rotational
motion, divided by symmetry number v(A), equal to the number of different
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rotations that superpose A over itself. The resulting expression reads [71, 73]

- r2kpTe 3/2
7\(/1;) (8 i];T ) VI (A)J(4)J3(4) | (18)

where J;, Jy and J; stand for the principle moments of inertia of unit A.
Comparison of Egs. (17) and (18) indicates that 1/ plays the role of free
volume in rotational motion, which depends neither on the concentration [A]
nor structure of solvent molecules. This is a probable reason for that rota-
tional entropies in liquids differ by only 2% of gas phase values [74], and Eq.
(18) is found to be a good approximation in both gases and liquids. Note that
symmetry number is omitted in the expression for rotational entropy given
in Ref. [74]. We stress that «y is a very important parameter, significance of
which in the context of macromolecular complexation will be shown below.
Vibrational entropy S,; may be estimated as a sum of vibrational en-

Srot(A) = R log

tropies S, for all frequences )4 in the molecule’s vibration spectra. S¥,; can
be calculated as in Einstein solid [76], which finally gives:
Br - heg
vib = —log (1 — e P* = 1
Svib R; |:e,3k -1 Og( € ) B kT ( 9)

where ¢ stands for the speed of light. It is generally assumed that most vibra-
tional modes of monomeric protein structures are not likely to be significantly
affected by assembly [74], therefore these modes are not expected to make
a substantial contribution into entropy change AS. However, new modes
emerge in complexes in place of degrees of freedom that get restricted by
association. Depending on complex geometry and interface properties, these
modes may be found in low frequency part of the spectra, where £, < 1,
and therefore they may contribute significantly into AS. This corresponds
to the situation where large movements of associated subunits are allowed,
which may be interpreted as only partial loss of their translational and ro-
tational degrees of freedom upon assembly. This implies that weakly bound
complexes may be stabilized by absorbing entropy in low-frequency vibra-
tional modes. Estimates by Finkelstein and Janin [75] suggest that up to a
half of Sians + Srot may be transformed into S,;,, however recent MD studies
showed a considerably smaller effect [77]. Calculation of vibration spectra
{A\x} for large asymmetric structures, like proteins, is computationally hard
procedure, which involves many empirical parameters and functions. To our
knowledge, no method can provide reliable estimates of Ay in arbitrary case,
and for this reason we neglect vibrational entropy in our analysis.

The last entropy term in Eq. (16), Surr(A), is associated with the mobil-
ity of surface (side-chain) atoms of macromolecules. In first approximation,
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this term may be considered as proportional to the surface area of structure
A:
stf(A) = FOA (20)

Substituting Egs. (17,18) and (20) into Eq. (16), and neglecting the
vibrational entropy term S,;, obtain

Ji(A)Jo(A)Js(A)
7%(A)

where we introduce a constant parameter C', which we consider as empiri-
cal one, even though analytical expression for it follows directly from Egs.
(17,18). There are several reasons to leave C as a free parameter in fur-
ther analysis. Firstly, it depends on the poorly defined free volume v (cf.
Eq. (17)), which is essentially an empirical parameter itself. Secondly, C
depends on the concentration [A], which we would like to exclude from the
consideration in attempt to keep the software as simple for use as possible.
Analytical form of function C'([4]) is not well-defined because of uncertainty
in free volume v, except for the fact that C([A]) ~ a — blog([A]) in the
limit of low [A], when the molecule’s own volume may be neglected. As was
pointed out in Section 2.1, our definition of stability refers to the standard
state with [A] = 1 M, which figure may be viewed as hidden in a particular
value of C. If necessary, concentration correction may be done using Eq. (3),
where second summand represents classical (zero own volume) dependence of
entropy change TAS on the concentrations (if functions v([A]) were known,
one could have more accurate correction by replacing [A] with 1/v([A]) in Eq.
(3)). Finally, we acknowledge that the described entropy models are simpli-
fied, and some entropy contributions such as vibrational and conformational
entropies are not taken into account. Leaving C' as adjustable parameter
may hopefully compensate, at least partially, for these factors.
Using Eq. (21) in Eq. (15), obtain

S(A)=C + gR log (m(A)) + %R log ( ) + Fos  (21)

AS = (n=1)C + AS},,, + AS}y + 2F) Aoy (22)

J>i

ASE. . = gR log (%) (23)

Hz’;k Ji(Ai)7*(4)
[1i Je(A) T1;7*(Ad)

Expression (22) cannot be represented as a sum over interfaces I;;, which

stands for the fact that entropy of dissociation is not a function of individual

where

(24)

1
ASr, = §R log(
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A B C

Figure 2: Symmetry effect on the formation of macromolecular complexes. For
simplicity, 2D-space is implied in this Figure. A) formation of complex with sym-
metry number y(A4) = 4 from 4 subunits with symmetry numbers y(4;) = 8 each
is assisted by negative entropy change AS), (cf. Eq. (25)) B) formation of the
same complex from subunits with symmetry numbers v(4;) = 1 each is inhib-
ited by positive AS], C) example of a less-symmetric complex, which may be
preferable to one in Fig. 2B, see discussion in the text. Note that, due to symme-
try, dissociation patterns of all three complexes ought to be the same (4 original

subunits).

interfaces. This stresses the earlier conclusion, made in section 2.2, that
complex stability cannot be inferred only from interface analysis.

According to the second law of thermodynamics, an isolated thermo-
dynamic system always tends to maximize its entropy, or phase volume ®
attained [71]. Maximal ® corresponds to the most disordered (dissolved)
state possible, which makes entropy the driving force of dissociation. It is
interesting to see that entropy also drives macromolecular complexes to less-
symmetric states.

Eq. (24) may be split into sum of two terms depending on the principal
moments of inertia, ASy, and symmetry numbers, AS,:

AS:, = AS;+AS,

C Lt (B0 g (20

Consider now formation of a complex with symmetry number y(A) > 1 from
subunits with higher, then complex’s; symmetry numbers y(A;) > v(A) (see
example in Figure 2A). For such system, AS, < 0 makes positive contribution
into the free energy of dissociation AGY,. . (cf. Eq. (1)), and therefore com-
plexation may be viewed as symmetry-assisted (and, correspondingly, disso-
ciation is symmetry-inhibited). If the same complex is made of asymmetric

subunits with y(A4;) = 1 (as in Figure 2B), the complexation is symmetry-
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inhibited (and dissociation is symmetry-assisted) due to negative contribu-
tion of AS,, > 0into AGY,,,. From this, we can conclude that entropy favours
lower symmetry states in thermodynamic systems. Indeed, subject to their
structural properties, asymmetric subunits may be packed into structurally
equivalent complexes with different symmetries (compare Figs. 2B and C).
Provided that these complexes have identical dissociation patterns, very close
binding energies AG;,; and moments of inertia, the one with lowest symme-
try number is most preferable: as may be seen from Egs. (1,22,25), AGY,.,
increases with decreasing y(A). In practice, however, AG;,; usually reaches
its minimum in the most symmetric packings and overweights the entropy
drive to lower symmetries. Also, dissociation pattern usually depends on the
packing. As a result, homogeneous complexes are rarely asymmetric.

The symmetry effect on entropy of dissociation has analogy with the cel-
ebrated Gibbs paradox [78]: distinguishing between different subunit orien-
tations in Figs. 2B and C, on comparison with indistinguishable orientations
in Fig. 2A, changes AS similarly to what happens at mixing of like and
unlike types of gases. Just like in the classical case, this change does not
depend on the nature of subunits, on their interactions and on what makes
them asymmetric. The essence of the paradox is that, generally speaking,
symmetry numbers v and, correspondingly, the value of AS, depend on what
we know about the subunits. Suppose that today our system looks like the
one in Fig. 2A with stable complex made of 4 identical subunits. Following
discussion in Ref. [78], imagine now that next century brings a discovery of
two types of carbon, which makes the subunits asymmetric as in Figs. 2B,C.
Then we would have to recalculate the entropy term in Eq. (1) and may well
find that the complex should be unstable.

The “paradox” is resolved in the same way as the classical one. As pointed
out in Ref. [78], thermodynamic entropy is a property not of any one mi-
crostate (complex with a particular set of subunit orientations), but rather
of a manifold of microstates, satisfying to the set of macroscopic quantities
observed in a particular experiment. In the context of this study, it means
that one should discriminate between complexes with different subunit orien-
tations only if there is a physical process allowing to separate them by doing
a measurable amount of work, and only if such a process is relevant to the
specific conditions, in which the complexes are to be considered. Thus, a
mere difference between isotopes of carbon is most probably not enough for
decreasing a subunit’s symmetry number, unless it results in a drastic change
of surface properties or moments of inertia etc., or, e.g., if we deal with mag-
netic isotopes in (very) strong magnetic fields. In the next Section we list
empirical criteria for the identification of similarity and symmetry numbers
of subunits and complexes, which are used in our software application. One
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can read more details about Gibbs paradox and translate them onto subject
in question from a beautiful discussion in Ref. [78].

3 Identification of macromolecular assemblies
in crystals

Theoretical analysis, presented in Section 2, can answer the question whether
a particular macromolecular assembly is stable, i.e. may appear in solution
in noticeable concentration on comparison with that of subunits. Our next
goal is to identify stable complexes in macromolecular crystals, and suggest
scoring of their chances to be biological units.

3.1 Graph-theoretical search for solutions

We base our approach on the assumption that macromolecular assemblies
retain their structures in crystalline state. This may be reasonably expected,
noting that, according to Eq. (2), equilibrium fraction of assembly product
in solution, f = [AY9]/[AY] = [A%]"!/K,, only increases with increase of sub-
unit concentrations [AY] in the course of crystallization. Hypothetically, if
K, is not sufficiently low, assemblies may get crystallized along with isolated
subunits, or an alternative assembly may emerge at higher concentrations.
Therefore, we do not assume that a crystal is made of one particular type
of assemblies. Instead, we are looking for the sets of different stable assem-
blies, which fill all the crystal space in a systematic manner. Each such set
represents a candidate solution to the problem in question.

A crystal may be equivalenced with periodic graph, where vertices and
edges correspond to monomeric units and interfaces between them, respec-
tively. We shall call an interface engaged if it connects two monomeric units
in an assembly, and disengaged otherwise. Then each set of assemblies is
unambiguously identified by the set of engaged interfaces. Due to crystal
symmetry, engaged interfaces must satisfy the following conditions:

1. If an interface of a particular type is engaged, all other interfaces of
the same type (i.e. those formed by equivalent monomeric units in the
same relative position) are also engaged.

2. An interface cannot be engaged if doing so results in assembly that
contains equivalent monomeric units in parallel orientations.

In order to understand condition 2, note that all parallel monomeric units
in crystal may be obtained by repeated translations from one original unit.
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This means that any two parallel units, found at a given relative position
in crystal, are connected by the same configuration of interfaces and other
units. Therefore, if two parallel units are found in one assembly, then, due
to condition 1, the assembly ought to include all their translation mates in
similar relative positions, i.e. to be of infinite size. As a consequence of
condition 2, assembly size cannot exceed the size of unit cell.

One can find all assembly sets in crystal by enumeration of all possible
interface engagements satisfying to the above conditions. This may be ef-
ficiently addressed by a recursive backtracking scheme, commonly used in
graph-matching algorithms (cf., e.g., Ref. [79]). Starting from first type of
interfaces in the list, the algorithm performs recursive calls, each of which
engages other types of interfaces, and disengages them upon withdrawal to
lower levels of recursion. This scheme automatically satisfies condition 1
above. Condition 2 is satisfied by direct examination of the interface connec-
tions between parallel monomeric units before engagement of each interface.
If, as a result of engagement, two parallel units get connected by interfaces,
the corresponding branch of the recursion tree is rejected.

Since each of N; interface types may be in either of two states: engaged
or disengaged, the maximal number of assembly sets to be explored is 2/¥7.
Although this number is significantly decreased by subtracting states not
satisfying condition 2, in many cases the problem remains computationally
intractable. The number of combinations may be further decreased in two
ways.

Firstly, engagement of some interfaces may automatically induce en-
gagement of others. E.g., if interfaces [;o and I3 are engaged in trimer
(A1, As, A3), interaface I13 can be found only in engaged state as well. Check-
ing for induced engagements on each level of recursion eliminates whole
branches of the recursion tree and thus efficiently decreases the search space.

Secondly, the algorithm may terminate branches that definitely do not
lead to sets of stable assemblies. This technique has analogy with early-stage
terminations in graph-matching algorithms [79]. In context of this study, the
algorithm may terminate search down a particular branch of the recursion
tree if AGY. = can not become positive on any of subsequent recursion levels.

diss
AGY, .. reaches maximum at minimal AS and AGy, (cf. Eq. (1)); let us
estimate them. Suppose that on recursion level r the algorithm has generated
a set of unstable assemblies, so that AG] , + TAS™ > 0 for all of them.
Here, AS" corresponds to the dissociation into a state represented by a lower
recursion level r, < r. Dissociation of assemblies from level r + 1 may be
viewed as that to level r and then spontaneously to level r,. Note that entropy
change between levels r and r+1, AST™! is non-negative because it represents

a transition from more ordered to a less ordered state. Since entropy change
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in linked reactions is additive, AS™! = AS™™ + AS™ > AS". The binding
energy term AG’ ! cannot be less than AGY, , plus sum of binding energies of
all hydrophobic interfaces that can still be engaged on subsequent recursion

levels. Hence, the termination condition is

AG;,, +TAS™ + ) min (AGin(Ii),0) > 0 (26)
ik

where {jk} enumerates all interfaces that may be engaged on recursion levels
r + 1 and above. Despite a very general nature of this estimate, we found
that it works very efficiently, especially if interfaces are engaged in order of
increasing AGi,.(/;;). Having little effect in cases with less than 10 interface
types, condition (26) becomes vital for performance if Ny is greater than 20.

3.2 Dissociation pattern

In order to infer on chemical stability of an assembly, one needs to calcu-
late the Gibbs free energy of dissociation AGY,,,, using Egs. (1,13,22). This
is possible only if dissociation pattern {A4;} is known. As was discussed in
Section 2.1, we assume that assemblies dissociate into stable subunits along
a pattern with minimal AGY,,.. In addition, from symmetry considerations,
dissociation patern cannot contain contain an engaged interface, if an equiv-
alent interface is disengaged anywhere else in crystal. Dissociation patterns
may be found by a backtracking scheme similar to one described in Section
3.1 for assembly search. Represent assembly as a graph, where vertices and
edges correspond to monomeric units and interfaces between them, respec-
tively. Starting with all interfaces in engaged state, the backtracking scheme
enumerates all possible dissociation patterns by recursive disengagement of
interface types. Same procedure is applied to all subunits A; of every pattern
in order to check them for chemical stability. Note that it is enough to detect
any one pattern with negative AGY,  in order to conclude that assembly or
a subunit is unstable, which allows to terminate backtracking search on early
stages. We consider that identification of probable dissociation patterns is
an important by-product of our approach, which by itself may be useful in

applied studies.

3.3 Treatment of ligands

Many macromolecular structures in PDB contain small molecules (ligands)
attached to their surface or buried in interfaces. The ligands may be both of
natural origin or additives used in the crystallization procedure. Quite often,
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a particular oligomeric state is a direct result of ligand interactions. For ex-
ample, inter-chain interfaces in PDB entries 1Y4L [80] and 2FZQ [81] are not
specific, and formation of dimeric complexes is mostly due to the presence
of Suramin molecules, which penetrate deeply into interfacing structures and
literally bridges them. Another type of example is given by PDB entries 1JL5
and 1G9U, where cylindrical tetrameric structures emerge only in presence
of calcium ions [82]. In general, it is protein-ligand interactions that un-
derly all research in drug design. Therefore, consideration of ligands within
macromolecular complexes is an important task to address.

All the analysis and algorithmic approach described in the previous Sec-
tions may be directly applied to ligands, such that every ligand is considered
as any other monomeric unit. However, for many PDB entries this results in
a large number of interface types, which makes graph-theoretical approaches
to assembly search and choice of dissociation patterns computationally in-
tractable. Another inconvenience of straightforward approach to the inclu-
sion of ligands, as was indeed found in the practical part of our study, is
that most dissociation patterns become a mere detachment of ligands from
the macromolecular complex, and macromolecular dissociation is then never
seen.

In order to cope with computational difficulties and keep focus on macro-
molecular interactions, we “fix” ligands to macromolecules by permanent
engagement of the corresponding interfaces, whenever necessary and possi-
ble. From empirical consideration, ligands of a particular type get fixed if
they are less than 40 non-hydrogen atoms in size and if there are more than
2 of them in the asymmetric unit. If a ligand interfaces with more than one
macromolecular unit, the one with lowest binding energy to the ligand is
chosen. A ligand cannot be fixed if it forms crystallographically equivalent
interfaces to two or more monomeric units. In this approach, ligands effec-
tively become a permanent part of macromolecular units they are fixed to,
and may be viewed as surface modifiers that make effect on binding proper-
ties of macromolecular units. We did not observe any change in oligomeric
state (assembly size, geometry and composition) when comparing results ob-
tained with and without ligand fixing. However, dissociation patterns (and
therefore dissociation barriers AGY,,,) were different in almost every case,
with ligands detaching from a more stable macromolecular assembly when
fixing was not used.

3.4 Identification of biological units

It should be acknowledged that thermodynamical stability is an important
clue for concluding on the biological significance and function of a particular
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assembly, but it can not be equated with the definition of a biological unit.
The latter, generally speaking, depends on the context of a particular pro-
cess and situation. It seems likely, however, that in most instances, when
functional role of macromolecular assembly is not directly connected with
dissociation, biological unit should be given by the largest stable assembly
that may exist under given physiological conditions. One can also reasonably
expect that most biological units should represent highly stable complexes
with low dissociation constant K. As follows from the discussion in the be-
ginning of Section 3.1, such complexes are expected to crystallize unchanged
and the assembly search should yield a solution with a single structure.

Because no conclusions on biological function of macromolecular assem-
blies may be algorithmically derived in the framework of present study, we
keep all sets of stable assemblies, found by graph-theoretical search, as po-
tential answers. Following the above considerations, we sort the sets and
assemblies within the sets in the following order of priorities:

1. Larger assemblies take preference over smaller ones
2. Single-assembly sets take preference over multi-assembly sets.

3. Assemblies with higher free energy of dissociation AGY,,, take prefer-
ence over those with lower AGY

diss*®

To our experience, such sorting is most successful in bringing assemblies
that have better chances to be biological units, on top of the list. From
now on, whenever we refer to a predicted biological unit in this study, the
topmost assembly in thus sorted list of potential answers shall be meant,
unless otherwise specified.

3.5 Implementation and calibration of parameters

Model equations for standard Gibbs free energy AGY,. ., derived in Section

2 (Egs. (1,13,22)), include undefined values of atomic solvation parameters
wg, hydrogen bond, salt bridge and disulphide bond contributions Ey;, Ey,
E4, respectively, as well as entropy parameters C' and F'. As discussed in
Section 2, no rigorous theoretical expressions may be suggested in order to
estimate these parameters, therefore we choose them such as to achieve best
agreement with available experimental data on macromolecular complexes.
For the calibration of model parameters, we used previously published
dataset of 218 protein structures with experimentally verified multimeric
states [12]. Atomic ASPs were chosen according to the scheme suggested
in Ref. [63], which classes atoms into 5 types: carbon (C), sulphur (S),
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neutral oxygen and nitrogen (O/N), charged oxygen (O~) and charged ni-
trogen (N*). There is little agreement between ASPs suggested in different
studies even for the same classification scheme of atom types (e.g., compare
data from Refs. [63, 66]), therefore we felt free to consider wy as adjustable
parameters as well.

The fitting procedure performs iterative calculations of multimeric states
for all structures in the benchmark dataset. This results in a number of
candidate solutions, which include assemblies with correct multimeric states
as well as those of bigger and smaller, than the correct one, sizes. On each
iteration, model parameters were fitted such as to satisfy the following system
of inequalities for as many entries in the dataset as possible:

diss

AGY,,, <0 for all other assemblies of same or bigger size

0 )
{ AGY >0 for correct assemblies (27)
Obtained parameters are then used for assembly calculations in the next
iteration, and the process stops when the number of dataset entries with
correctly predicted multimeric states ceases to increase.

The same procedure was then used for the calibration of nucleic acid
ASPs, using 212 protein-DNA complexes reviewed in Ref. [83]. The nu-
cleic acid atoms were classed into 8 types: phosphorus (P), base ring nitro-
gen (Ng,), amide nitrogen (Ng,;), carbonyl oxygen (O¢), phosphate oxygen
(Op), other oxygens (O,,), aliphatic carbon (Cg;) and other carbons (Cy,).
Only nucleic acid ASPs were varied on this step, with protein ASPs and
other parameters taken as resulted from the previous fitting procedure. Af-
ter fitting the nucleic acid ASPs, protein ASPs need to be revised in order
to correct multimeric states for those protein-DNA complexes where predic-
tions failed on protein-protein interaction side, for which both data sets are
merged and the final adjustment of all parameters is done.

Calculations of rotational entropy, dissociation patterns and assembly
search require identification of equivalent monomeric units and interfaces.
The equivalence is detected by structural alignment, for which we used al-
gorithm SSM [84]. Two monomeric units were considered as equivalent if
structure alignment yields the following values of SSM’s quality score () and
sequence identity SI:

Q- Naign > 065 SI— Nident 0.9 (28)
(1 + (RMSD/3)2)N1N2) - Nalign -

where Ni, N, stand for the number of residues in two structures, RMSD is
r.m.s.d. between aligned C,’s in best structure superposition, Ny;gn, is the
number of aligned residue pairs, of which N,4.,; pairs are formed by identical
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residues. The above thresholds on () and ST are of a purely empirical nature.
They were chosen by a gradual decrease of initial ) = 0.9 and SI = 0.95
in the course of manual examination of many results where correct predic-
tions could not be obtained without equivalencing more remote structures.
It should be noted, however, that ) = 0.65 corresponds to high structure
similarity, when superposed backbones show only a moderate deviation from
each other. In a similar way, the following criteria for interface equivalence
have been obtained: interfaces I;; and Iy, are considered as equivalent if
they are formed by equivalent monomeric units A; ~ A, A; ~ A;, found
in similar relative positions, such that superposition of A; and A, places A;
and A; (and vice versa) in no more than 2.5 A off their locations of best
superposition.

The described approach to the identification of macromolecular assem-
blies in crystals has been implemented in software PISA (Protein Inter-
faces, Surfaces and Assemblies) and made available for public use as an in-
teractive web-server found at http://www.ebi.ac.uk/msd-srv/prot_int/
pistart.html. The server comprises a searchable database of pre-calculated
results for all PDB structures solved by means of X-ray crystallography, and
allows for upload of PDB and mmCIF coordinate files for interactive process-
ing. The calculations are distributed over a variable number of CPU nodes
(1.2 GHz Pentium-4), depending on task complexity. The latter depends
mainly on the type and number of monomeric units in ASU, space symmetry
group and number of interface types. Typically, the calculation results are
returned in less than 30 seconds, most difficult cases may take up to 20 min-
utes. The server also provides a detail description of interfaces, structures
and assemblies, their visualisation and database search tools.

4 Results and discussion

Table 1 shows empirical parameters of theoretical models for binding energy
AGin: (Eq. (13)) and entropy of dissociation AS (Eq. (22)), obtained by
fitting procedure described in Section 3.5. As found, the system of inequali-
ties (27) remains underfit for the datasets used, which means that maximal
number of satisfied inequalities is achieved by many different sets of fitted
parameters. This implies that the datasets used may be insufficient for the
calibration purposes, and it is possible that the results may be further im-
proved by using a larger selection of data. Given many possible solutions, we
have chosen one that yields aminoacid ASPs closest to those previously pub-
lished [63]. It should be acknowledged that there is little agreement on any
specific values of ASPs in the literature. This is demonstrated by data given
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Aminocid ASPs, cal/(mol A?) Nucleic acid ASPs,

A B cal/(mol A?)
C 16 || 1642 443 P -23
S 41 || 21410 | -17422 Op 53
O/N -11 -6+4 |-113+14 Oc¢ 57
Nt .37 [ -5049 |-169+31 O,. 23
O~ -17 | -24410 | -166+31 Naro 0
Entropy parameters g“mi '12

ali

T-C -6.82 kcal/mol C.. .33

T-F 10~* keal/(mol A?)
Ey 0.44 kcal/mol
Ey 0.15 kcal/mol
Edb 4.00 kcal/mol

Table 1: Empirical parameters entering Eqs. (13,22), obtained by fitting the
multimeric states found in the benchmark set of 218 protein complexes from Ref.
[12] (table on the left) and 212 protein—-DNA complexes from Ref. [83] (table on
the right). Value of T - C assumes that mass is measured in a.u. and distance - in
A. Column A shows ASPs obtained in Ref. [63], and column B shows those from
Ref. [66].

in columns A and B in Table 1, obtained in Ref. [63] and a follow-up study
[66], respectively. The disagreement may be due to inconsistency of reference
data, used for the fit, or it may be a consequence of the non-physical nature
of ASPs, as pointed out in Section 2.2, or it may indicate that 5 ASPs leave
the system underfit. However, in the course of our numerical experiments, we
found that the results are not very sensitive to the particular values of fitted
parameters, as long as they satisfy the maximum number of inequalities (27).

As seen from Table 1, energy contributions of hydrogen bonds and salt
bridges appear somewhat lower than the estimates found in the literature (cf.
Section 2.2), however within a reasonable range. Given that significant in-
terfaces usually have 10-20 and more hydrogen bonds, their effect on binding
appears to be comparable with that of hydrophobic interactions. Contribu-
tion from the side-chain mobility into entropy of dissociation, T"- F', is quite
small, about 0.1 kcal /mol per 103A? of interface area. Nucleic acid ASPs, ob-
tained by our fit, make RNA /DNA chains slightly hydrophobic, which agrees
with their low solubility in water. The average opening energy of a base pair
amounts to approximately 2 kcal /mol, which is somewhat lower than found in
molecular dynamics studies (e.g., Ref. [85] suggests 4-7 kcal /mol), but agrees
reasonably well with other data (1.6 kcal/mol found in Ref. [86]). The figure
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lmer 2mer 3mer 4mer 6mer Other | Sum | Correct
lmer | 49 3 0 1 1 1 55 89%
2mer 3 71+11 0 2+1 0 0 76+12 93%
3mer 1 0 22 0 1 0 24 92%
4mer 2 241 0 2646 0 1 3147 84%
6mer 0 0 0 0+1 1042 0 1043 92%
Total: | 1964+22 | 90%

Table 2: Assembly classification obtained for the benchmark set of 218 PDB
entries, representing protein complexes, from Ref. [12]. The rows give counts
of multimeric states obtained for assemblies annotated as monomeric, dimeric,
trimeric, tetrameric and hexameric in the benchmark set. Counts represented
as N + M stand for N homomers and M heteromers obtained, otherwise only
homomers are listed.

of ~2 kcal/mol per pair implies that hydrophobic interactions only assist
the closure of nucleotide base pairs, while major contribution comes from
hydrogen bonding.

Tables 2 and 3 present the assembly classification results obtained for
protein-protein and protein-DNA complexes used in the fit, respectively.
Each row in the Tables corresponds to a particular oligomeric class present in
the corresponding set, and columns give the classification counts obtained for
that class. Table 2 shows reasonably uniform success rates for all oligomeric
classes, with lowest value of 84% obtained for tetramers. Tetramers have been
found as less predictable class also in Ref. [12]. Comparison with benchmark
results in Ref. [12] shows an improvement of 5-8% in the classification suc-
cess rate. On comparison, the PQS server at MSD-EBI [11] achieves 78%
correct answers on the same dataset. However, one should take into account

2mr 3mr 4mr Smr 6mr 10mr Other | Sum | Correct

2mer 1 0 0 0 0 0 0 1 100%
3mer 6 96 0 0 1 0 2 105 91%
4dmer 0 2 83 0 0 0 0 85 98%
Smer 0 0 2 3 0 0 0 5 60%
6mer 1 0 0 0 13 0 1 15 87%
10mer 0 0 0 0 0 1 0 1 100%
Total: | 212 93%

Table 3: Assembly classification obtained for the benchmark set of 212 PDB
entries, representing protein-DNA complexes, reviewed in Ref. [83]. The rows give
counts of multimeric states obtained for assemblies annotated as dimeric, trimeric,
tetrameric, pentameric, hexameric and decameric in the set.
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Figure 3: Distribution of misclassified biological units in Tables 2 and 3 over 5
kcal/mol intervals of free energy of dissociation AGY,_ . In case of misclassification
into a higher multimeric state, the classification error in AGgiss was defined as
free energy of dissociation of that state. In case of misclassification into a lower
multimeric state, the error was defined as negative free energy of dissociation of
correct assembly. The labels give PDB codes of the largest-error misclassifications,
where (N:M) denote the misclassified (N) and correct (M) multimeric states.

that, unlike PISA and PITA, PQS parameters were never optimized for the
given set of structures. As found, PQS and PISA agree with each other on
the classification of 77% of all entries in the dataset.

Classification of protein-DNA complexes shows a somewhat higher success
rate (cf. Table 3), with total of 93% correct predictions as compared to
90% achieved for protein-protein assemblies. However, results for dimers,
pentamers and decamers are not indicative because of a too low number of
structures in these classes.

Figure 3 shows the distribution of misclassified biological units in Tables 2
and 3 over free energy of dissociation AGY,,.. As seen from the Figure, most
of misclassifications are found in the region of +£5 kcal/mol. Most of the
errors are probably due to the differences in experimental conditions, such as
concentration, pH, salinity and temperature at which the biological units are
detected. Since we do not account for specific experimental conditions in our
analysis, implicitly replacing them with “average physiological conditions” in
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Figure 4: Homo-hexamer predicted for PDB entry 1QEX (A), the corresponding
homo-trimeric biological unit (B) identified in Ref. [87], and correct homo-trimer
predicted for PDB entry 1S2E (C), representing an alternative fit of the same
experimental data. See discussion in the text. The images were obtained using
the Jmol software from http://www. jmol.org.

the fitting procedure, misclassifications within £5-10 kcal/mol should not be
rated as unexpectable. However, as Figure 3 shows, there are few cases where
error in AGY,, is considerably higher than could be reasonably expected even
for relatively approximate models of subunit interactions. Consider some of
these cases in more detail.

PDB entry 1QEX (bacteriophage T4 gene product 9) shows the largest
classification error of 106 kcal/mol in AGY,,,. The predicted homohexamer
(Figure 4A) dissociates into almost equally stable homotrimers (Figure 4B,
AGY,,, ~ 90 kcal/mol), which were identified as biological units in Ref. [87].
One of biological functions of the trimers is to provide attachment of long-
tail fibers to the virus baseplate. The unit connects to the baseplate at
variable angles with three extended tails formed by N-terminal domains of
the polypeptide chains, which was verified by EM studies [87]. One could
imagine that N-terminal tails of 1QEX have high propensity to attachment,
and therefore it is not surprizing that engagement of two trimers with their N-
terminal tails results in highly stable hexameric complexes. However, with
this sort of explanation it is unclear why N-terminal tails do not interact
with each other in the trimer and how association of trimers is avoided in the

course of virus assembly. It appears that electron density maps of 1QEX allow
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Figure 5: Homo-tetramer predicted for PDB entry 1CG2 (A), and the correspond-
ing homo-dimeric biological unit identified in Ref. [88]. See discussion in the text.
The images were obtained using the Jmol software from http://www. jmol.org.

for an alternative fit, which yields a different configuration of N-terminal
tails, represented by PDB entry 1S2E [106] (private communication from Dr.
Sergei Strelkov, University of Leuven, Belgium). As found in PISA analysis,
1S2E forms homotrimers that do not merge into hexamers. We therefore
conclude that hexameric complex in Figure 4A is an artifact of inappropriate
interpretation of electron density maps. This example shows that PISA may
be used for choosing a most probable alternative, when different structure
solutions emerge in a crystallographic experiment.

Next to 1QEX in free energy classification error, PDB entry 1CG2 was
predicted to be a homotetramer shown in Figure 5A instead of a dimer as
in Figure 5B. The tetramer is predicted to dissociate into the dimers at
AGY,,, ~ 66 kcal/mol. This high dissociation barrier is mostly due to the
presence of four Zn*? ions in the catalytic domains, which make the binding
between the homodimers. Removing Zn atoms from the file brings AGY,,.
down to 10 kcal/mol, which correlates reasonably well with the estimate of
about 16 kcal/mol for Zn-protein binding, as reported in Ref. [89]. No Zn
binding is involved into formation of homodimers, which are predicted to
dissociate at AGY,, as low as &~ 9 kcal/mol. Table 4 gives a summary of
closest structural neighbours to PDB entry 1CG2 and their assembly classi-
fication by PISA software. Q-scores in the range of 0.2-0.4 indicate a mod-
erate structure similarity, which is also reflected by low sequence identity.
Sequence identity below 20% implies numerous residue substitutions on the
protein surfaces, which is indeed confirmed by structure alignment. Exten-
sive change in aminoacid composition on the surface may have a pronounced
effect on binding properties of proteins and, as a result, cause difference in
crystal packing. Indeed, crystal packing of all structural neighbours in Ta-
ble 4 does not contain the tetramer-forming interface equivalent to one in
1CG2, crystal packing of 1XMB does not include also the dimer interface.
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0
1;2112 Space group l:ig Asss(;;rébly Q-score Seq. Id kﬁﬁ/dﬁ;(;l
1CG2 P1211 4 4 1.00 1.00 66.2
1YSJ c121 2 2 0.38 0.16 3.9
1VGY P1211 2 2 0.37 0.19 9.2
1XMB P3221 1 1 0.35 0.18 —
1FNO c121 1 2 0.35 0.21 17.4
IVIX | P21 2121 2 2 0.34 0.20 8.3
172L P 21212 2 2 0.20 0.14 34.4

Table 4: Closest structural neighbours to PDB entry 1CG2 and their assembly
classifications, obtained by PISA. @-score is a measure of structural similarity (cf.
Eq. (28), [84]), sequence identity (Seq.Id) was calculated from structure alignment.
The neighbours have been identified by structure search facility in PISA software
based on SSM algorithm [84]. See discussion in the text.

All structural neighbours to 1CG2 are therefore predicted to be dimeric,
except 1XMB which does not exhibit complexation trends. Only two struc-
tures, 1IFNO and 1Z2L, are predicted to form reliably stable homodimers,
other structures appear to be on the edge of stability. The presence of strong
Zn-assisted interface between homodimers in 1CG2, not observed in crystal
packings of its structural homologues, on one side, and experimental evi-
dence from Ref. [88] that suggests a dimeric state, allows for the conclusion
that misclassification of 1CG2 is due to a strong attachment of homodimers
through their active sites in crystallization conditions.

Emergence of interaction artifacts due to crystal packing appears to be the
most common reason for the misidentification of biological units in crystalline
state. All largest-error misclassifications in Figure 3, except for PDB entries
1QEX, 1D3U, 1CRX and 1TON are due to this reason. 2HEX is predicted
to be a strong homodecamer, dissociating into 5 homodimers at AGY,,, ~ 65
kcal/mol as shown in Figures 6A,B. This decameric structure was noted
in Ref. [90], however the authors stated that “no biological relevance for
BPTI decamers is known or postulated; therefore they must be considered
the result of interactions in the crystal”. In case of 1HCN, the predicted
heterotetramer (shown in Figure 7) dissociates, at AGY,,, ~ 15 kcal/mol,
into identical heterodimers, which were found to be biological units in Ref.
[91]. The dimers appear to be somewhat more stable than the tetramer
(AGY,,, =~ 20 kcal/mol). Formation of the tetramer may possibly be assisted
by the binding sites formed by residues 38-57 (shown in red in Fig. 7), which
were identified by antibody blocking in Ref. [92].

Results for PDB entry 1D3U (cf. Figure 8) exemplify a situation that
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Figure 6: Homo-decamer predicted for PDB entry 2HEX (A), and its dissociation
into 5 homo-dimers suggested by PISA analysis (B). The space-fill mode shows
SO4 molecules. See discussion in the text. The images were obtained using the
Jmol software from http://www. jmol.org.

is specific to protein-DNA complexes. The predicted octamer dissociates
into two identical tetramers, identified as biological units in Ref. [93], at
AGY,.. ~ 20 kecal/mol. The tetramers, found as a second-choice solution in
PISA output, make the left- and right-hand parts of the complex projection in
Fig. 8. In this case, PISA prediction fails because, strictly speaking, neither
the crystallized octamer nor tetramer represent naturally found structures.
For crystallization purposes, the virtually infinite DNA strands are replaced
by chemically synthesized 24-base fragments, bound to protein parts of the
complex. This replacement allows the tetramers to engage into a contact,
which, contrary to basic PISA assumptions, can not occur in natural condi-
tions. As estimated by PISA, the interface between two contacting helices
of the left- and right-side tetramers in Fig. 8 shows a relatively high hy-

Figure 7: Hetero-tetramer predicted for PDB entry 1HCN, made of two identical
hetero-dimers found to be biological units in Ref. [91]. The space-fill mode shows
NAG molecules, red color denotes residues identified by antibody blocking (cf.
Ref. [92]). See discussion in the text. The image was obtained using the Jmol
software from http://www. jmol.org.
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Figure 8: Hetero-octamer predicted for PDB entry 1D3U. The structure dissoci-
ates into two identical hetero-tetramers (the biological units, cf. Ref. [93]), making
right- and left-hand parts of the shown complex. See discussion in the text. The
image was obtained using the Jmol software from http://www.jmol.org.

drophobic effect of AGsy ~ —7.4 kcal/mol and forms 18 hydrogen bonds
and 8 salt bridges, which add further ~ —9 kcal/mol to the interface binding
energy AG;,;. In addition, as may also be seen in Fig. 8, the DNA strands
of the tetramers make a cross-pairing, which involves 3 bases from each side.
This indicates a mutual affinity of the tetramers, which, in PISA estimates,
would be strong enough for merging them into octamers if the inter-tetramer
contacts were not a mere artifact of crystal packing.

From the first glance, the above considerations appear to be equally ap-
plicable to PDB entry 1CRX, which is predicted to be a hetero-dodecamer
shown in Figure 9. The dodecamer is made of four very similar, but not
all identical hetero-trimers. Each of the trimers, considered as biological
units [94], includes a DNA fragment bound to bacteriophage recombinase
Cre. The complex is predicted to dissociate into two hetero-hexamers, form-
ing the upper and lower halves of the structure projection in Fig. 9, at
AGY,,, ~ 28 kcal/mol, although, from symmetry considerations, one would
expect dissociation into trimeric state. A detail examination reveals that
dissociation into hexamers is due to asymmetry caused by the presence of
modified O-phosphotyrosine residues in 2 out of 4 protein chains, shown in
space-fill mode in Fig. 9. The “vertical” protein-protein interfaces in Fig.
9 are partly mediated by O-phosphotyrosines (PTR), which adds about —9
kcal/mol to their binding energies as compared with “horizontal” interfaces
that disengage upon dissociation. This finding may imply that the dode-
cameric structure is not an artifact of crystal design as in the case of 1D3U
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Figure 9: Hetero-dodecamer predicted for PDB entry 1CRX. The complex is
made of 4 hetero-trimers, each including a DNA fragment bound to bacteriophage
recombinase Cre, considered as primary units in Ref. [94]. The space-fill mode
shows O-phosphotyrosine residues (PTR) found in 2 out of 4 protein chains. See
discussion in the text. The image was obtained using the Jmol software from
http://www.jmol.org.

in Fig. 8. Indeed, the structure represents a synapsed complex performing
site-specific DNA recombination [94]. The 3-stage reaction opens two DNA
strands, initially running across the upper and lower hexamers in Fig. 9, and
recombines them into strands running vertically through the left and right
halves of the dodecameric structure in the Figure. It is therefore obvious that
the dodecameric complex represents a real intermediate structure, which per-
forms a certain physiological function and for this reason could be classed
as a biological unit. This case demonstrates a situation, where definition of
biological unit is rather subjective and cannot be automated.

The last out of strongest misclassifications in Fig. 3, PDB entry 1TON,
is predicted to be a dimeric complex with dissociation barrier of AGY,,, ~ 37
kcal/mol. Visual inspection reveals that dimerization is assisted by two Zn
ions mediating the interface. Removal of Zn ions from the structure brings
the dissociation barrier down to 3.2 kcal/mol, again in a good agreement with
the above mentioned estimate of about 16 kcal/mol for Zn-protein binding
[89]. The value of AGY, . ~ 3.2 kcal/mol does not allow to reliably identify
the structure as a monomer or dimer in view of finite precision of PISA
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models. In this particular case, Zn ions have been added to the buffer in
order to aid crystallization [95], therefore the predicted strong dimer should
be regarded as a clear artifact due to crystallization conditions. The presence
of binding agents in crystals is a very common factor that affects automatic
identification of biological units. Another bright example is given by PDB
entries 1JL5 and 1GD9 (not included into the calibration dataset), for which
PISA predicts oligomerization into pipewise structures in presence of Ca
and Hg ions, and monomeric states in their absence, in full agreement with
experimental findings [96].

The above analysis shows that all strongest misclassifications within the
data sets, used for calibration of model parameters, are caused by various
factors that place the biological unit definition outside a simple concept of
thermodynamically stable complex. In such cases, additional data should
be used for correct classification, which, however, is difficult for algorith-
mic implementation. In other instances, when definition of biological unit
may be reduced to the concept of stable complexes, successful classification
is subject to the precision of PISA models for binding energy and entropy
of dissociation. On the basis of misclassification results, shown in Fig. 3,
one could use the figure of £5 kcal/mol as classification margin in PISA.
This figure can be hardly proven or disproven as the respective experimental
data are not readily available. A limited user feedback, personal commu-
nications and one recent analysis [97] suggests that the figure may be close
to reality. Comparison of entropy change at dissociation of Fasciculin-2 —
Acetylcholinesterase complex, estimated by PISA (AS & 37 cal/mol K), and
the one obtained in the course of molecular dynamic simulations (AS = 32
cal/mol K) [77], results in only ~ 1.5 kcal/mol difference in AGY,; at room
temperatures. The only essential difference between PISA estimates and the
referenced MD studies is the account of vibrational modes in the latter. As
part of entropy is absorbed by the vibrational modes corresponding to the
relative motion of complex’s subunits, the entropy change in MD studies is
expectably lower than in our models. However, as the comparison shows,
the resulting difference seems to be less than the overall precision in case of
tightly bound complexes. It should be acknowledged here that PISA may
miss stabilization effect of vibrational entropy in flexible complexes.

As follows from the above, there is a natural limit on the accuracy of
automatic identification of biological units in crystals, which is due to the
difference in experimental and physiological conditions and involvement of
additional data on complex function. This limit would be there even if coordi-
nate data, physical-chemical models and calculation techniques were perfect.
Figure 10 demonstrates the scale of uncertainty in the biological unit assign-
ments by comparison of the results obtained from MSD database [98] and
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Figure 10: Comparison of multimeric state assignments obtained from MSD
database [98] and PISA server at EBI-MSD http://www.ebi.ac.uk/msd/. Di-
amonds denote percentage of coinciding assignments in the respective multimeric
class, error bars indicate the 30 confidence region. Only complete structures ob-
tained by means of X-ray diffraction, giving single-assembly solutions in PISA have
been used for the comparison and only multimeric classes up to 24mers with more
than 20 structures are shown. Numbers below the diamonds give the total number
of structures used for comparison in the respective multimeric classes.

PISA servers at EBI-MSD. Biological unit assignments in MSD are based on
PQS [11] predictions followed by manual inspection. As seen from the Fig-
ure, 29,837 entries out of &~ 31,900 X-ray structures currently in the PDB
have been compared. The rest was ignored as non-comparable, where PISA
solution contained more than one assembly type or where coordinate data did
not allow for PISA analysis (e.g., where only backbone atoms are present).
As may be derived from Fig. 10, 72% of structures appear to be monomeric
or dimeric, where MSD and PISA agree in 81 +1% and 74 £+ 2% of instances,
respectively. In multimeric classes up to hexamers, MSD and PISA agree
on 76.4% of classifications, which coincides with the figure obtained for the
calibration dataset above. A simple average over first six multimeric classes
with no regard to the actual number of classifications yields a very close fig-
ure of 73.7%. This may be taken as an implicit indication that the calibrated
parameters work uniformly well on the whole PDB despite being fitted on
just 1.35% of all entries.
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Figure 11: PISA classification of biological unit assignments in the EBI-MSD
database [98]. Different colours denote percentage (as shown in the legend) of
structures from a particular multimeric class in MSD, classified by PISA into
the same or other classes. E.g., 10 to 15% of structures, assigned monomeric
state in MSD, were classified by PISA into dimers (cyan rectangle at (1,2)). The
distribution was calculated on the same data as that used for Figure 10.

Figure 11 shows more details on the relation between biological unit as-
signments in MSD and PISA. As seen from the Figure, PISA tends to classify
structures into lower oligomeric states, as compared with PQS/MSD. A pos-
sible explanation to this fact is that PQS predictions are largely based on
the per-chain average scores for buried surface area, solvation energy gain,
hydrogen bonds and others. Therefore PQS may allow for a relatively weak
interfaces between subunits, if their scores are compensated by scores of
strong interfaces. This is partly confirmed by the observation that PISA
assemblies tend to be subunits of MSD assemblies, where they are different.
Indeed, as seen from Figure 11, most of “misclassified” multimeric states in
PISA represent, together with the MSD-assigned states, geometrical series.
For example, hexadecamers are most often “misclassified” into octamers and
tetramers, then dimers and monomers; nonamers may appear in PISA as
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PDB | Multimeric state PDB | Multimeric state
code Ref. code Ref.
PISA | Observed PISA | Observed

1G31 14 14 [99] 1C1K 1 1 [114]
1VQ2 6 2 [100] 1C3J 1 1 [115]
1TEO 6 2 [100] 1QKJ 1 1 [115]
1K28 6 6 [101] 1T8G 1 1 [116]
1H6W 6 6 [102] 1T8F 1 1 [116]
1M5R 3 3 [103] 1SSY 1 1 [116]
1IXY 3 3 [103] 1SSW 1 1 [116]
1EL6 3 3 [104] 1RIF 1 1 [117]
10CY 3 3 [105] INZF 1 1 [118]
1S2E 3 3 [106] 1INZD 1 1 [118]
1CZD 3 3 [107] INVK 1 1 [118]
1V1H 3 3 [108] 1J39 1 1 [118]
1V1I 3 3 [108] 1JEJ 1 1 [119]
2FKK 3 3 [109] 1JG6 1 1 [119]
IN7Z 2 2 [110] 1JG7 1 1 [119]
1N8B 2 2 [110] 1JIU 1 1 [119]
1N8&0 2 2 [110] 1JIX 1 1 [119]
1E7L 2 2 [111] 1JIV 1 1 [119]
1E7D 2 2 [111] 1160 1 1 [120]
1EN7 2 2 [112] 1KAF 1 1 [121]
1BJA 2 2 [113]

Table 5: Comparison of multimeric states predicted by PISA with those observed
experimentally for a set of structures related to bacteriophage T4 studies.

trimers, heptamers - as tetradecamers and so on.

As was mentioned before, a very limited number of PDB depositions come
with experimentally verified multimeric states. One of best studied classes
of structures in this respect is represented by the series of works on bacte-
riophage T4. Table 5 compares PISA predictions for these structures with
experimentally identified multimeric states. The PDB entries, listed in the
Table, were obtained by keyword search on “phage T4” in PISA database,
from where we excluded entries without experimental evidence for multimeric
states and two entries (1QEX and 1AAQ) used in the calibration dataset.
We also excluded PDB entry 1IMVA (T4 capsid), which is not good for PISA
analysis as it does not allow for reconstruction of asymmetric unit because of
the absence of NCS records. As may be seen from the Table, PISA analysis
failed only in 2 instances (1VQ2 and 1TEQ), where hexameric states were
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PDB Multimeric state

code | Literature PISA MSD PDB(a) PDB(350)
1QEX 3 6 6 3 4
1CG2 2 4 4 2 not given
2HEX 1 10 10  not given 5
1HCN 2 4 4 not given not given
1D3U 4 8 8 not given 4
1CRX 3 12 12 2 6
1TON 1 2 2 not given not given

Table 6: Comparison of multimeric states assigned by PISA, MSD and PDB to
structures representing the strongest PISA misclassifications from Figure 3. Liter-
ature sources (cf. above) give experimentally verified states. PDB(a) corresponds
to biological unit annotation in PDB files, PDB(350) refers to multimeric states
inferred from PDB remark 350.

predicted instead of observed dimers. It is interesting to note that these en-
tries represent dimeric mutants of a wild protein that has a natural hexameric
state [100]. The mutants crystallize as hexamers, which means that PISA
predictions in these cases are not too far from the reality. Overall accuracy
of PISA predictions, shown in Table 5, is just under 5%.

We would like to point out here, that despite enormous curation effort,
neither MSD or PDB should be rated as a source of validated data on quater-
nary structures. Table 6 gives a summary of multimeric states for structures
representing the strongest PISA misclassifications from Figure 3, discussed
above in detail. As seen from the Table, MSD assignments coincide with
those of PISA in these particular cases and are all wrong as well, while
the results inferred from the corresponding PDB files look confusing and
far from complete. It is therefore not possible to derive any definite con-
clusions about quality of either source of data and trustworthiness of PISA
predictions in general. We, however, find it encouraging that MSD and PISA
assignments, which are both algorithm-based, agree on considerable (76%)
fraction of available data. As has been mentioned before, MSD predictions
are based on PQS [11], which in its essence is a bioinformatic, interface-
scoring, approach, while PISA represents an attempt to address the problem
directly from physical-chemical principles.

5 Conclusion

In this paper, we have described theoretical background of a new approach
to the identification of macromolecular complexes in crystals. We have also
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introduced the new publicly available EBI-MSD service PISA (Protein Inter-
faces, Surfaces and Assemblies), which implements the method. The software
provides a single-button analysis of X-ray resolved structures, including the
assessment of macromolecular interfaces, presence of thermodynamically sta-
ble complexes and their probable dissociation patterns. Structure solution
by means of X-ray diffraction on macromolecular crystals remains by far the
most common technique in the field as of today, therefore we expect PISA
to be of a substantial practical interest to the crystallographic community,
as a tool that allows one to automatically obtain additional and important
information from available experimental data.

PISA represents the first, to our knowledge, systematic approach to au-
tomatic identification of probable quaternary structures, based on physical-
chemical models of macromolecular interactions and chemical thermodynam-
ics. On these grounds, PISA offers a range of features that are not available
in more traditional bioinformatic techniques. In particular, the results are
delivered in conventional chemical notations, macromolecular interactions
are detailed on residue level so that residue substitution effect may be easily
modelled and interpreted, symmetry effects are taken into account, chemi-
cal stability of macromolecular complexes is estimated in Gibbs free energy
terms along with suggestion of probable dissociation patterns.

On the training dataset, the achieved misclassification error was estimated
to be close to +5 kcal/mol in Gibbs free energy calculations. PISA achieves
as many as 90% successful multimeric state classifications on the training
dataset, which includes about 1.35% of all X-ray entries currently in PDB.
As found, the strongest misclassifications in the dataset are either due to
the difference between experimental and physiological conditions, or they
result from the use of additional biological functional data for multimeric
state assignments. Although the actual absence of gold standard for the
latter makes it impossible to rigorously estimate performance of our method
beyond the validated training dataset, comparison with partly algorithmic
- partly manual annotation in the MSD database [98] shows a reasonable
agreement.

In view of the above, we see primary use of PISA as an aid tool for
the analysis and modelling of macromolecular interactions, as well as for
biological unit prediction/assignment, and closely related to that problem
of protein functional analysis and annotation. The tool may also be helpful
for crystal design, investigation of residue substitution effects and similar
studies.

Finally, we would like to note that, being based on chemical-physical prin-
ciples, PISA models can be naturally extended in order to account for specific
experimental and physiological conditions such as temperature, salinity, pH
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and subunit concentration. This possibility was intentionally ignored in the
present study primarily in attempt to keep the software product as simple
as possible for the user, but also because if additional parameters were intro-
duced, more experimental data would be required to properly calibrate the
theoretical models. However, the possibility to take experimental conditions
into account appears to be a useful and desired feature, and as such it may
make a line of future developments.
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