
Ž .Biophysical Chemistry 91 2001 1�20

Review

Models of protein crystal growth

Andrzej M. Kierzeka, Piotr Zielenkiewicza,b,�

aInstitute of Biochemistry and Biophysics, Polish Academy of Sciences, Pawinskiego 5a, 02-106 Warsaw, Poland
bInstitute of Experimental Plant Biology, Warsaw Uni�ersity, Pawinskiego 5a, 02-106 Warsaw, Poland

Received 26 February 2001; received in revised form 26 March 2001; accepted 26 March 2001

Abstract

The growth of large and well ordered protein crystals remains the major obstacle in protein structure determina-
tion by means of X-ray crystallography. One of the reasons is that the physico-chemical aspect of protein
crystallization process is not understood. This article reviews efforts towards formulation of models that could
become theoretical frameworks for the interpretation of voluminous experimental data collected on protein crystal
growth. Special attention is devoted to microscopic models that recognize the role of the shape of protein molecules
in crystal formation. � 2001 Elsevier Science B.V. All rights reserved.
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1. Introduction

Most biochemical reactions essential for cell
function involve specific associations between
proteins, small molecules and nucleic acids. As
predicted by Emil Fisher, more than 100 years
ago, the basis of the specificity is the complemen-
tary shape of the interacting molecules. There-
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fore, in order to investigate the elementary mech-
anisms of basic biochemical reactions one needs
to study the structures of the interacting molecules
at the atomic level. For this reason, the study of
atomic resolution structures of proteins has de-
veloped into an important field of modern molec-
ular biology.

Three-dimensional, atomic resolution struc-
tures of the protein molecules can be determined
by X-ray or neutron crystallography and nuclear

Ž .magnetic resonance NMR spectroscopy. Crystal-
lography is usually the method of choice as most
systems of interest are too large to be studied by
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NMR. With X-ray crystallography it is possible to
study macromolecules as large as a nucleosome
� �1 , multienzyme complexes such as pyruvate de-

� � � �hydrogenase 2 and viruses 3 . Crystallography
also gives a much better resolution, reaching to 1
Å. Due to these advantages more than 80% of
known protein structures have been solved by

ŽX-ray crystallography statistics are on the WWW
Ž ..www.rcsb.org .

Although the calculation of a protein structure
from the diffraction pattern is not a trivial task,
the major obstacle on the way to study protein
structures by means of crystallography is protein

� �crystallization 4 . The reason for this is that each
protein crystallizes under unique set of conditions
that cannot be predicted from easily measurable
physico-chemical properties, such as the molecu-
lar mass or isoelectric point. Therefore, crystal-
lization conditions must be empirically es-
tablished for each protein to be crystallized. There
is also a biological reason of difficulties with
protein crystallization. In the cell, proteins func-
tion under a crowded environment � the total
concentration of molecules is higher than protein

� �concentrations used in crystallization set-ups 5 .
Thus, protein molecules must be optimized dur-
ing evolution in such a way that their crystalliza-
tion is difficult. Otherwise, they would crystallize
or precipitate inside the cell.

Protein crystallization is carried out in super-
saturated protein solutions. Unfortunately, it is
not enough to bring the solution to supersatura-
tion to obtain well ordered protein crystals-super-
saturated protein solutions more frequently pro-
duce amorphous precipitates than crystals. Crys-
tallizing solutions contain a number of precipitat-
ing agents in addition to protein and water. These
agents include various inorganic salts, polyethy-

Ž .lene glycol PEG and small organic molecules.
Detergents, preservatives and other small
molecules are often necessary auxiliary additives.
Methods also differ in the techniques used to
bring the solution to supersaturation. The sim-
plest approach, which is known as the batch
method, is to directly mix components in the
proper concentrations. Usually, more sophisti-
cated methods are used in which additives un-

Ždergo diffusion through either a liquid e.g. dialy-
. Žsis, free interface diffusion or vapor e.g. vapor

.diffusion, evaporation . The practice of protein
crystallization is described in the books of Ducruix

� � � �and Giege 6 and McPherson 7 .
As one can see, many parameters such as the

concentrations of additives, temperature, pH and
crystallization set-up need to be taken into ac-
count during the search for the crystallization
conditions of a given protein. Protein crystalliza-
tion is usually sensitive even to small changes in
these parameters. Taking into account that the
above conditions cannot be predicted, one can
understand why protein crystallization is known
as a very time consuming and tedious trial and
error process. The necessity for the examination
of large number of possible crystallization condi-
tions made the structure determination of some
proteins take several years.

There is an ongoing interest in the develop-
ment of systematic approaches to protein crystal-
lization. Statistical methods known as sparse ma-

� �trix or incomplete factorial methods 8 were ap-
plied to gain more information from a small num-
ber of trials. Arrays of prepared crystallization
set-ups and various robotic systems are used to
decrease the time spent on the preparation of
solutions. Advances in protein chemistry and
genetic engineering are extensively used to ex-
plore the possibility of speeding up crystallization
by various modifications of the molecules. It has
been shown that the removal of several charged

� �groups, either by chemical modification 9 or site
directed mutagenesis, enhances the crystallization
process. Large proteins which are resistant to
crystallization attempts are frequently cut into
smaller domains. The active control of crystalliza-
tion conditions by the reduction of supersatura-
tion after a nucleation period has been applied to

� �obtain larger and better ordered crystals 6 . Dur-
ing several space missions, protein crystallization
attempts in microgravity have been carried out
� �10 .

Regardless of the method used to prepare crys-
tallization set-ups, the samples must be assessed
for the occurrence of crystals. This is usually done
by optical microscopy. As an analytical tool opti-
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cal microscopy has two disadvantages: it is subjec-
tive and the growth of crystals suitable for detec-
tion can take several days. The long time of
detection of crystals makes a large number of
crystallization attempts very time consuming. Sub-
jectivity of crystal detection precludes the full
automatization of the crystallization process. For
this reason, there is an interest in the design of
better diagnostic methods which will be able to
test samples for crystallization in shorter time

Ž .scales minutes and by means of objective quality
� �factors 11 . The obvious candidate for such a

method is light scattering. This method is able to
monitor the development of microstructures in
colloidal suspensions and, in contrast to X-ray
and neutron scattering, can be easily set-up in any
laboratory. It was shown that light scattering can
quickly detect abrupt and polydisperse amor-
phous aggregation of a protein under certain con-

� �ditions 6 . This makes it possible to quickly reject
large numbers of crystallization set-ups that lead
to amorphous precipitation. Recently, portable
and computerized light scattering devices became
available for testing solution monodispersity.

As follows from the above brief description of
protein crystallization practice, protein crystalliza-
tion lacks a good physico-chemical treatment.
There is a need for the theory which would give a
quantitative description of the nature of molecu-
lar interactions which are essential for crystal
formation and the kinetics of the crystal growth.
Such a theory would give guidelines for the op-
timization of the crystallization process by varying
the solution conditions and for the development
of diagnostic methods. For that reason there is an
ongoing interest in the study of the mechanisms

� �of the protein crystal growth 12 .
The investigation of protein crystallization is

also an interesting field in its own right. In order
to explain the mechanisms of protein crystal
growth one needs to answer several questions
concerning the physical chemistry of concentrated
protein solutions. These questions are important
as the living cells contain proteins at very high
concentrations. Therefore, all the biochemical
processes in vivo are subject to macromolecular

� �crowding effects 5 which are similar to the

phenomena occurring in supersaturated protein
solutions. Protein crystal growth is also an inter-
esting process for physicists. The data collected
on supersaturated protein solutions can be used
to study various phenomena of phase transitions
Ž � �.e.g. spinodal demixing; 13 , nucleation and be-
haviour of colloidal suspensions.

The first systematic studies of protein crystal
growth were reported in the late 1970s. In volume

Ž .114 of Methods in Enzymology 1984 Kam and
� �Feher 14 summarized the results of early obser-

vations of the protein crystal growth with the use
of light scattering, arrested nucleation assays and
ultraviolet light transmission. They developed an
analytical, kinetic model for the interpretation of
light scattering data. Since this time many state-
of-the-art experimental techniques have been ap-
plied to collect observables on protein crystal
growth. The growth of crystal faces has been
studied by electron microscopy and atomic force

� �microscopy 15�17 . The computerization of light
scattering equipment made it possible to collect
important data concerning the early stages of the

� �crystallization process 18�20,13 . For the same
task, X-ray and neutron scattering techniques

� �were also applied 21,22,11 . Calorimetric studies
� �have been also carried out 23 .

Many efforts have been dedicated to the study
of the influence of various physical factors on
protein crystallization. The effects of tempera-
ture, pressure, electric and magnetic fields has

� �.been studied 24,4,25 . Protein crystallization has
also been studied in microgravity conditions dur-

� �ing several space missions 10 .
As the amount of experimental data on protein

crystallization increased many authors attempted
to develop theoretical models for their interpreta-
tion. Authors used a plenitude of approaches
starting from fitting parameters of classical nucle-
ation theories to the protein concentration mea-

� �surements 14,26 and ending up on attempts to
describe effective interactions in crystallizing pro-

� �tein solutions by liquid state theories 27 . The
purpose of this review is to give brief account of
the major ideas used for the development of the
theoretical models used to study protein crystal
formation.
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2. Macroscopic theories of protein crystal
formation

2.1. Basic concepts

Many authors attempted to establish the
physico-chemical principles of protein crystalliza-
tion using concepts of thermodynamics and the
experimental kinetics of small molecule crystal

� �growth 6,28 . From this perspective, the driving
force for crystallization is the difference of the

Ž .chemical potential �� of the protein molecule
in the solution and the crystal:

Ž . Ž .����kT ln c�s 1

where c is the protein concentration in the solu-
tion, s is the solubility of the protein, k is the
Boltzmann’s constant and T the absolute temper-
ature. The solubility is defined as the concentra-
tion of the protein for which the solution is in
dynamic equilibrium with the crystal. If the con-
centration of protein molecules equals the solu-
bility the crystal neither grows nor dissolves be-
cause, on average, the same number of molecules
attach to the crystal and dissociate from its sur-
face. The ratio c�s is called supersaturation. Pro-
tein crystallization requires high supersaturations
in the range 3�30 which is larger than required
for the growth of conventional inorganic crystals.

Although supersaturation is required for crystal
growth, it does not guarantee the appearance of
crystals. In supersaturated protein solutions the
solid phase more frequently forms an amorphous
precipitate than a crystal. Therefore, it is not
enough to find the conditions under which the
solution becomes supersaturated. Rather, it is
necessary to find conditions under which the solid
phase appears in the form of crystal. In recent
years it was convincingly shown that, at least for
some proteins, an amorphous precipitate also ex-

� �ists under perfect crystallization conditions 11 .
Protein crystal growth is therefore the result of
the interplay between free monomers, crystals
and amorphous precipitates.

Three phases of protein crystal growth can be
distinguished: nucleation, post-nucleational

� �growth and cessation of growth 6 . During the
nucleation phase ordered nuclei are formed in
the solution as the result of fluctuations of mat-
ter. Nuclei which exceed the critical size enter the
second phase and grow to macroscopic crystals.
Protein crystals cease to grow when they reach a
certain size. It is not possible to further increase
the size of the crystal even if perfect conditions
for crystal growth are restored. The phenomenon
of the cessation of growth is unexplained. Most
authors suggest that it is the result of accumula-

� �tion of lattice defects and impurities 4,14 .
The outcome of the screening for crystalliza-

tion conditions is frequently visualized on plot of
protein concentration vs. precipitating agent con-

Ž .centration Fig. 1 . These plots are frequently
referred to as phase diagrams although they are
usually not phase diagrams in a strict, physical

Žsense they do not show the equilibrium states of
the system but rather states which are kinetically

.accessible in the particular experiment . Only free
protein monomers are present in solution in the
stable region of the phase plot. In the labile
region, stable nuclei can form and grow, while in
the metastable region nucleation cannot occur
but crystals can grow. It is an important observa-
tion that there is competition between nucleation
and the crystal growth. Crystallization of the pro-
tein in the labile region of the phase plot usually
causes the appearance of showers of microcrys-
tals. In an ideal crystallization set-up, the process
is moved into the metastable region after the
time required for nucleation. In this case, a few
large crystals appear.

2.2. Nucleation

A nucleation process in which the solid phase is
formed from molecules which are free in solution
is called homogenous nucleation. If the molecules
nucleate on the walls of the container, or on the
surfaces of seeds added to the solution, then the
process is called heterogenous nucleation. In the
following sections only theories describing ho-
mogenous nucleation will be reviewed as there is
no good theoretical treatment for the het-
erogenous case.
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Fig. 1. Typical phase plot. Labile, metastable and stable re-
gions are marked.

2.2.1. Free energy barrier of nucleation
The classical nucleation theory predicts that

the free energy of nuclei depends on two terms.
The negative term results from bonds formed by
molecules in the crystal. It is proportional to the
volume of the crystal. The positive term corre-
sponds to the unsatisfied bonds present on the
surface of the crystal. It is proportional to the
surface of the growing nuclei. The change in
standard free energy �Go for the aggregation of jj

� �monomers can be expressed as 14 :

o � Ž .�G �� G �� j G 2j j B S

where G is the bulk free energy per unit volumeB
and G is the free energy per unit area of theS
surface; � is the volume of growth unit. The
coefficients � and � depend on the shape of the
nuclei. Under crystallization conditions G isB
negative as it corresponds to the favourable inter-
actions formed in the crystal. G is positive as itS
results from unsatisfied bonds. The shape of the
free energy vs. size of the nuclei curve is shown in
Fig. 2.

The energetic cost of the addition of a new
monomer to the nucleus is given by the following
formula:

��1 Ž .�G ��G �d�G �d ��G ��� j G 3j�1 j j j B S

At the beginning of nucleation the positive,
surface term prevails. The addition of each new
growth unit causes an increase in the free energy.
As the volume grows faster than the surface with
the number of monomers, the favourable volume
term starts to dominate the free energy expres-
sion when the nuclei exceed a certain critical size.
The free energy of the nuclei with a critical size is
the activation free energy of nucleation. The nu-
clei which are smaller than the critical size tend
to dissolve. They can cross the free energy barrier
due to thermal fluctuations in the system.

The energetics of amorphous precipitation dif-
fers from that of crystal formation. This can be
clearly explained if one uses a linear aggregate as
the ‘ideal case’ of amorphous aggregation. In the
linear aggregate, the free energy of a single bond
is greater than the unfavorable surface term.
Therefore, the cost for the addition of a new
monomer is constant. This results in the lack of a
free energy barrier for nucleation. Real amor-
phous precipitates are not linear but they are also
not as compact as crystals. Their shape can be
described using fractal dimension. For such ag-
gregates there is a free energy barrier � but it is
much lower than for the formation of compact
structure.

Fig. 2. Shape of the free energy plot as a function of aggre-
Ž .gate size, as predicted by Eq. 2 . In contrast to amorphous

aggregates, ordered nuclei must cross a free energy barrier
�G .nuc
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2.2.2. Kinetics of nucleation
There are many works in which authors at-

tempt to formulate equations describing nucle-
ation in terms of reaction rates. These works are
so diverse that it is not possible to extract from
them a ‘classical theory’ of protein crystal nucle-
ation kinetics. This is in contrast with the theories
of nucleation thermodynamics which agree with
the concepts reviewed above.

� �In 1984, Kam and Feher 14 presented their
kinetic model of protein crystal growth. They had
assumed that a protein crystal grows by the addi-
tion of monomers to the crystal. The addition of
monomers had been treated as a second order
reaction described by forward reaction rate; dis-
sociation had been considered as a first order
reaction with backward reaction rate. The ratio of
the forward:backward reaction rates is proportio-
nal to the surface:volume ratio. This theory pre-
dicts that the crystal growth process is very slow
when nuclei are smaller than the critical size. On
the crystal growth curve predicted by this theory,
one can see characteristic lag-period during nu-
cleation followed by an abrupt increase in the
rate of growth.

A much simpler nucleation treatment was ap-
� �plied by Bessho et al. 26 to describe the crystal-

lization kinetics of lysozyme. They used a differ-
� �ential equation developed by Nielsen 29 :

i Ž .dm�dt�kc 4

where m is the number concentration of nuclei, c
is the concentration of monomers and k the rate
constant for nucleation. The exponent i is the
number of monomers in the critical nucleus and
is independent of concentration. The authors cal-
culated the rate constant of nucleation and criti-

Ž .cal size by fitting Eq. 4 to the experimental data
on concentration changes during lysozyme crystal-
lization.

In these two above examples of protein crystal
nucleation theory, the authors assume that the
nuclei are formed by the addition of single
monomers. Some authors questioned this as-

� �sumption. Li et al. 30 developed a model in
which the initial stages of the protein crystal

formation are described by the monomer�
dimer� tetramer �16-mer pathway.

2.3. Kinetics of post-nucleational growth

The kinetics of protein crystal growth have
been approached from the perspective of various
theories, similar to the kinetics of nucleation.
Some of them describe growth as the continuous
mass transfer from a solution to a surface of
spherical nuclei similar to the classical work of

� �Lifshitz and Slyozov 31 . Others make assump-
tions about the mechanism governing the growth
of the crystal faces. It is impossible to review all
these works here as almost each of them has its
own and formulation of the model. Below two
examples of models are given.

� �Kam and Feher 1984 14 formulated an equa-
tion for the rate of deposition of the protein mass
M at the crystal surface by applying the Fick’s law
of diffusion:

Ž . Ž . Ž .d M�dt�k c�s S ; k�D dc�d x � c�s
Ž .5

where k is the rate constant for growth, c is the
protein concentration in the vicinity of the crystal
surface, s is the protein solubility, S is the area of
crystal surface and D is the protein diffusion
constant. The concentration of the protein near
the crystal surface has been determined by means
of analysis of UV photographs.

� �Bessho et al. 26 applied a polynuclear growth
model:

p Ž .d r�d t�kc 6

Ž . Ž . 3with c�c � ��� H dm�d	 r d	 where r is0 t,	 t,	
the radius of the crystal nucleated at time 	 and
grow until time t and k is the rate constant for
growth. The exponent p represents the order of
growth kinetics; c is initial concentration, � is0
the shape factor of the crystal and � is the
volume per unit mass of the crystal. The authors
also used a differential equation describing the
details of the growth mechanisms. They assumed
that the crystal grows by two-dimensional nucle-
ation on the crystal surface and a spread of the
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islands. Equations for the rate of two-dimensional
nucleation and the linear growth rate of the nu-
clei were used.

3. Protein–protein association

There have been many attempts to produce a
computer simulation of crystallization process. In
all these models it has been essential to use or
formulate a reasonable model of interaction
among growth units under crystallization condi-
tions. Thus, we believe that it is reasonable to
start reviewing attempts of modelling the protein
crystallization process from a brief account of the
knowledge concerning thermodynamics and kinet-
ics of protein�protein association. From this per-
spective assumptions of the various models of
protein crystal formation will be more clear to the
reader.

Protein�protein associations are essential for
most cellular processes. The highly specific associ-
ation of proteins occurs during signal transduc-
tion, assembly of multienzyme complexes and
protein complexes which regulate gene expres-
sion. It is not surprising therefore, that a large
scientific effort has been dedicated to the under-
standing of the physical principles governing pro-
tein association processes. Crystal structures of
protein�protein complexes now allow study at the
atomic level. Our works cited in this article
� �32�34 argue that protein crystallization should
also be described as a kind of protein�protein
recognition process. The difference between pro-
tein crystal growth and protein�protein interac-
tion leading to the formation of functional com-
plexes is that protein�protein interfaces in the
crystals are smaller than these found in native
oligomeric proteins. However, in the crystal envi-
ronment, a single molecule is surrounded by sev-
eral symmetry related molecules. Interactions with
many neighbours are strong enough to fix the
molecule in the lattice.

3.1. Free energy of protein�protein association

One of the challenging problems of modern

molecular biophysics is the calculation of associa-
tion�dissociation free energy of the protein�pro-
tein complex given its atomic resolution structure.
Although a strict physical solution of the problem
is still missing, reasonable empirical models have
already been developed.

3.1.1. Main contributions to the free energy of protein
association

The protein�protein association reaction can
be described by the thermodynamic cycle drawn

� �in Fig. 3 35 . According to the cycle, the free
energy of protein�protein association, �G , isassoc
first estimated in the gas phase and then solvation
term is added to it:

gas wat Ž .�G ��G ��G 7assoc

where �Ggas, �Gwat are the association free en-
ergy in the gas phase and solvation term respec-
tively. �Gwat is the difference between the solva-
tion free energies evaluated independently for the
complex and its isolated components:

wat wat wat wat Ž .�G ��G ��G ��G 8A B AB

Any conformational change is assumed to oc-
cur identically in solution and in the gas phase.
The vertical lines on Fig. 3 represent the transfer
of the complex and its free components from the
gas phase to solution. They account for the pro-
tein�solvent and solvent�solvent interactions. The
interactions between macromolecules are evalu-

Fig. 3. Thermodynamic cycle of protein association reaction.
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ated in the gas phase. The reaction in the gas
phase involves four conceptual steps:

1. making one molecule from two;
2. establishing van der Waals and electrostatic

interactions;
3. adjusting or changing conformation; and
4. immobilizing side chain and main chain atoms.

For several protein�protein complexes, the
structures of both the complex and separated
components are available. Analysis of these ex-
amples shows that the structure of the protein
monomer does not significantly change upon ag-

� �gregation 36 . Therefore, the association of small
globular proteins can be treated as the associa-
tion of rigid bodies. In this so-called rigid body
approximation one considers the free energy con-
tributions of steps 3 and 4 to be negligible.

3.1.2. Entropic penalty for aggregation
Formally, only steps 1 and 4 change the system

entropy. Although entropy is difficult to calculate,
several attempts have been made.

The entropy change of side chain immobiliza-
tion has been estimated according to the statistics

� �from rotamer libraries 37,38 . It has been found
to be small as there are only a few side chains
that are really free to rotate in a dissociated
complex.

The entropy change of making one molecule
Ž .from two has two contributions: i entropy change

associated with losing rotational and translational
Ž .degrees of freedom; and ii the entropy change

as a result of the decrease of frequency of
motions in the complex. The entropic penalty
for loosing rotational and translational degrees
of freedom has been estimated by the

� �Sackur�Tetrode equation 35 . Several authors
argued that this equation is not applicable for

� �proteins and proposed their own estimates 39,40 .
The vibrational component of the entropy change
has been estimated from molecular mechanics
� �41 . Advances in the calculation of entropic con-
tribution to protein folding and binding are sum-

� �marized in the review of Brady and Sharp 42 .
The values of the positive free energy term

resulting from entropy changes which are re-

ported by different authors vary from 0 to 30
kcal�mol. This shows a difficulty in the quantita-
tive analysis of entropic effects in protein aggre-

� �gation. Tamura and Privalov 43 performed
calorimetric experiments aimed at the measuring
the entropic penalty for aggregation. Surprisingly,
their results show that the entropic penalty is very
small, i.e. approximately 1 kcal�mol. This result
provoked discussion about the contribution of
unfolded states of the protein and thus the rele-
vance of the experiment to the problem of folded

� �molecules aggregation 44,45 . The problems with
separating various enthalpic and entropic con-
tributions in interpretation of calorimetric data
on biomolecular interactions have been reviewed

� �by Cooper 46 .

3.1.3. Interactions in the gas phase
In the gas phase, the proteins interact through

van der Waals interactions, electrostatic forces
and hydrogen bonds. The energies of these inter-
actions can be calculated using existing forcefields
such as GROMOS, AMBER, CHARMM or

Ž .CVFF. In some of the these models e.g. CVFF ,
hydrogen bonds are not explicitly treated but
their energies are calculated as the sum of elec-
trostatic and van der Waals contributions. The
adjustment of the side chain conformation during
aggregation can also be considered using force-
fields as interaction models and proper molecular
mechanics approaches to find conformations
which are in local energy minima.

3.1.4. Sol�ation free energy
The solvation free energy �Gsolv is the free

energy of transfer of the molecule from a vacuum
to water. Most of the authors break �Gsolv into
following components:

solv Ž .�G ��G ��G ��G 9vdW cav E

where �G is the free energy of van der WaalsvdW
interactions with the solvent; �G is the freecav
energy of cavity formation; �G is the free en-E
ergy of electrostatic interactions.

The van der Waals interaction energy change
during solvation is negative. As the van der Waals
interactions are short-ranged, most of the �GvdW
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term is contributed by the first solvation shell.
Therefore, �G is roughly proportional to thevdW
surface area of the solute which is accessible to
solvent molecules.

The free energy of cavity formation is the sum
of the entropic penalty for reorganizing the sol-
vent molecules around a solute and the work
done against the solvent pressure to create a

Ž .cavity in the solvent �G is positive . The en-cav
tropic effects of solvent reorganization mainly
concern the molecules in the first solvation shell.
The number of these molecules is proportional to
the surface area of the solute accessible to the
solvent.

The sum of �G and �G can be reason-vdW cav
ably estimated as terms proportional to the acces-
sible surface area, S:

Ž . Ž .�G ��G ��G � a�b S 10N vdW cav

Ž .The accessible surface area ASA can be cal-
culated in a variety of ways. In the Conolly method
� �47 ASA is approximated as the surface of the

˚contact of the sphere with the radius 1.4 A rolling
over the molecular surface. In the Richmond

� �method 48 it is analytically calculated as the
surface accessible to the centre of the same probe

Ž .sphere. The proportionality constants a and b
Ž .in Eq. 10 can be extracted from the experimen-

tal data on the solvation fee energy of small
alkanes. For these compounds, the electrostatic
contribution is negligible in comparison to the
non-polar component.

The electrostatic component of the solvation
free energy can be estimated using the

� �Poisson�Boltzmann equation 49 . The solvent is
assumed to be a continuous medium character-
ized by the dielectric constant. The interior of the
molecule is considered as another continuous
medium with a different dielectric constant. The
accessible surface area is used as the boundary
between the molecule and the solvent. The charge
distribution inside the molecule is determined by
the partial charges of the atoms. The exterior
charge density is the result of the redistribution
of ions in response to the electric potential in
solution and is modelled by a Boltzmann distribu-
tion. For a set of discrete grid points in space, the

electrostatic potential is calculated by a numeri-
cal solution of the Poisson�Boltzmann equation.
From these results one can calculate the total
electrostatic energy of the system. The difference
between the total electrostatic energy of the
molecule in the medium with dielectric constant

Ž .of 1.0 vacuum and a medium with dielectric
constant of the solvent is the electrostatic compo-
nent of the solvation free energy.

3.1.5. Problems in free energy calculations
Although the main factors contributing to the

free energy of protein association are known their
quantitative calculation still remains a problem.
The consideration of all the free energy contribu-
tions mentioned above leads to very complex cal-
culations involving many models � the parame-
ters of which are not accurately determined.

The most difficult quantity to calculate is en-
tropic penalty for aggregation. As was mentioned
above the results of different models vary between
0 and 30 kcal�mol. The considerations of the
atomic motions by molecular mechanics methods
give results which strongly depend on the force-
field used. It is not clear which of the many
forcefields available is the most appropriate for
this application.

Electrostatic calculations are determined by
values of dielectric constants which do not have
physical sense for systems studied at the atomic
level. Solutions of the Poisson�Boltzmann equa-
tion are also sensitive to side chain positions. This
means that the results are influenced by the choice
of forcefield applied to optimize side chain posi-
tions. Another problem with applying the Pois-
son�Boltzmann equation is that it is only correct
for low ionic strength solutions. There are at-
tempts to modify Poisson�Boltzmann theory in
order to increase the range of ionic strength for

� �which calculations are valid 50 .
In spite of these efforts it is very unlikely that

approaches which have Debye�Huckel theory in
their roots will accurately describe electrostatic
interactions under crystallization conditions. Typ-
ical buffers used for protein crystallization con-
tain salts at high concentrations. It has been
shown both in theoretical and experimental pa-
pers that salts such an sodium chloride or am-
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monium sulfate are able to form clusters under
these conditions. The clusters have been detected
by light scattering in undersaturated solutions of
sodium chloride, ammonium sulfate and sodium

� �citrate 51 . Several authors studied formation of
these clusters by Monte Carlo and Molecular

� �Dynamics simulations 52�55 . These works show
that concentrated solutions used to enhance pro-
tein crystallization poses complex and poorly un-
derstood atomic-level structures that make appli-
cation of continuous solvation models unreliable.

Difficulties in the calculations of the free en-
ergy of protein�protein association were dis-

� �cussed by Novotny et al. 56 . The work shows the
results of blind-tests of association free energy
calculations. The authors attempted to predict
the association free energy differences between
several mutants of a lysozyme�antibody complex.
The experimentally determined values of the en-
ergies were not known to authors before the
calculations were performed. In spite of the fact
that the entropic penalty cancels out for the cal-
culations of free energy difference between mu-
tants, the authors obtained very poor correlation
between calculated and experimental values. This
shows that the application of very complex calcu-
lations which attempt to take into account all the
contributions of the association free energy does
not guarantee accurate results.

3.1.6. A practical method of association free energy
calculation

� �In 1959, Kauzmann 57 suggested that a major
factor in the formation of protein�protein com-
plexes is the hydrophobic effect. Chothia and

� �Janin 58 found that the hydrophobic effect of
protein association can be modelled by a free
energy term proportional to the accessible sur-
face area change during complex formation. They
showed that the change of accessible surface area
multiplied by an empirical constant gives reason-
able estimates of the association free energy. The
empirical constant was found to be a proportio-
nality coefficient between the solvation free en-
ergy of small alkanes and their accessible surface

� �areas. Eisenberg and McLachlan 59 pointed out
that it is an oversimplification to calculate the
energy of association on the basis of surface area

alone because the polarity and charge must also
be taken into account. They introduced five pro-
portionality constants for five atom types to ac-
count for the character of each atom. Therefore,
the interaction free energy of the protein�protein
complex calculated according to their theory can
be written as:

Ž . Ž .�G � 
 ASA �ASA 11Ýinter i d,i m,i
i

where ASA and ASA are the accessible sur-d, i m,i
face areas of the i-th atom in the dimer and
monomer respectively, 
 is the atomic solvationi

Ž .parameter proportionality constant of the i-th
atom. The atomic solvation parameters in Eq.
Ž .11 have been fitted to reproduce experimental
data of transfer free energies of small molecules
from octanol to water. In order to calculate the
association free energy one should add an esti-
mate of the entropic penalty of aggregation to the

Ž .interaction free energy calculated by Eq. 11 .
� �In 1992, Horton and Lewis 60 further im-

proved the approach of Eisenberg and McLach-
� �lan 59 . They introduced an additional two pro-

portionality constants to account for the fact that
some polar atoms are hydrogen bonded. The en-
tropic penalty for aggregation was determined
empirically by fitting the results of the calcula-
tions to the experimentally determined associa-
tion free energies of 15 protein�protein com-

� �plexes. Horton and Lewis 60 achieved a 96%
correlation of the calculated and experimentally
measured association free energies.

� �Vallone et al. 61 calculated the association
free energy of hemoglobin mutants using the

� �Eisenberg and McLachlan 59 approach. They
obtained a very good agreement with experimen-
tally measured values.

The above examples show that the free energy
of protein�protein association can be reasonably

Ž .estimated by the application of Eq. 11 . This
means that the changes in the first solvation shell
Ž .which are proportional to �ASA provide the
main contribution to the association free energy.
From a practical point of view, calculations with

� �the Eisenberg and McLachlan 59 or Horton and
� �Lewis 60 methods are much more computatio-
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nally simple than explicit considerations of all
free energy contributions shown on the Fig. 3.
The later requires the application of many com-
plex models and frequently proper ‘empirical
weighting’ of their results. The approach of Hor-

� �ton and Lewis 60 requires the application of a
single, computationally cheap model. Therefore,
the practical conclusion from the above chapter is
that the best approach to protein association free
energy calculation is still an empirical model in
which the association free energy is calculated as
proportional to the surface area buried in the
protein�protein interface.

3.2. Kinetics of protein�protein association

From the kinetic point of view, protein�protein
association is described by a second order reac-
tion rate constant. Therefore, research efforts
have been dedicated to the calculations of second
order reaction rate constant based on the
knowledge of protein structure.

As mentioned in Section 3.1.1 association of
globular proteins can be treated as association of
rigid bodies. This means that the protein�protein
interface is formed if the ‘reactive patches’ of the
protein surfaces are brought together by transla-
tional and rotational diffusion, and that confor-
mational changes of the protein molecules do not
play significant role in this process. In other words,
the association of two protein molecules is con-
sidered as a diffusion limited process.

3.2.1. Collisions, encounters and anisotropy of
globular proteins

For two hard spheres of equal size, the second
order reaction rate constant is given by the

� �Smoluchowski�Einstein equation 62 :

9 �1 �1 Ž .k �8 RT�3��6.6�10 M s at 300 Kcoll

Ž .12

where R is the gas constant, T the absolute
Ž .temperature and � viscosity of water. Eq. 12

does not depend on the size of the spheres as an
increase in target size is compensated by the
decrease in the diffusion constant. The collisions

of protein molecules in water solution cannot
occur with a rate higher than k . For this rea-coll
son k is frequently referred to as thecoll
diffusion-limited rate.

Protein molecules are highly anisotropic. In
order to form a native complex they must form a
particular interface between the proper fragments
of the surfaces of both molecules. Atoms in the

˚interface must be aligned with approximately 2 A
precision. Requirement for such a precise orien-
tational alignment causes a decrease in the sec-
ond order reaction rate by many orders of magni-
tude, with respect to k .coll

The second order reaction rate of a typical
protein�protein complex is in the order of magni-

6 �1 �1 � �tude of 10 M s . Northrup and Erickson 63
pointed out that it is surprisingly high. They
showed, from geometrical considerations, that two
protein molecules which collided in space form
the proper interface with a probability of the
order of 10�7. Thus, the collision rate multiplied
by the orientational probability is 102 M�1 s�1 �
four orders of magnitude lower than experimen-

� �tally measured one. Northrup and Erickson 63
performed Brownian dynamics simulations to ex-
plain this data. They found that after the first
collision of the molecules, there was an increased
probability that molecules collided again. They
defined the full set of interactions between the
molecules, from the first collision to final separa-
tion as an encounter. Brownian dynamics simula-
tions showed that there are, on average, nine
collisions per encounter. Molecules were con-
sidered to form a collision complex whenever

˚their surfaces were found to have 2�4 A separa-
tion. Due to the fact that there are many colli-
sions per encounter, the chance of finding the
proper orientation between molecules is signifi-
cantly increased. One should notice that this ef-
fect results from the statistical properties of the
diffusion process, but not from the interactions
between the molecules.

Another effect which can increase the rate of
the formation of a complex is stabilization of the
partially formed interface. The probability that
molecules separate is decreased, even if only part
of the atomic interactions in the interface is
formed. In this intermediate complex, molecules
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change their orientation and finally form the
proper interface.

� �Northrup and Erickson 63 claim that the ef-
fects of encounters and interactions in partially
formed interfaces account for the difference
between the diffusion-limited rate, the rate result-
ing from geometrical considerations and experi-
mentally measured values.

3.2.2. Electrostatic and hydrodynamic steering
In spite of the anisotropy of the protein

molecules, some of them form complexes with the
very high rates close to the diffusion limited ones
Ž 9 �1 �1.10 M s . This is achieved by long ranged
electrostatic forces acting between the molecules.
Probably many complex-forming protein subunits
evolved in such a way that there are opposite
charges exposed on the surfaces forming their
interface. Therefore, when one molecule ap-
proaches the other it is properly oriented by
electrostatic forces before collision takes place.

� �Schreiber and Fersht 64 measured the magni-
tude of electrostatic steering in the barnase�
barstar complex and their mutants. The associa-
tion rates were measured for different concentra-
tions of NaCl. The authors showed that there is a
linear dependence between the logarithm of the
association constant and logarithm of elec-
trostatic contribution to the activity of NaCl. This
relationship allowed them to estimate the associa-
tion rate constant in the absence of electrostatic
forces by extrapolation to high salt concentrations
where electrostatic forces are screened. Elec-
trostatic interactions were found to increase the
association rate constant by four to five orders of
magnitude.

Long ranged forces in the formation of several
protein�protein complexes have also been stud-

� �ied by Brownian Dynamics simulations 65,66 . In
these simulations, the electrostatic potentials
around protein molecules were calculated by the
Poisson�Boltzmann equation. This allowed the
authors to study electrostatic steering at the
atomic level. Brownian dynamics simulations also
showed that protein�protein association is influ-
enced by hydrodynamic forces resulting from the
interactions between layers of water molecules
moved by protein molecules. In some cases, they

cause a pre-orientation of the approaching pro-
tein molecules. Simulations show that the effects
of hydrodynamic forces are much smaller than
the effects of electrostatic interactions. Hydrody-
namic effects do not change the order of magni-

� �tude of the association rate constant 67 .

3.2.3. Orientational probability
As is clear from the above review, the main

factor which influences the association rate con-
stant of globular proteins is their anisotropy.
Electrostatic steering increases the rate of associ-
ation only in the few cases of proteins for which
biological function very fast rate of complex for-
mation is essential.

It is convenient to express the anisotropy of the
protein molecule as the orientational probability.
The orientational probability is the probability
that two molecules which would be brought close
to one another by translational diffusion would
form the proper interface. In principle, if the
structure of the complex is known, one can calcu-
late the orientational probability as the fraction
of proper complexes among large number of ran-
domly generated ones. In this way, the value of

�7 � �10 reported Northrup and Erickson 63 was
estimated. The serious problem with the calcula-
tion of the orientational probability from the geo-
metrical constraints is that arbitrary criteria are
used to decide which complex, from large num-
ber, has the proper interface. These criteria are
formulated in terms of interatomic distances or
angles describing the relative positions of the
monomers. The way to avoid arbitrary criteria in
the determination of orientational probability is
to calculate its value from kinetic data.

� �In 1997, Janin 68 analysed the data of
� �Schreiber and Fersht 64 . He calculated the ori-

entational probability as the factor by which the
diffusion limited rate must be multiplied in order

Žto obtain the basal rate constant association rate
constant when the electrostatic interaction are

. �5screened . He obtained a value of 1.5�10 . A
value of the order of 10�5 has also been indepen-

� �dently reported by Kierzek et al. 32 . Earlier
� � �6Durbin and Feher 69 reported a value of 10 .



( )A.M. Kierzek, P. Zielenkiewicz � Biophysical Chemistry 91 2001 1�20 13

4. Microscopic models of the crystallization
process

Many phenomena in the crystallization process
can only be understood if single growth units and
interactions among them are explicitly taken into
consideration. Molecular level structures, such as
the two dimensional nuclei, spiral dislocations
and various defects, are essential for the crystal
growth and quality. For these reasons microscopic
considerations of crystallization process appeared

� �as early as in the late 1940s. Bragg and Nye 70
observed the behaviour of specially prepared rafts
of soap bubbles. The bubbles formed ordered
structures with defects. Many of the effects
observed by Bragg and Nye have been later
observed in real crystals.

As soon as computers become available to sci-
entific community computer simulations have
been applied to study crystallization at the molec-
ular level. There are numerous examples of the
computer simulation protocols formulated to
study general physical principles governing crys-
tallization process. The classical example is the

� �so-called solid-on-solid model 71�74 .
As follows from Section 3, protein molecules

have complex shapes and surface properties that
determine their aggregation behaviour. It is
therefore very difficult to include their molecular
level interactions into the simple, analytical for-
mulas of the kind presented in Section 1. As will
be shown below such interactions can be, to much
larger extent, considered if the computer simula-
tion protocols are used.

In the following part of this work the micro-
scopic models of protein crystallization will be
divided into three sections. Section 4.1 reviews
attempts of using detailed, atomic-level represen-
tation of protein structure to study various as-
pects of crystallization process. Section 4.2 pre-
sents applications of computer simulation proto-
cols that are rigorously derived from the princi-
ples of statistical mechanics. Complex phase be-
haviour of protein solutions have been addressed
in these works. Section 4.3 presents computer
simulation protocols in which lattice discretiza-
tion is used to decrease the computational com-

plexity of the problem in order to extend spatio-
temporal scale of the calculations.

4.1. Models with detailed representation of protein
structure

Atomic level representation of protein struc-
� �ture was used by Tissen at al. 75 to study the

diffusion of protein molecules under crystalliza-
tion conditions. In this work protein molecules
were represented as rigid bodies defined by the
surface elements calculated from surface triangu-
lation of experimentally determined structure of
the molecule under investigation. These authors
argued that under crystallization conditions the
long range electrostatic interactions are screened.
Therefore, the only long range forces influencing
the protein crystallization process are hydrody-
namic interactions. The simulation protocol pre-
sented by authors was designed to properly de-
scribe a shape-dependent hydrodynamic steering

Ž .effect Section 3.2.2 . Thus, the motion of protein
molecules was represented by Langevin’s equa-
tion of motion and the Stokes equations de-
scribed motion of the solvent. The total force
acting on the molecule was the sum of the sys-
temic, hydrodynamic and random forces. The goal
of this approach called ‘microhydrodynamics’ was
to study the kinetics of crystal nucleation by simu-
lation of the motion of the few monomers forming
first ordered complexes. The method could be
also applied to the simulation of the single growth
unit attachment to the site on the surface of the
growing crystal. Unfortunately the authors were
able to apply the method only to the ‘static’
calculation of the diffusion coefficients of various

Žprotein molecules good agreement with experi-
.mental data has been achieved . No results

concerning simulations of aggregating monomers
have been presented so far. In spite of this fact
the microhydrodynamics approach will probably
become valuable tool in the future. The method
has sound physical basis and offers the prospect
of studying molecular-level, dynamic models of
the initial events in the protein crystallization.
The reason why it has not been done so far is
clearly the computational cost of the calculations.
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As the computational power of the hardware
grows quickly application of this method, armed
with sophisticated short-range interaction poten-
tials should be possible in the near future.

Second virial coefficient of the dilute protein
solution has been reported to correlate with the
solution conditions conductive to crystallization
� �76,77 . To study molecular basis of these pheno-

� �mena Neal at al. 78,79 attempted to compute
second virial coefficient of the protein on the
basis of the knowledge of its atomic level struc-
ture. Second virial coefficient has been calculated
as the five dimensional integral of the potential of

Ž .mean force PMF over variables describing angu-
lar orientation and intermolecular separation of
two protein molecules. During configurational
sampling by Monte Carlo procedure the PMF has
been computed using continuous solvent approxi-
mation and protein�protein interaction energies
computed according to atomic level structures.
For the computation of intermolecular interac-
tion energy the authors developed complex,
semi-empirical model involving following con-
tributions. Long ranged electrostatic interactions
have been computed using Poisson�Boltzmann

Ž .equation Section 3.1.4 . To avoid prohibitive
computational costs during this calculation the
structure was represented as a sphere with molec-
ular volume of the protein and angular distribu-
tion of charges the same as in the explicit struc-
ture. Short range interactions were evaluated us-
ing atomic level description of the structure. For
the pairs of atoms that are not separated by water
molecules authors used Lennard�Jones potential
with OPLS forcefield parameters. For the atom
pairs separated by the solvent a Lifshitz�Hamaker
potential was applied. Second virial coefficients
values calculated for chymotrypsinogen A were in
good agreement with static light scattering mea-
surements. Moreover, the relationship between
second virial coefficient and the ionic strength
was correctly reproduced. This strongly supports
the model as in the case of chymotrypsinogen A
the relationship between second virial coefficient
and ionic strength is complex and counterintuitive
� at approximately pH 7 a second virial coeffi-
cient increases with increasing ionic strength. Au-
thors have shown that the anisotropy of protein

molecules has pronounced effect on calculations.
From a large number of configurations sampled
during Monte Carlo integration a few had con-
tributed disproportionately strongly to the result.

� �Recently, Asthagiri et al. 80 used a
protein�protein interaction model described
above to study variations in the morphology of
subtilisin BPN� variant s88 crystals as the func-
tion of the ionic strength. The authors have shown
that simple computations of the interaction
strength of crystal contacts cannot explain
observed trends in growth rates. Instead, inten-
sive configurational sampling must be performed
in order to account for the presence of the inter-
actions incommensurate with the crystal order.
Protein molecules bound to other ones or the
faces of the growing crystal in these configura-
tions are shown by the authors to be competitive
inhibitors of the crystal growth. Results of the
docking of the protein molecule to the other one
or to the clusters of molecules representing sites
on the growing crystal faces were able to explain
observed morphology changes of the crystal un-
der investigation. The predominant directions of
crystal growth were found to correspond to con-
tacts whose energies were well separated from
the energies of random configurations. Other
crystal contacts had energies of the order of those
found for random contacts. These results are in
agreement with the ‘random energy model’ used

� �by Janin 81 to study specificity of biologically
relevant protein�protein interactions.

4.2. Applications of statistical mechanics

Statistical mechanics of liquid systems is the
field in which computer simulations have found
one of its best known applications. The excellent

� �book of Allen and Tildesley 82 presents the
large numbers of computer simulation algorithms
rigorously derived from the first principles of sta-
tistical mechanics in order to study various as-
pects of the liquid state matter. One of the most
intensively studied subjects in this field is the
determination of phase plots and free energy
barriers for the systems undergoing phase transi-
tions. Some state of the art algorithms have been

� �applied by Wolde and Frenkel 83 for the molec-
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ular level interpretation of the phase plots char-
acteristic for crystallizing proteins.

In their work protein molecules were modelled
as spheres interacting with short range attractive
potential. The interaction potential has the form
of Lennard�Jones, so the strength and the range
of the interaction depends on two adjustable
parameters. This representation of the systems
allows calculation of the phase plots by the simu-
lation protocols rigorously derived for the calcula-
tions of phase behaviour of Lennard�Jones fluid
� �84 . As shown in these works the range of the
intermolecular attraction has a drastic effect on
the phase diagram. Thus authors adjusted the
range of attraction in their model potential in
such a way that the phase plot obtained resem-
bled the one experimentally determined for the
protein, i.e. the fluid�fluid coexistance curve was
located in the metastable region �20% below
the equilibrium crystallization curve. Then the
authors used the umbrella sampling Monte Carlo

� �simulation protocol of Torrie and Valleau 85 in
order to determine free energy barriers on the
path from the metastable fluid to the critical
crystal nucleus. They have found that the pres-
ence of the fluid�fluid critical point decreases the
free energy barrier of nucleation. The system
evolving along the lowest free energy pathway
first forms the liquid colloid droplets. Density
fluctuations in these droplets lead to the rear-
rangement of protein molecules to the ordered
crystal nucleus. The authors argue that their re-
sults are relevant to the design of crystallization
protocols as the location of the metastable critical
point can be controlled by the composition of the
crystallization buffers.

Protein crystallization in aqueous-electrolytic
environment can be treated as the process driven
by the effective solvent mediated interactions de-
scribed in terms of PMF. Soumpasis and Geor-

� �galis 27 tried to obtain first-order quantitative
description of these PMFs using liquid state the-
ory of three-component system of charged species.
The model system in this study was lysozyme
crystallizing in NaCl water solution. Three species
Ž .lysozyme, Na and Cl ions were modelled as

˚charged hard spheres with the radius 19.2 A for
˚the protein and 4.9 A for ions. The charge of the

lysozyme molecule has been set to �7e. Water
has been treated as continuous dielectric medium.
Using the Orstein�Zernike equation with hyper-
netted chain closure relation all pair-wise poten-
tials of mean force have been computed. Results
have been compared with quasi-stationary hydro-
dynamic radius of the lysozyme aggregates, exper-
imentally determined by light scattering. For the
protein and salt concentrations for which little
aggregation has been indicated by light scattering
protein�protein PMF has been purely repulsive.
In the case of high salt concentrations, in the
conditions for which protein aggregation has been
shown experimentally, the PMF exhibited short
range attractive well and moderately repulsive
long-range barrier. Therefore, theoretically pre-
dicted trends were in a very good agreement with
experimental data which indicate that charge
screening and excluded volume effects alone have
an important contribution to the phase behaviour
of the protein solutions. The method described
above has been subsequently used by Georgalis et

� �al. 1998 86 to rationalize effective protein�pro-
tein interactions in the lysozyme-NaCl system un-
dergoing spinodal decomposition.

4.3. Lattice simulations

The works presented in Sections 4.1 and 4.2
show that microscopic simulations of the protein
crystal growth are enormously demanding compu-
tationally. If one attempts to represent protein
molecule at atomic level and rigorously compute
its motion in the solution it is hardly possible to
go beyond the simulation of the diffusion of sin-
gle protein molecule. Docking or configurational
sampling of the molecules at crystal contacts and
lattice sites is possible but it does not allow to
study directly kinetics of the process. Wolde and

� �Frenkel 83 explicitly state in their work that
even if the proteins are approximated by the
spheres the kinetics of the crystallization cannot
be directly studied by molecular dynamics simula-
tion.

Lattice simulation is the approach commonly
used to build approximate, discrete model of the
system that cannot be simulated if all the degrees
of freedom are accounted for. In the case of
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protein crystallization problem several authors at-
tempted to formulate simulation protocols in
which protein molecules were approximated as
points occupying nodes of the three-dimensional
lattice. Diffusion of the monomers was simulated
as the random walk of the points on the lattice.
Lattices are defined in such a way that the edges

Žcorrespond to main intermolecular bonds crystal
.contacts in the crystal under investigation.

Therefore, for any cluster of molecules, interac-
tion energy can be computed by adding values
corresponding to the strength of pair-wise inter-
actions represented by lattice edges. These values
can be treated as free parameters of the model
and fitted, so that the model reproduces experi-
mental data or estimated using approaches re-
viewed Section 3.

� �In 1991, Durbin and Feher 69 studied the
Ž . Ž .growth of the 101 and 110 faces of the tetrago-

nal lysozyme crystal. In their study, the energies
of the three main crystal contacts had been ex-
plicitly taken into account as free parameters of
the model. They also introduced the orientational
probability, i.e. the probability that a molecule
arriving at the crystal site is properly oriented to
form the contacts. From the number of successful
attachments in Monte Carlo simulation protocol

� �of Gilmer 71 they calculated the rates of crystal
growth. The free parameters of the model were
fitted so that the simulations reproduced geome-
try of the faces observed by electron microscopy
and experimentally measured growth rates. The
value of orientational probability was found to be
10�6. The authors achieved a satisfactory agree-
ment with experimental data. The faces of the
crystal, like actual ones, grow by the nucleation
and growth of the islands. The islands on the
Ž .110 face were two molecules high which was
also observed by electron microscopy. The au-
thors were able to explain the observed growth
rates. In this work there has been no attempt to
use the model to study the early stages of crystal
formation.

� �Kierzek et al. 32�34 formulated the lattice
simulation protocol that allows to study early
stages of the protein crystal formation at the time
and size scales ranging from the assembly of
initial ordered complexes up to the microcrystals

of the size 105 monomers. The authors used the
lattice in which the edges correspond to all the
contacts in the crystal environment of the

Žmolecule under investigation all the intermolecu-
lar contacts in the crystal in which at least one

˚.interatomic distance is smaller than 5 A . Diffu-
sion of the protein monomers was simulated as
the random walk of the points representing pro-
tein monomers in the lattice. The timestep of the
random walk simulation was calculated as the
time required by the molecule to move a distance
equal to its diameter, using the equation for
mean squared displacement of Brownian particle.
Attachment of the molecule to the site on the
surface of the cluster depended on translational
diffusion simulated by random walk and rotatio-
nal diffusion modelled by orientational probabil-
ity. The rate of monomer dissociation was de-
termined by interaction free energy of the
monomer in the given lattice site. Interaction free
energy corresponding to the crystal contact was
calculated as proportional to accessible surface

�area buried during formation of this contact Eq.
Ž .�11 . Atomic solvation parameters of Eisenberg

� � Ž .and McLachlan 59 see Section 3.1.5 were used.
Therefore, the above simulation protocol allowed
application of the interaction model based on the
atomic level structure of the system under investi-
gation and at the same time allowed computation
of the ‘growth trajectory’ of the microcrystal large
enough to see the crystal faces already formed.
The model has been first tested in the simulation

Ž .of the step growth on the 110 face of the tetra-
gonal lysozyme crystal. Results have been com-
pared with molecular level, time-resolved atomic

� �force microscopy observations 16 . Good agree-
ment with experimental data has been obtained if
the orientational probability has been set to 10�5.

ŽA similar value of orientational probability 1.5�
�5 .10 for protein�protein association process has

� �been independently obtained by Janin 68 on the
basis of measurements of barnase-barstar aggre-

� � Ž .gation kinetics 64 see Section 3.2.3 .
The algorithm of Kierzek et al. allowed simula-

tion of the growth of the tetragonal lysozyme
crystal from free monomers to complexes having
105 molecules. These microcrystals had the faces
already formed and the geometry of these faces
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was in good agreement with atomic force and
electron microscopy observations. Also the mor-
phology of the crystal was correctly reproduced.
General results concerning the existence of the
kinetic traps on the crystallization pathways of
protein crystals have been presented. Authors
also discussed relation between the first ordered
complexes and critical complexes of classical nu-

Ž .cleation theory see Section 2.2.1 .
� �Nadarajah et al. 87,88 argued that the growth

Ž . Ž .of 110 and 101 faces of tetragonal lysozyme
crystal can be explained only if the growth unit
larger than monomer is assumed. They studied
geometry of the crystal contacts and postulated
tetramer and octamer growth units. With this
assumption, they applied analytical kinetic models
which gave results in agreement with several mea-
surements of the growth rate concentration de-
pendence. This work is contradictory to the work

� �of Durbin and Feher and Kierzek et al. 32,69
which show that experimental data concerning
the growth of tetragonal lysozyme crystal faces
can be explained using models assuming monomer
to be the growth unit. For a detailed discussion of

� �this discrepancy see Kierzek et al. 34 .
Lattice simulations presented above allowed

calculations concerning the particular model sys-
tems, i.e. the lattices were built according to
geometries of the crystal contacts in the model
systems and interaction potentials were estimated
according to analysis of these contacts. Some
authors attempted to study general properties of
the aggregation and crystallization of the
molecules with variable surface patches using
models that did not reflect structures of any par-
ticular molecule. In 1996, Patro and Przybycien
� �89 performed two-dimensional Monte Carlo
simulations in which protein monomers were rep-
resented by hexagons, the edges of which mod-
elled surface patches with different properties.
Very general aspects of protein aggregation were

� �studied by this approach. Pellegrini et al. 90
were able to explain non-uniform distributions of
space groups found in the Brookhaven Protein
Data Bank by Monte Carlo simulations in which
nuclei were assembled from three dimensional
rigid bodies with different surface patches.

5. Conclusions

This article clearly shows that there are still no
satisfactory models of protein crystallization
process. The reason for this is the enormous
complexity of the problem. One has to calculate
elementary interactions among protein monomers
in the concentrated salt solutions the properties

� �of which are still the matter of research 51�55 .
When the interactions are estimated by approxi-
mate approaches there is a problem of the time
and size scales. The timestep of any reasonable
microscopic simulation should be of the order of
tens of nanoseconds while macroscopic crystals
appear after hours or days. The size of the growth
unit is of the order of nanometers while protein
crystals suitable for structure determination reach
the size of millimetres. Therefore, the crystalliza-
tion process spans many orders of magnitude on
both time and size scales which is prohibitive for
most of the computer simulation approaches.

Due to these difficulties the field of crystalloge-
nesis is at the stage when many approaches based
on extremely variable scientific backgrounds are
tested. Further development of experimental
methods and theoretical approaches will probably
lead to some unification. On the way, studies on
the mechanisms of protein crystal growth forma-
tion provoked a lot of valuable research in the
fields of protein�protein interaction and physical
chemistry of solutions.
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