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Role of anisotropic interactions in protein crystallization
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We have studied a simple model colloidal fluid to assess the role of anisotropic interactions in crystallization
process when the interaction potential is short ranged compared with the size of the molecule, which is the case
for the effective interaction between protein molecules in aqueous solutions. Using Monte Carlo simulations
we have calculated the phase diagrams of soft dumbbell systems with different anisotropic interactions. It is
shown that the anisotropic interactions change the phase behavior not only quantitatively but also qualitatively.
By exploiting the anisotropic interactions in the crystallization process additional avenues for the search of
optimal crystallization conditions are discussed.
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Many advances in our understanding of biological sys-such as small molecules, for which their interaction range is
tems at the molecular level have been made possible througtemparable to their sizes. Nontrivial effects of anisotropy
the knowledge of the atomic structure of proteins. Howeversuch as liquid crystal phases appear only for highly aniso-
a crucial step in the determination of the three-dimensionalfopic moleculeg6]. . _ _
structure by x-ray crystallography is the production of suit- The situation is less clear when the interaction range is

able size crystals. This production is a bottleneck for mosfuch shorter than the size of molecules, which is the case for
. o . roteins. Several experimental and theoretical evidences on
protein structure determination processes. Experimen

oL . o e nontrivial effect of weak anisotropy on thermodynamics
clearly indicate that the success of protein crystallization dez 4 crystallization process have been put forward recently.

pends sensitively on the physical conditions of the solutionsear has shown the importance of the anisotropic attraction
[1]. These conditions include temperature, salt concentrationp the existence of solid phase for proteif@. Lomakin
precipitant, pH, and so on. The optimal crystallization con-et al. have demonstrated that an anisotropic interaction po-
dition often lies in a narrow window within a large set of tential model is crucial to describe the experimental phase
possibilities. Traditional crystallization experiments arediagram ofy,-crystallin [8]. Very recently, Yau and Veki-
largely based on trial and error. It is therefore useful to unlov demonstrated the first experimental observation of a criti-

derstand what kind of physical conditions might lead towardcal nucleus from apoferritin, a quasispherical prof@h It
the optimal crystallization conditions and why. was found that the shape of the critical nuclei formed in the

A protein solution can be viewed as a colloidal solution nucleation process of apoferritin is slab-like, consisting of a

. . few planar molecular layers, rather than spherical as assumed
since protein molecules are much larger than solvent mol-

. ) In classical or neoclassical nucleation theories.
ecules. Studief?,3] have shown that not just the strength but

X ; . In this paper, a systematic study of the effect of weak
also the range of the interactions between protein m°|eC“|ez§nisotropy on crystallization process of molecules with

is crucial for crystallization. It is known that the range Of ghrt-ranged interaction is performed. It is shown that aniso-
attraction between spherical colloidal particles has a draggpic interactions could be crucial to crystallization process
matic effect on the appearance of phase diagfi@wg]. For  ynder certain conditions, not only in a quantitative manner
a sufficiently short-ranged interaction potential, the liquidpyt in a qualitative way also. For small molecules such as N
phase(corresponding to a phase with relatively high proteinwhose interaction potential range is long compared to its
concentratiopwill be metastable. Indeed, the experimentally size, a plastic crystal phaga phase without orientational
measured phase diagrams of several proteins have suchoedey always forms first under ambient pressures. In this
metastability[ 2,3]. case, a spherical critical nucleus will be the optimal choice
Recently, the relationship between this metastability andince there is no/weak orientational dependence on the sur-
optimal crystallization conditions has been explored by comface free energy of a crystal nucleus. In contrast, the effec-
puter simulationg4] and density functional theory calcula- tive interaction between protein molecules is short ranged
tions [5]. They showed that the activation barrier for the and weak anisotropy can play an important role by modulat-
critical nucleus formation near the metastable critical point iSng the surface free energy’s dependence on the orientational
much lower than the condition far away from the critical order. Hence, a nonspherical critical nucleus may be the op-
point, therefore possible better crystallization conditionstimal choice as demonstrated by a recent experirf@nt
might lie in that region. From a practical point of view of protein crystallization, it
However, almost all of such studies are performed foris critical to produce a protein crystal with orientational order
isotropic interaction potentials. When applied to proteins, thdor the determination of high resolution structure. Our stud-
basic assumption is that the anisotropy of interacting entitiefes indicate that the anisotropic interaction also plays an im-
would have little effect on crystallization process, and weportant role in the formation of orientationally ordered crys-
may therefore approximate the orientation dependence by aals.
effective isotropic potential. The validity of this assumption  The anisotropic model we adopted is a simple “diatomic
can be justified for the phase behaviors of simple liquidsnteraction site model” fluid(a soft dumbbell modgl The
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TABLE I. The coexistence reduced densitigs' (for fluid, p5s  [10,13. For the orientationally ordered solid phase we used
for plastic solid angyg for ordered soligland coexistence pressure the constant pressure Monte Carlo implementation but allow-

(p) of hard dumbbell§14] used in the simulation ing the change in the unit cell shap&6]. Change in the
" " " " shape of the unit cell is performed by random displacement
L P Pps Pos p in all the elements of the matrix that relates the real coordi-
nates to the scaled coordinates in a unit cube. There are 108
0.3 1.017 1.07 17.45 . L. . .
particles for the liquid phase and plastic solid phéfe
0.3 1.195 1.262 39.95 lattice as for the hard dumbbell calget]) and there are 216

particles for the orientationally ordered solid phase initially

with the abc closed packing as in the hard dumbbell case.

Increasing the number of particl¢®56 for fluid and plastic
aﬁolid) does not change our results within the statistical error

0.6 1.146 1.249 37.97

site-site potential is taken as a hard sphere potential with

attractive Yukawa tailhard sphere Yukawa of our simulation. The potentials in simulations are truncated
at half of the simulation box and minimum imagine conven-
®, r<o, tion is used in the calculation of the energy of the system.
u(r)= ex — x(r—a)la] Most of the integratipn steps in the simulations. ae
—€ Irlo o, =0.05 and a step sizA 3=0.01 has been used in some

cases to ensure the convergence of the results. The coexist-
where x determines the attraction range amds the diam-  €NCce between the fluid phase and the ordered solid phase in
eter of the hard sphere potential. An anisotropy paranigter F19: 4 iS obtained by determining the triple poil; and

can be defined ak/o, whereL is the bond length of the corresponding pressure first, and then resulting coexistence
molecule. WithL* =0 ,the interaction site potential reduces densities, pressure and temperature are used to initiate the

to the isotropic HSY potential. The isotropic HSY potential Gibbs-Dgng integr%tlion.. lati imulati

has been used for studies of phase behaviors as a function of For Gibbs ensemble simu atiqn1,13, two simulations
interaction rang13]. The potential becomes more and more &€ carried out_ in parallel; one of the liquid phase and one of
short ranged as increases, and it was found that the liquid tN€ Vapor as in the Kofke’s method. The two systems are
phase becomes metastable near6 for L* =0.0. By vary- held at the same temperature and are allowed to exchange
ing both x and L*, it is possible to change. tﬁe range of volume and particles, but the total volume and total number

interaction and the anisotropy of the potential in a weII—Olc particles of the_ .tW(.) systems are fixed. This strategy en-
controlled manner. sures that, at equilibrium, the pressure and the chemical po-

In order to map out the phase diagram of our model Sys'gentlal of the two systems are the same. All the simulations

tem at various anisotropy and interaction ranges we used tHd© perfo_rmed usmg_s;z particles and _the re_sults are con-
Gibbs-Duhem integration method by Koff&0] given the verged within the statistical error of our simulation. For large

known hard dumbbell phase diagram to calculate the solid‘:’miserpic paramdetebﬂ_C :hO'G) T”agy more pr?rticles’ swgp

fluid coexistence. The liquid-vapor coexistence is obtained’?‘ttem,ptS are used, but the ratio between the accepted par-

by Gibbs ensemble methddd]. ticles’ move and the swap move are kept at about 100 to 1.
Using these two methods some of the phase diagrams of

For different anisotro arameter, a fairly complete T .
! ISOtropy P my b our model systems are shown in Figs. 1-4. In Figs. 1 and 3,

L* versus density phase diagram foQ* <1 has previ-

ously been obtained by Monte Carlo simulatidrsf| and 0 . : .
density functional theor}15]. For low anisotropy, the dumb- i
bell fluid freezes into the plastic phase, while the fluid coex- 2r .
ists with the orientationally ordered phase at higher bond 1
length parameters. The triple point, where the fluid, plastic, = 4T Fluid 0s
and the ordered phases coexist, occurs*at0.382.

For our implementation of the Kofke integration scheme or {A‘M MA'S\:\A 7
to trace out the liquid-solid coexistence curve, we can write § %
the Clausius-Clapeyron equation as 8 T, 1

05 i 15
dInBP Ae p*
( ) == : () _ .
dg BPAv FIG. 1. The phase diagrams of a soft dumbbell system with

. . . =4.0 andL* =0.6. B is the reduced inverse temperature aridis
where Ae=e_,,—e, 'S_ the dlff_erence in molar energy and the reduced densityl4]. Triangles (\) are the coexistence points
Av=vy—v, is the difference in molar volume between two peyeen the low density and high density fluid phase. Circ®} (
phases. The integration is initiated from hard dumbbell coyre the coexistence points between the fluid phase and the orienta-
existence data ag—. The initial conditions used in this tonally ordered solid phas®$). T,, which is determined by ex-
paper are summarized in Table I. trapolation(the dotted linesof the fluid-fluid coexistence and fluid-

With this starting point the above first-order differential solid coexistence, is the traditional triple point involving two fluid
equation can be solved using prediction-correction metho@hases and the ordered solid phase. The statistical errors are roughly
by calculating the right side quantity from simulations the size of the symbols.
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FIG. 2. The phase diagram of a soft dumbbell system with FIG. 4. The phase diagram of a soft dumbbell system with
=4.0 andL* =0.3. Triangles {\) are coexistence points between —g g andL* =0.3. The meaning of the symbols is the same as in

the low density and high density fluid phases. Squaltés re the  Fig. 2. However, the traditional triple point disappears and the sec-
coexistence points between the fluid phase and the plastic solighd triple point [T,) survives.

phase(PS. The diamonds ¢ ) are the coexistence densities be-

tween the plastic solid phase and the orientationally ordered solid;me time we have a competition between two triple points
phase.T;, which is determined by extrapolation of the fluid-fluid ;, the weaker anisotropic case. Unlike the simple liquids,
coexistence, is the traditional triple point. Another triple poify, owever, the location of both triple points in colloidal sys-
involves a fluid phase, a plastic solid phase, and an ordered soli ms would strongly depend on the parameters of the effec-
phase. The statistical errors are roughly the size of the symbols. tive interactions, which in turn depend sensitively on the
solution conditions.
the phase diagrams are very much like the typical phase dia- It appears tha’g a reasonable proposal can be made about
grams of the corresponding isotropic model8] except that thg phase behav!ors qf these sys_tems based on t_hos.e calcu-
the solid phase has an orientational order. We did not dete}‘:"t'ons' For proteins with weak §n|§otr<_)py*(<0.38 n th's
mine the exact position of the critical points in these phasdn©de! and nonuniform charge distribution on the protein sur-
diagrams due to the slow convergence of Gibbs ensembl ce co_u_ld also yield substan_tlal anisotropic interaction as in
simulation. Assuming that the structure of the solid nucleuPoferritin even the geometric anisotropy is snialf]) and
formed inside a metastable fluid phase closely resembles th&i~ 12 the plastic phase would be thermodynamically un-

of the stable solid phase, it seems reasonable to suppose tﬁ&'{’blﬁ’ and the fluid V;’Ol#d freeze ﬁirec'tly ir;]to the orienta-
for T<T,, orientational ordering inside the nucleus could !onally ordered crystal phase. By changing the reduced tem-

make the interfacial free energy strongly anisotropic, stapiPerature of the system we can direct the fluid to crystallize

lizing nonspherical morphologies. Therefore, the nucleatiod't© @n ordered solid phase. Thus, it seems that it is possible
process may exploit various nonspherical critical nuclei to

to tune the protein solution conditions such that the protein
lower the activation barrier. At the same time, as in the iso-WIII crystallize into an onentgtlonally ordered f:rystal. .
tropic case the shorter attraction range=9) generated To control a protein solution to crystallize into an orien-

metastable critical point can also be used to facilitate Crys'gat;o_r:ally ord_erledl Cr}{St?rl] for:_mh|s nOtIJl:.St of tacatdem(ljc Lnter_—
tallization proces$4,5]. est, it is crucial also to the high resolution structure determi-

In Figs. 2 and 4, the interesting feature in these phas ation. For example, some proteins have been crystallized

diagrams is the triple poink, along the temperature axis. As tor;?fme_ tlmel, b;“ thedlr str.ltjctures havhe nottrl:])een 'soltvet.d dule
in strong anisotropic cased {=0.6), relative attraction o difiusive electron density maps where the orientationa

range determines the stability of the critical point. At thedlsorder in the crysta_l might l_ae an important sourtA g. .
Therefore, as a practical application of this study, phase dia-
grams of such proteins under experimental conditions may
be calculated given the rough geometric shape of the protein
determined from other ways such as structural predication
method. If it indeed crystallizes into an orientationally disor-
dered phase, by analyzing the distribution of protein molecu-

0 T T T T

[
T

6k Fluid lar orientation, we may be able to help crystallographers to
develop a better structural model to explain experimental

8- o electron density map. As a matter of fact, in the microtwin-
ol et  ag, ning analysis, such a strategy has bee_n employed to find
e s structural models to fit the electron density map of naphtha-

o lene dioxygenasgl9] and bacteriorhodopsif20].

FIG. 3. The phase diagram of a soft dumbbell system with The author is grateful to Hyung-June Woo for discussions
=9.0 andL* =0.6. The meaning of the symbols is the same as inat the initial stage of this work. Financial support by Petro-
Fig. 1. However, the traditional triple point disappears and the criti-leum Research Fund, administrated by American Chemical
cal point becomes metastable in this case. Society is also gratefully acknowledged.
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