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How Does Buoyancy-driven Convection Affect Biological Macromolecular
Crystallization? An Analysis of Microgravity and Hypergravity Effects by Means
of Magnetic Field Gradients

N.I. Wakayama', D.C. Yin? and J.W. Qi’

Abstract: The production of crystals of adequate
size and high quality is the “bottleneck” for three-
dimensional structure analysis of protein crystals. In
this work, in order to shed additional light on the (still
controversial) beneficial effect of microgravity on crys-
tal growth, we focus on recent advanced experimental
and theoretical research about the effects of buoyancy-
driven convection on protein crystallization. In the light
of the numerical studies the following major outcomes
can be highlighted: (1) when the crystal size exceeds
several dozens of um, buoyancy-driven convection dom-
inates solute transport near the growing crystal and the
crystal growth rate becomes larger than that under zero
gravity. (2) The ratio of the side-surface growth rate to
the top-surface growth rate increases with crystal size be-
cause of convection and the ratio is about three when
the crystal size is 100 um. The ratio of the side-surface
growth rate to the top-surface growth rate measured ex-
perimentally confirms these results (the averaged value
for 127 protein crystals was determined to be about two).
Thus, both numerical and experimental studies provide
a solid basis to the idea that convection strongly affects
the crystal growth rate. Moreover, since according to
experiments about the dependence of crystal quality on
effective gravity (hypergravity or microgravity obtained
by means of magnetic field gradients), protein crystals
(e.g., orthorhombic lysozyme or snake muscle fructose-
1,6-bisphosphatase) exhibit better quality with decreas-
ing the gravity level, buoyancy-driven convection may be
thought of as also affecting crystal quality in a detrimen-
tal way.
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1 Introduction

Proteins are the elementary building units of living
creatures, and the molecular structure of proteins pro-
vides the basis for understanding the functions of bio-
logical macromolecules and enables further evolution-
ary progress in biomaterials and biotechnology applica-
tions, including new therapeutic drugs, insecticides, her-
bicides, efficient industrial enzymes etc. Determining the
structure of protein molecules is therefore crucial. The
most powerful technique for determining macromolecu-
lar structure is X-ray crystallography. Along these lines,
developments in beam technology, detectors, and compu-
tational crystallography have greatly accelerated the de-
termination of these structures. However, the production
of crystals of adequate size and high quality is often the
“bottleneck” for three-dimensional structure analysis of
protein crystals.

The crystallization of protein molecules is an empiri-
cal science of rational trial and error guided by previ-
ous studies (McPherson, 1999). The development of
general methods to improve crystal quality is essential.
The term "protein crystal growth" is often historically
used to describe the macromolecular crystallization ex-
periments. Here, the terms protein or macromolecule are
used to refer to many varied biological molecules, in-
cluding viruses, proteins, DNA, RNA etc. Protein crys-
tal growth can be regarded as a multi-parametric process
whose evolution is influenced by a variety of physical,
chemical and biological parameters. As one of the most
important parameters affecting protein crystal growth,
we consider gravity. Crystallization experiments con-
ducted in space have indicated that about 20% of crys-
tals grown in space yield better X-ray diffraction data
than the best crystals grown on Earth (Kundrot, Judge,
Pusey and Snell, 2001). An obvious difference between
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space- and Earth-based experiments is the reduction of
buoyancy-driven convection and crystal sedimentation.
In order to understand why microgravity is beneficial
for growing high quality crystals, it is necessary to un-
derstand how gravitational field affects protein crystal
growth.

The growth of a protein crystal from an aqueous solution
is coupled to solute convection around the crystal. As
shown in Fig. 1, when a crystal grows from a solution,
the recruitment of solute from the surrounding solution
produces a steep concentration gradient near the crystal.
Since the concentration near the crystal C; is less than
that of the bulk solution C.. (C; < C.), buoyancy-driven
convection occurs around the crystal. The Rayleigh num-
ber for solute convection during protein crystal growth
can be defined as Ragouse = g (Ap/p) L /v D, where Ap
is the density difference, p is the bulk solution den-
sity, L is the depth of solution and D is the protein
molecule diffusion coefficient. Assuming typical val-
ues, ie. D =7x10""m?/s, Ap/p=0.01, v =
107%m? /s, and L=0.01m, Rayoue is 1.4 x 10'°. On the
other hand, the Rayleigh number for thermal convection
in water is defined as Raperma = gBr ATL3 / vo, where
Br is the thermal expansion coefficient, o is the thermal
conductivity and AT is the temperature difference. For
typical values v = 10"%m?/s, L = 0.0lm, By = 2.5 x
107*K !, AT=1K and oo = 1.457 x 10~ 7m? /'s, Rashermal
is 1.68 x 10*.

Thus, Ra for solute convection is extraordinary large
compared with Ra for thermal convection. Therefore,
buoyancy-driven convection may be thought of as sig-
nificantly affecting the process of protein crystal growth
and crystal quality. However, the effects of buoyant-
convection on protein crystal growth remain controver-
sial in the literature. In this review paper, theoretical and
experimental research focusing on buoyancy-driven con-
vection effects is described.

First, we summarize some interesting numerical studies
about the effects of buoyancy-driven convection on pro-
tein crystal growth (Section 2); then, experimental stud-
ies about the effect of buoyancy-driven convection on
crystal growth rates using magnetic orientation are dis-
cussed in Section 3. In 1996, a new method to con-
trol effective gravity using a vertical magnetic force was
proposed (Wakayama 1996; Wakayama, Ataka and Abe,
1997). This method is described in Section 4. Using this
technique, the dependence of crystal quality on effective
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Figure 1 : Solute convection occurs near the protein
crystal when the crystal is segregated from the aqueous
solution.

gravity was investigated from microgravity conditions to
1.8 g (Section 5) and from 0.7 g to 1.3 g (Section 6). Fi-
nally, we discuss the methods to yield high quality pro-
tein crystals.

2 Numerical study about the effects of buoyancy-
driven convection on protein crystal growth

In order to clarify how gravitational field affects the vari-
ous transitional stages of protein crystal growth, we con-
sider solute convection near specimens growing from mi-
crocrystals suspended in solution as well as large crystals
sedimented at the bottom (crystal size: 0.1-100 um) (Qi
and Wakayama, 2000). For comparison, we also consider
crystal growth under zero gravity condition.

2.1 Theoretical model

As shown in Fig. 2, we assume a cylindrical crystal 2R
in diameter and 2R in height, growing from protein solu-
tions in a cylindrical container 5 mm in diameter and 5
mm high. Two crystal positions are assumed: when the
crystal size is less than 4 ym, the crystal is assumed to
be suspended in the center of the container, and when the
size is above 10 um, the crystal is assumed to be sedi-
mented to and located at the bottom of the container. The
flow is assumed to be two dimensional and axisymmet-
ric. The growth velocity is sufficiently low that a fixed
boundary can be regarded as a reliable approximation.

Therefore, the size of a growing crystal is assumed to be
constant. The top surface of the solution is treated as a
free surface. For other walls and the crystal surface, no-
slip flow conditions are imposed. The boundary condi-
tions imposed on the concentration field are C = Cj at the
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Figure 2 : Model geometry.

crystal interface, C = C. at the container side-walls, and
VC - n =0 on the symmetry axis and the other container
walls, where n is the unit vector normal to the boundary
surface. The density difference of the solution is approx-
imately proportional to the difference in the protein con-
centration. Therefore, the density of the solution (p) can
be expressed as a linear function of the protein concen-
tration:

o0 — Cc-C
PPy [H(p plpl> (C _Cll>] —pi(1+4T50) (1

where C is the solute concentration in solution, ¢ =
(C—-GC)/(Co—C) is the dimensionless concentration,
and T's = (p..—p;)/pi. As anticipated, the subscripts
[ and oo represent the crystal interface and a position far
from the crystal, respectively.

The value for C; is somewhere between the saturation
concentration and the supersaturation, C.. In general,
C; is dependent on the growth system and generally not
known for most protein crystal growth systems. For sim-
plification, C; is assumed to be constant.

The governing equations for flow and solute concentra-
tion are as follows:

Equation of continuity:

V. (pV) ~0 2)

Equation of motion:

—

v - - -,
p=—+V-V(pV) =pg—Vp+pvV?*V

3
o 3)
Equation of dimensionless concentration:

90/t +V - Vo = DsV?¢ )

where V,p, t, and g are the velocity vector, pressure, time,
and gravitational acceleration vector, respectively. Other
physical properties are: D; (the diffusion coefficient)
=7x10""'m?/s, v (kinematic viscosity)=10"°m?/s, and
I's=0.00795 (lysozyme).

2.2  Numerical method

The governing equations, Eqs. (2) to (4), together with
the initial and boundary conditions were solved by us-
ing a finite volume method and the SIMPLEC algorithm
(Van Doormaal and Raithby, 1984) to handle the cou-
pling between velocity and pressure. In practice, the den-
sity is assumed to be constant in Egs. (2-3) except insofar
as it gives rise to a gravitational force. The approxima-
tion is extremely accurate for many flows, and makes the
mathematics and physics simpler.

A 102x52 non-uniform grid was used in the simulations.
A finer grid was used near the crystal interface to achieve
high resolution of the velocity and concentration fields
near the solution-crystal interface, where the gradients
are large.

2.3 Results and discussions

2.3.1 Convection and concentration fields for growing
crystal suspended in solution

In the initial stage of crystallization, microcrystals grow
suspended in the solution after nucleation and most of
them settle to the bottom when their size is in the range
2-6 um (Ataka, Katoh and Wakayama, 1997; Wakayama,
1998). First, we present simulations of the flow and con-
centration fields for growing crystals suspended in solu-
tion. Figs. 3 (a) and (b) shows flow and concentration
fields in the vicinity of the growing crystal the size of
which is 1 and 4 ym in diameter, respectively. There is a
well-known convective flow pattern with a rising plume
near the crystal. When the crystal size is 1 um, the max-
imum buoyancy driven velocity, about 1.45 um/s, occurs
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Figure 3 : Flow (left) and concentration fields (right)
near suspended crystals in solution (steady state) under
normal gravity conditions for crystals the size of which
are (a) 1, (b) 4um. Concentration fields under zero grav-
ity conditions for crystals the size of which are (c) 1, (d)
4 um.
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in the plume above the growing crystal. Figs. 3 (c) and
(d) show concentration fields near growing crystals un-
der zero gravity condition. As shown in Fig. 3(a) and (c),
when the crystal size is 1 um, the concentration distribu-
tion near the crystal surface is not significantly affected
by buoyancy-driven flow and concentration distribution
under normal gravity is similar to that under zero gravity
condition. When the crystal size is 4 ym, the maximum
velocities, V4, is 4.60 um/s. As shown in Fig. 3, with
increasing crystal size from 1 to 4um, buoyancy-driven
flow is enhanced and slightly alters the purely diffusive
concentration distribution that occurs under zero gravity.

2.3.2  Convection and concentration fields for growing
crystal at the bottom of a container

Most crystals settle to the bottom when they grow above
several micrometers. Fig. 4 shows flow (left) and con-
centration fields (right) in the vicinity of 10, 50, and 100
um crystals growing at the bottom of the container. The
maximum buoyancy-driven velocity is always observed
in the plume above the growing crystal and V., in-
creases from 9.78 to 62.7 um/s with increasing the crystal
size from 10 to 100 um. Furthermore, in comparison with
growth under zero gravity condition (Fig. 5), the concen-
tration field near the crystal surface is greatly distorted by
buoyancy-driven convection when the size exceeds sev-
eral dozens of ym.

Fig. 6 shows the distribution of dimensionless concen-
tration (¢) along the radial axis at the crystal half-height
(z=z¢) under normal gravity and zero gravity.

A solid line indicates the distribution under zero grav-
ity. The deviation of the distribution from diffusion
controlled growth (0g) increases with increasing crys-
tal size, and in zero gravity, there exists a relatively
large zone depleted in protein in contact with the crystal
surface. Thus, these results indicate that under normal
gravity condition, solute transport is typically dominated
by buoyancy-driven convection when the crystal grows
above several dozens of microns.

2.3.3 Dependence of crystal growth rate on interfacial
solute concentration gradient

According to a mass balance and to Fick’s first law, the
local crystal growth rate, V, at the crystal surface can be
expressed as (Grant and Saville, 1991):
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Figure 4 : Flow (left) and concentration fields (right) in
the vicinity of sedimented crystals at the bottom of the
container in normal gravity (steady state). Crystal sizes
of (a) 10, (b) 50, and (c) 100 u m.
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where Cy is the mass concentration of solute in the
crystal, L is the height of the cylindrical container, and
7 = n/L is a dimensionless coordinate normal to the crys-
tal surface. According to Eq. (5), V depends on the
concentration difference between the solution far from
the crystal interface and the interface (C.. — C;), and the
local dimensionless concentration gradient at the crystal
surface,dd/on.

Fig. 7 shows the distribution of concentration gradient,
0 /dn along the top (a) and side surfaces (b) of crystals
growing at the bottom of a container. Under both normal
and zero gravity conditions, d/d7, i.e., crystal growth
rates decrease with increasing crystal size. Compared
with crystal growth in zero gravity, buoyancy-driven con-
vection promotes crystal interfacial growth because the
concentration gradients at the top and side surfaces (-o-
) in normal gravity are higher than those in zero gravity
condition (-). This difference increases with increasing
crystal size.

As shown in Fig. 8, the ratio of the side-surface growth
rate to the top-surface growth rate in normal gravity in-
creases with crystal size. For example, when the crystal
size is 100um, the side-surface growth rate is about three
times that of the top-surface. Such difference in growth
rate caused by buoyant convection will affect the crystal
habit.

Fig. 9 shows the relationship between crystal size and
0 /o7 at the half height of the side of the crystal interface
(r=R, z=z,), under normal and zero gravity conditions.
With increasing crystal size, d¢/dn decreases under both
normal and zero gravity conditions. These results could
explain why it is difficult to obtain large crystals. Further-
more, the effect of convection on dd/dn appears when
the crystal size is about 10 um, increases with increasing
crystal size and becomes dominant above several dozens
of um. This indicates that the most volume of the crystal
is formed under the condition where the buoyancy domi-
nates solute transport near the crystal. For example, if the
crystal size is 100um, 99.9% of the volume is thought to
grow under the effects of buoyant convection. Therefore,
it is important to damp buoyancy-driven convection in
order to produce high quality crystals.

The major outcomes of the numerical study are:
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Figure 5 : Concentration fields in the vicinity of crystals at the bottom of a container under zero gravity condition
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Figure 6 : Distributions of dimensionless concentration
(0) along the radial axis at the crystal half height (z=z,).

(1) When the size of growing crystals exceeds several
dozens of pym, buoyancy-driven convection dominates
solute transport near the growing crystals. The contri-
bution of buoyancy-driven convection to crystal growth
rate increases with crystal size.

(2) The ratio of the side-surface growth rate to the top-
surface growth rate in normal gravity conditions in-
creases with increasing crystal size. Such difference in
growth rates will affect the crystal habit.

3 Experimental study to determine the ratio of the
side-surface growth rate to the top-surface growth
rate

When the crystal size is 100um, the side-surface growth
rate is calculated to be about three times that of the top-
surface as shown in Fig. 8. In order to provide a solid
basis to these results, the ratio of the side-surface growth
rate to the top-surface growth rate was measured us-
ing 127 crystals by Yin, Wakayama, Wada and Huang
(2003).

3.1 Experimental procedure

The orthorhombic crystal (P2,2,2;, with a=79.0, b=80.8
and ¢=37.5 A) (Yin, Oda, Wakayama and Ataka, 2003)
was grown using paramagnetic NiClas the crystalliza-
tion agent. Magnetic orientation was used as a tool to
align the c-axis of the crystal in either horizontal direc-
tion or vertical direction (Worcester, 1978; Ataka, Katoh
and Wakayama, 1997; Wakayama, 1998). A supersat-
urated solution was prepared by mixing an equal vol-
ume of the lysozyme aqueous solution (80 mg/ml) and
NiCl, solution (160 mg/ ml). The pH was 4.60. The
crystallization was carried out batchwise in a glass ves-
sel (018mmx50mm), and the solution height in the ves-
sel was kept at about 10mm. The vessel was set in-
side a copper water jacket to keep the temperature at
21°C by flowing temperature-controlled water through
the jacket. Crystals were grown for two days in the ab-
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Figure 7 : Distributions of dimensionless concen-
tration gradient (d0/dn) at (a) the top and (b) side
surfaces of crystals sedimented at the bottom of the
container under zero gravity and normal gravity con-
ditions.

sence and presence of a 10 T uniform magnetic field gen-
erated by a superconducting magnet (JMTD-10T100M,
Japan Superconductor Technology Inc.). The direction
of a magnetic field, which was parallel to the central axis
of solenoid coil of the superconducting magnet, was kept
horizontally or vertically.

O | |
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Ratio of crystal growth rate

Crystal size, 2R (um)

Figure 8 : Relationship between crystal size (2R)
and the ratio of the side-surface growth rate to the
top-surface growth rate in normal gravity.

Concentration Gradient

Crystal Size, 2R (pm)

Figure 9 : Effect of crystal size (2R) on the dimen-
sionless concentration gradient (d¢/dn) at the half
height of the side of the crystal interface (r=R, z=z,).

3.2 Results and discussion

3.2.1 Orthorhombic lysozyme crystals in the presence
and absence of a magnetic field

Figures 10(a)-(d) show photographs of orthorhombic
lysozyme crystals crystallized by NiCl, in the absence
and presence of 10 T uniform magnetic field. In the ab-
sence of the field [Figs. 10(a) and (b)], crystals exhibit
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Figure 10 : Habit of orthorhombic lysozyme crystals grown using NiClj as crystallization agent (a, b) in the absence
of a magnetic field, (c) in the presence of a horizontal magnetic field (10T), (d) in the presence of a vertical magnetic
field (10T). (as-d7) Miller indices of the crystallographic faces. Vector H indicates the direction of the magnetic field.

various morphologies, and the directions of their crys-
tal axes are random. In the presence of the horizontal
magnetic field [Fig. 10(c)], however, the crystals show
more uniform morphology and all of them are aligned
with their c-axes along the horizontal magnetic field.

The crystals grown in the vertical magnetic field show
much more uniform morphology [Fig. 10(d)], namely,
typical roof-like crystals reported previously (Yin, Oda,
Wakayama, Ataka, 2003), and their c-axes are oriented
along the direction of the vertical magnetic field. Thus,
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Figure 11 : Distribution of length ratio r of the crys-
tals grown in the presence of a vertical (n=33, n: the to-
tal number of crystals for data collection) and horizontal
magnetic field (n=127). Length ratio r is defined as the
ratio of the shorter length /; to longer length /; of the
edge lines between the {110} faces and {101} faces.

crystals grown in the absence of a magnetic field show di-
verse morphologies, whereas crystals grown in the pres-
ence of either a horizontal or vertical magnetic field of
10 T are featured by a more uniform morphology.

According to X-ray diffraction analysis (Yin, Oda,
Wakayama, Ataka, 2003), the lattice constants of roof-
like crystals are similar to those of tetragonal crystals
(@=b=7920 A, c = 37.94 A) (Datta, Biswal and
Vijayan, 2001), and the coordination of a Ni** ion to
Asp52002 atom in a lysozyme molecule distorts the nor-
mal tetragonal lattice into an orthorhombic lattice.

3.2.2  Effects of magnetic orientation on crystal mor-
phology

Although roof-like crystals, i.e., crystals with only two
opposite {101} faces, appear when grown in the pres-
ence of either a horizontal or vertical magnetic field, the
crystals grown in a vertical magnetic field [Fig. 10(d)],
show a much more uniform habit than those grown in a

horizontal field [Fig. 10(c)]. To quantify the diversity in
habit, we chose the length ratio of the edge lines between
the {101} and {110} faces as a parameter for compari-
son. As shown in Fig. 11(a), this length ratio r can be
defined as the ratio of the smaller length /; to larger /,
length, so that r is always less than 1. The distribution of
r for our experimental results is given in Fig. 11(b). The
habit of the crystals grown in the vertical magnetic field is
uniform and their r concentrates at around ~ 0, whereas
in the presence of the horizontal field, r is spread over the
range of 0 ~ 0.7.

Next, we introduce some theoretical arguments to illus-
trate how this difference in the r distribution is correlated
with the growth rates of {110} and {110} faces when the
crystals are the roof-like type. According to the numer-
ical simulation in Section 2, the ratio of the side-surface
growth rate to the top-surface growth rate increases with
crystal size. For example, when the crystal size is 100
um, the ratio is calculated to be about three (see Figs. 7
and 8).

Fig. 12 shows crystal growth in vertical (a) and hori-
zontal magnetic fields (b). When crystals are grown in a
vertical magnetic field [Fig. 12(a)], all of the four {110}
and {110} faces are vertical. When the growth rate of the
(110) and (110) faces, Vi, is faster than that of the (110)
and (110) faces, V5, a roof-like morphology will not ap-
pear [Figs. 12(a-i)]. Only when V| = V,, will a roof-
like morphology appear [Fig. 12(a-ii)]. Therefore, the
experimental result that all of the crystals appear “roof-
like” indicates that the vertical four faces have the same
growth rate.

On the other hand, in a horizontal magnetic field [Fig.
12(b)], the initial size and shape of the roof-like crystals
(or nuclei) grown are assumed the same as those grown in
a vertical magnetic field [Fig. 12(a)]. Because the mass
transport conditions near the top and two side surfaces
differ from each other, their growth rates might be af-
fected by buoyancy-driven convection. We assume that
the (110) and (110) faces perpendicular to the bottom
of the vessel have the same growth rate, V|, while the
growth rate of the (110) face facing upward is assumed
to be V,[Fig. 12(b)].

The habit of the crystals depends on the difference in
growth rates V| and V. When V| > V), the habit shown
in Fig. 12(b-i) appears. In our experiments, when the
field was applied horizontally, such habit was frequently
observed [see Fig. 10(c)] (r=0.1~0.7; about 80% of the
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Figure 12 : Schematic of the finally grown crystal habit as a function of growth rates of {110} and {110} faces, V;
and V,, respectively, in the presence of a (a) vertical and (b) horizontal magnetic field.
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total number of the crystals appeared like this in Fig. 11),
indicating that the faces perpendicular to the vessel bot-
tom had larger growth rates than those of the faces facing
upward. This observation agrees well with the numerical
simulation that the growth rate of a side surface is larger
than that of the top surface (Sec. 2). When V| =V,
the habit in Figure 12(b-ii) appears. We also observed
such habit experimentally like in Fig. 10(c) (r= 0~0.1;
about 18% of the total number of the crystals appeared
like this in Fig. 11). When V| < V,, the habit [Fig. 12(b-
iii)] will appear. However, we did not observe such habit
experimentally. These results indicate that the orienta-
tion of the crystals causes differences in the growth envi-
ronments of {110} and {110} faces by buoyancy-driven
convection, resulting in differences in the growth rates of
{110} faces, thus yielding various habits.

3.2.3 Relationship between the length ratio (r) and _the
growth rate ratio (Vo/Vy) of the {110} and {110}
faces

Here, we discuss the relationship between r and V,/V,
in order to explain the microscopic appearance of crys-
tals grown under a vertical or horizontal magnetic field.
If we assume that the starting crystal is a nucleus, i.e.,
s = 0 [where s is the side length of the seed crystal; Fig.
12(b)] and that the two faces of “roofs” grow at the same
rate, then the relationship between r and V,/V; can be
estimated.

In Fig. 12(b), the growth rate of the top face and
the two side vertical faces are V, and V|, respectively,
and r is defined as QR/PQ. Because /SQR=/SQP,
UV/QR=TU/PQ,

Vit—Vot

=QR/PO=UV/TU = ——-—
r=QR/PQ / s+Vit+Vyt

(6)

where ¢ is the growth time.
If s = 0, then Eq. (6) becomes

Vo 1—=r
Vi - l—l—r'

(N

According to the distribution of r in Fig. 11(b) together
with Eq. (7), in a vertical magnetic field, » = 0, and thus
V, = Vi. In a horizontal magnetic field, V, / Vi of 127
crystals ranges between 1 ~ 0.2 (r ranged between 0 ~

0.7) and the averaged {Vg/Vl} is 0.54. Thus, Vg/Vlcan
be determined from the experiment. This result proves
that buoyancy-driven convection significantly affects the
process of protein crystal growth.

Our simulation was conducted assuming one crystal
though in the experiments, many crystals were grown in
the vessel. Recently, Lappa et al. studied numerically
and experimentally the growth of protein crystals when
many crystals grew at the same time and showed that the
effects of buoyancy convection can become even more
complex when the crystals are sufficiently close and mu-
tual interaction occurs (Lappa, 2003, 2005; Lappa, Pic-
colo and Carotenuto, 2003).

The major outcomes of the experimental study can be
summarized as follows:

(1) Magnetic orientation by applying a horizontal mag-
netic field causes differences in the growth environments
of {110} and {110} faces of orthorhombic lysozyme
crystals due to buoyancy-driven convection, resulting in
differences in growth rates and thus different crystal mor-
phologies.

(2) It is determined that the side-surface growth rate is
twice the top surface growth rate. This result agrees with
the numerical results in Section 2.

4 Method to control effective gravity from micro-
gravity to hypergravity on Earth

4.1 Principle to control effective gravity

For a long time, there have been few methods to ef-
ficiently damp natural convection in electrically low-
conducting fluids such as protein aqueous solutions on
Earth. The cost of space experiments is expensive and
the opportunities for experiments are limited. How-
ever, recently, a new method to control effective gravity
was proposed (Wakayama, 1996; Wakayama, Ataka and
Abe, 1997; Brooks, Reavis, Medwood, Stalcup, Meisel,
Steinberg, Arnowitz, Stover, and Perenboom, 2000;
Wakayama, Zhong, Kiyoshi, Itoh and Wada, 2001). In
a space platform, a microgravity environment is gener-
ated because gravitational force is balanced by centrifu-
gal force. A newly developed method to control effective
gravity uses a vertical magnetic (Kelvin) force instead
of centrifugal force,and it is applicable to the control of
buoyancy-driven convection in electrically low- and non-
conducting fluids (Huang and Gray, 1998; Qi, Wakayama
and Ataka, 2001; Qi and Wakayama, 2004). Fig. 13
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shows the principle to control effective gravity. The ver-
tical force acting on water in a container is equal to the
difference between the gravitational force, F, and an ap-
plied magnetic force, F;,,. Hence, the effective gravity
acting on water can be tuned from Og to 1g by simply
changing the magnitude of an upward magnetic force,
F.

A magnetic (Kelvin) force which is a body force is pro-
portional to density and acts on every material even if it
is not ferromagnetic. Generally, a unit volume of a sub-
stance in a 1D magnetic field gradient experiences a force
F,,(McGraw-Hill Encyclopedia of Science and Technol-
ogy, 1992) given by:

Fy = poxH (dH /dy) = puoxeH (dH /dy) ®)

where pg is the absolute magnetic permeability of vac-
uum, y the site coordinate and % the magnetic suscepti-
bility per unit volume, ¥, the magnetic susceptibility per
unit weight, and pghe density.

Most materials, such as water and many proteins, are dia-
magnetic, and experience a weak repulsive force along
the steepest gradient of the magnetic field strength be-
cause Y<0. On the other hand, an attractive force acts
on paramagnetic materials and ferromagnetic materials
(iron etc.). Because F,, is proportional to material den-
sity (as shown by Eq. (8)), its superposition on gravity
can partially reduce or enhance effective gravity (vertical
acceleration). When a vertical force, F;, is applied along
the gravitational force Fg, the total force acting on a fluid
is

F=F,+ F,=p{g+|uox.H (dH/dy)|} = pqg,
q=1%|(uoxe/g) H (dH /dy)|
)

This equation indicates that, in practice, the level of ef-
fective gravity g can be modified continuously by chang-
ing the value of H(dH/dy). When ugH (dH /dy) = -1370
T?/m and an upward F,, corresponding to F,/pg=1 acts
on pure water (), =-9.0x10~m3-kg~1), we may expect
to produce a microgravity environment.
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Figure 13 : Principle to control effective gravity.
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Figure 14 : Schematics of how to control effective
gravity. Figure (b) shows the spatial distribution of
the magnetic field strength of a superconducting magnet
(LH15T40, JASTEC). A: Microgravity, B: Normal grav-
ity, C: Hypergravity.

4.2 Superconducting magnet to generate micrograv-
ity for long duration

For protein crystal growth, generating microgravity en-
vironment over a period of days or weeks is cru-
cial. Until recently, a large magnetic field gradient of
ugH (dH /dy) =-1370 T?/m could be produced for only
several hours by a massive hybrid-magnet. Since 2002,
however, a convenient type of superconducting magnet
(LH15T40, Japan Superconductor Technology Inc.) can
generate a magnetic field gradient of -1370 T?/m for
more than several weeks, thanks to its persistent current
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mode system (Hirose, Saito, Watanabe and Tanimoto,
2002). Fig. 14(a) shows the cross-section schematic of
a vertical superconducting magnet, and Fig. 14(b) shows
the spatial distribution of the magnetic field strength H
along a vertical central y-axis for the magnet (LH15T40).
When piH (dH /dy) =-1370 T?/m at position A, an up-
ward F;, corresponding to pg acts on pure water () =-
9.0x107°m3-kg~!), thus a microgravity environment is
expected.

On the other hand, when y%H (dH / dy) =1100 T?/m at
position C, a downward F,,, corresponding to 0.8pg is es-
tablished, and a hypergravity environment of 1.8 g is ex-
pected. At the center of the magnet (position B) where
field strength is 15T and its gradient is 0 T?/m, F,, is zero
and the gravity level is 1g.

5 Formation of protein crystals (orthorhombic
lysozyme) in various effective gravity (u g-1.8 g)

5.1 Experimental procedure

Protein crystal formation experiments were conducted
for the first time using the newly developed supercon-
ducting magnet (LH15T40) by Yin, Wakayama, Harata,
Fujiwara, Kiyoshi, Wada, Niimura, Arai, Huang, and
Tanimoto (2004). Orthorhombic lysozyme crystals were
grown at 40.0£0.1°C by the conventional batch method.
The final concentration of the solution was 60mg/ml
lysozyme and 40mg/ m/ NaCl. The pH was 4.60. Im-
mediately after the supersaturated solution was prepared,
it was separately injected into small vessels which were
placed both inside and outside the magnet. As shown in
Fig. 14(a) and (b), three positions were used (A: ug/11T,
B: 1g/15T, C: 1.8g/11T) inside the magnet. Simulta-
neously, samples were also placed outside the magnet
(1g/0T) as controls. The size of the vessels was ¢$6.5
mmx 16.5 mm. Solution volume in each vessel was 100
uL and the solution height was about 3 mm. The duration
of the crystallization was two days. After crystallization,
the best looking crystals of similar size were chosen from
different positions for analysis.

There are several parameters that indicate the quality of
protein crystals: the signal to noise ratio of diffracted in-
tensity (I/), overall B-factor, mosaicity, the Ryuer. value,
rocking curve, and the maximum resolution etc. Because
most parameters are significantly affected by crystal vol-
ume, it is difficult to compare the quality of one crystal
to another. Here, the crystal quality was compared using

the overall B-factor, because it is essentially independent
of crystal volume.

The overall B-factor was obtained in the following
way: X-ray diffraction data were measured on a Bruker
SMART6000 diffractometer with CuKa radiation from
a MAC Science MX06 rotating anode generator. The
data sets were processed with the programs SaintPlus
(Bruker) and Madnes (Nonius). An overall B-factor, as
well as a scale factor, was calculated by the equation:

Y = {1,,;” (hkl)/zf}} = k-exp (—2B-sin*0/A%) (10)

Eq.(10) indicates the relationship between the experi-
mental data I,,,(hkl), the apparent temperature factor B
and the scale factor &. Y is the intensity, which is normal-
ized by the atomic form factor f; and A is the wavelength
(1.5418 A). To determine B and k, the equation can be
rewritten in the following form:

sin’ 0

In(Y)=1In(k) —2B e

a1
Wilson plot can then be drawn by plotting [In(Y)] vs.
(sin®/ 7»)2. If the B-factor is low, the slope of the Wil-
son plot will be close to linear in the high angle range.
It indicates that high-resolution diffraction spots can be
observed. Therefore, we can assume that a low B-factor
corresponds to a good-quality crystal.

5.2 Experimental results and discussions

Fig. 15 shows the results of three experiments, using the
overall B-factor. The numbers in circles and triangles
represent the number of experimental runs.

(1) Comparison between microgravity-grown crystals
and 1.8g grown crystals:

The magnetic field strength (11T) at microgravity posi-
tion (A) is the same as that at 1.8 g (C) [see Fig. 14(b)].
Therefore, the comparison of crystals formed in micro-
gravity and hypergravity makes it possible to examine
purely the dependence of effective gravity on crystal
quality. Generally the overall B-factor is not very sen-
sitive to crystal quality because thermal vibration mostly
contributes to this factor. However, as shown in Fig. 15,
in the three sets of experimental results, the overall B-
factors of the crystals obtained at ug are always smaller
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than those of the crystals obtained at 1.8 g. Since lower
B-factor indicates better quality, the quality of crystals
obtained at ug is always better than those at 1.8 g. This
result provides experimental evidence for the fact that the
difference in crystal quality comes from the difference in
effective gravity, i.e. buoyancy-driven convection.
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148 |~
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14.6 ® O Inside Magnet
14.4 : : '
wg/lIT 1 g/0T & 15T 1.8 g/1IT
Figure 15 : Quality comparisons of orthorhombic

lysozyme crystals obtained at effective microgravity, nor-
mal gravity and hypergravity inside a superconducting
magnet and normal gravity outside the magnet. The num-
bers in the circles and triangles represent the number of
different experimental runs.

In microgravity, buoyancy-driven convection is effec-
tively damped, while it is promoted at hypergravity. In
Sections 2 and 3, we have discussed theoretical and ex-
perimental research about the effects of buoyancy-driven
convection on the crystal growth rate. The present re-
sult clearly demonstrates that buoyancy-driven convec-
tion deteriorates crystal quality. The same tendency was
also observed for crystals of snake muscle fluctose-1,6-
bisphosphatase (Lin, Zhou, Azzi, Xu, Wakayama and
Ataka, 2000).

(2) 1g-grown crystals in the presence and absence of
magnetic field (15 T):

At the center of the magnet [position B in Fig. 14(a)],
field strength is 15T and the gravity level is the same as
outside,i.e., 1g. Therefore, comparing the crystal qual-
ity formed at position B with that outside the magnet, we
can examine purely the effect of magnetic field per se on
the crystal quality. As shown in Fig. 15, the crystals ob-
tained inside the magnet (15T) show better quality than
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those obtained outside. This result agrees with the pre-
vious results on orthorhombic lysozyme crystals (Sato,
Yamada, Saijo, Hori, Hirose, Tanaka, Sazaki, Nakajima,
Igarashi, Tanaka and Matsuura, 2000). On the other
hand, for snake muscle fluctose-1,6-bisphosphatase (Lin,
Zhou, Azzi, Xu, Wakayama and Ataka, 2000), the plac-
ing the sample at the center of a magnet (10T) did not
clearly improve the crystal quality.

Recently, the effects of strong magnetic fields on protein
crystal quality have been studied by Sato et al. (2000),
Ataka and Wakayama (2002) and Wakayama (2003).
Currently, four mechanisms are known [see Table 2 in
ref. (Wakayama, 2003)], and all of them may contribute
to the improvement of crystal quality. Low-gravity en-
vironment is obtained by applying a magnetic field gra-
dient, while other mechanisms such as magnetic ori-
entation of crystals, damping of natural convection by
Lorentz force efc. work in both uniform and gradient
magnetic fields. Thus, a strong magnetic field seems to
improve crystal quality rather than to deteriorate it.

The major outcomes are:

(1) Orthorhombic lysozyme crystals show better quality
with decreasing effective gravity from 1.8 g to ug.

(2) Both microgravity and magnetic field itself contribute
to the improvement in crystal quality of orthorhombic
lysozyme.

6 Formation of protein crystals (snake muscle
fructose-1,6-bisphosphatase) under various effec-
tive gravity (0.7-1.3 g)

Interesting protein crystal formation experiments were
conducted under various effective gravity conditions
ranging from 0.7 to 1.3g by Lin, Zhou, Azzi,
Xu, Wakayama and Ataka (2000). The protein
used was snake muscle fructose-1,6-bisphosphatase
(MW=36000), which is a series of enzymes that controls
the sugar level in blood. At present, details of the molec-
ular structure of this protein have not been determined.

6.1 Experimental apparatus and procedures

The protein crystal formation experiments used a com-
mercially available liquid-helium free superconduct-
ing magnet (JMTD-10T100M, JASTEC). Crystals were
grown simultaneously at three positions (A: 0.7 g/7 T,
B: 1g/10T, C: 1.3 g/7 T) inside the magnet [see Fig.
14(a)]. Simultaneously, samples were also placed out-
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side the magnet (1g/0T) for controls. The crystal for-
mation experiments were conducted four times. Crystals
were grown by batch crystallization. For crystals grown
in each position, an X-ray oscillation photograph of a
crystal of similar size was taken for comparison. The res-
olution shell whose signal-to-noise ratio was 2 was used
as an indicator of crystal quality.

6.2 Results and discussion

Fig. 16 shows the results. The resolution of the crys-
tals formed in 0.7-0.8 g was about 3.06+0.14 A, whereas
that of crystals formed outside the magnet (o) was 4.24
+1.24 A. Thus, the lower gravity improved the resolu-
tion of crystals by about 30%. When crystals were grown
inside the magnet (A), the crystal showed better quality
with decreasing effective gravity from 1.3 to 0.7 g.
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Figure 16 : Resolution of protein crystals (snake mus-
cle fructose-1,6-bisphosphatase) as a function of effec-
tive gravity (0.7-1.3g). Experimental results are summa-
rized in Table 1 in ref. (Lin, S. X. et al., 2000).

This tendency is an additional demonstration for the fact
that the level of effective gravity is an important factor in
determining crystal quality and buoyancy-driven convec-
tion deteriorates crystal quality.

The key points of the present study are:
(1) Crystals of snake muscle fructose-1,6-bisphosphatase

shows better quality with decreasing effective gravity
from 1.3 gt0 0.7 g.

(2) This tendency suggests again that buoyancy-driven
convection deteriorates crystal quality

7 Concluding remarks

This review summarizes some recent numerical and ex-
perimental research about the effects of buoyancy-driven
convection on protein crystal growth. The conclusions
can be summarized as follows:

(1) According to the numerical simulations, the contri-
bution of buoyancy-driven convection to protein crystal
growth increases with crystal size. When the crystal size
exceeds several dozens of microns, convection dominates
solute transport near the growing crystals.

(2) According to the numerical simulations, the ratio of
the side-surface growth rate to the top-surface growth
rate increases with crystal size because of buoyant-driven
convection, and the ratio is about three when the crystal
size is 100um.

(3) The ratio of the side-surface growth rate to the top-
surface growth rate of 127 crystals was measured. The
averaged value of the ratio was about two, and this result
agrees with the numerical result (2).

(4) Orthorhombic lysozyme crystals show better quality
with decreasing effective gravity from 1.8 g to ug. Snake
muscle fructose of 1,6-bisphosphatase crystals also show
the same tendency with decreasing effective gravity from
1.3gt00.7 g.

Thus, the theoretical and experimental studies prove that
buoyancy-driven convection affects crystal growth rate
and crystal quality. Therefore, in order to obtain high
quality protein crystals, it is important to damp solute
convection. Empirically, scientists know how to get high
quality crystals, and they have grown protein crystals un-
der conditions where buoyant convection is damped, for
example, small volume of protein solution, crystalliza-
tion in gel phase etc.

Improving the quality of protein crystals is a challenging
work. Along these lines, protein crystallization in vir-
tual microgravity generated by a superconducting mag-
net can be regarded as a very promising strategy. The
utilization of a microgravity environment generated by a
vibration-free, durable superconducting magnet will pro-
vide an environment for growing high quality biological
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macromolecular crystals. Furthermore, this means can
be also used to get additional insights into the physics of
the problem. If we grow crystals under both microgravity
and hypergravity and compare the quality of the crystals
obtained, we can learn whether microgravity improves
crystal quality or not. This kind of tests will allow us to
select promising proteins, crystal formation methods and
conditions prior to the space experiments. Of course, fur-
ther experiments with many other proteins are required to
test the generality of these approaches.
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