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Abstract

The elementary processes of protein crystal growth were
investigated by means of laser Michelson interferometry
on the example of the (101) face of tetragonal hen egg-
white (HEW) lysozyme. The method allows real-time
in situ observations of the morphology of the growing
protein crystal surface, as well as simultaneous precise
measurement of growth rate and step velocity on identi-
fied growth-layer sources. At the critical supersaturation
of 1.6 the growth mechanism was shown to transform
from dislocation-layer generation to surface nucleation.
Measurements on different growth hillocks, with mate-
rial of a different source and at a different temperature,
all indicated that for supersaturations lower than ~1
growth is hindered by the competitive adsorption of
(most probably) other protein species contained in HEW,
although the material is pure by most analytical methods.
At supersaturations ¢ < 0.4 other impurities sometimes
led to cessation of growth. However, at o in the range
0.9 £ o < 1.6 growth processes are determined by the
kinetics of pure lysozyme. This enabled us to measure
the step kinetic coefficient 3 for crystallization of a
protein substance for the first time: 3 = 2.8 ums~'. This
also means that by working in this supersaturation range
we can eliminate the impurity effects. Other means to
reduce influence of impurities is to use, if possible, a
higher crystallization temperature. It is shown that slow
crystallization of proteins is due primarily to impedance
of the elementary act of entering the growth site and not
to the low concentration of the solution. The value of /3
does not depend on temperature, indicating the decisive
role of entropy, not energy barriers, in the crystallization
of biological macromolecules.

1. Introduction

The precise knowledge of the structure of biological
macromolecules forms the basis of understanding
their function and their mechanism of action (Michel,
1990). The bottleneck of the structure determination
by means of X-ray or neutron diffraction now appears
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to be crystallization, i.e. obtaining sufficiently large
and perfect crystals of the substance studied (DeLucas
& Bugg, 1987; Deisenhofer, 1992). The trial-and-error
method to find the best growth mode is still largely
applied here (McPherson, 1990, 1992). Two system-
atic approaches to accelerate the search for optimal
crystallization conditions were proposed: The first, the
‘incomplete factorial method’ (Carter & Carter, 1979;
Carter, 1990), provides a recipe of how to estimate
the role of numerous factors in the crystallization of
the investigated species with considerably few trials.
The other approach, initiated by Kam et al. (1978),
aims at understanding the processes of nucleation and
crystal growth at a molecular level by studying the
growth kinetics of some model protein (usually hen egg-
white lysozyme) and hence to compress the time and
the region in which the ‘right’ crystallization conditions
will be sought for each separate case. Furthermore,
investigations on nucleation and crystal growth were
carried out separately, the former mainly by means of
light-scattering techniques (Mikol ez al., 1990, Malkin
et al., 1992), the latter by measuring the kinetics of
growth of protein crystals based on their size and by
judging the elementary growth mechanism (Fiddis
et al., 1979; Durbin & Feher, 1986). Recently published
accurate morphological observations and surface-feature
measurements, carried out ex situ by electron microscopy
(Durbin & Feher, 1990) or in situ by means of atomic
force microscopy (AFM) (Durbin & Carlson, 1992),
provided a deeper insight into the surface processes on
the growing protein crystal face. Through these studies
it has become increasingly evident that an understanding
of crystallization events at the molecular level is the key
factor to grow macromolecular crystals in a rational way.

Many of the questions, regarding the molecular pro-
cesses of protein crystal growth are still without a firm
answer. Among these are the relative roles of transport
through the solution and surface kinetics; the layer-
generation mechanism, dislocation or surface nucleation,
and the region of operation of each of them; nature and
influence of the uncontrolled impurities in the system;
the effect of temperature and the mechanism through
which it influences the growth processes. The present
paper aims to shed some new light on the problems
above by studying the kinetics and morphology on a
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growing protein crystal surface. Recently it was shown
that a similarity exists between the well known self-
assembly processes of G-actin, tubulin, erc. and the
initial stage (i.e. nucleation) of crystal growth of HEW
lysozyme (Ataka & Asai, 1990). If such an analogy
can also be made regarding the subsequent growth
processes, then studying the crystal growth may as well
contribute to the understanding of elongation, cessation
and dissociation of self-assembling protein molecules.

We chose HEW lysozyme as a crystallizing substance
for two main reasons. HEW lysozyme is by far the
best studied crystalline protein model. The properties
of the crystals and of the solutions (density, refractive
index, diffusion coefficient, etc.) are known. Numerous
investigations of the phase diagrams, growth and related
phenomena have been performed and this provides a
basis for comparison and verification of our results. The
second reason is that a sample of high and controlled
purity, to satisfy biochemical standards, is commercially
available. All investigations, reported here, were per-
formed on the (101) face of tetragonal HEW lysozyme
crystals,

Our method of investigation of the protein crystal
growth was laser Michelson interferometry (LMI)
(Chernov et al., 1986, Kuznetsov et al., 1987) which has
shown its great advantages in studying crystal growth
from solution of low molecular weight substances
(Rashkovich & Shekunov, 1990a; Vekilov et al., 1992q;
Maiwa et al.,, 1990). This method allows real-time
in situ morphological observations and quantitative
assessment of various surface features on the growing
crystal face (Vekilov et al., 1990). It also enables us
to measure very precisely both the normal growth rate
and the step velocity on identified growth sources. We
recently published a letter on the applicability of LMI
to protein crystal growth (Vekilov et al., 1993). Its main
disadvantage is the lower vertical resolution compared
with AFM: we cannot see separate steps, we need regular
step patterns at least 1 um high, whose average slope can
be measured. This limits the application of LMI mostly
to dislocation-generated growth, but its advantages are
overwhelming.

2. Experimental methods

2.1. Solutions and seeds

Solutions were prepared from HEW lysozyme (Sei-
kagaku Kogyo, Tokyo, Lot No. E88Z03 and E92201,
6x crystallized, homogeneous by ultracentrifugal, elec-
trophoretic and chromatographic analysis, containing
1.78% (w/w) Cl-, M, = 14307 Da) as received. Some
experiments were carried out with HEW lysozyme from
a different source (Sigma, 3x crystallized, catalogue
No. L-6876, Lot No. 89F8275). A weighed amount
of the protein was dissolved in a weighed amount
of water purified by reverse osmosis, deionized and
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subsequently passed through an ultrapure water system
(NANOpure, Barnstead). 3.0%(w/w) NaCl (Kanto) was
added as a precipitant. The pH was adjusted to 4.6 by
HCl (Wako) (Ataka & Asai, 1988). The analytically
determined concentrations of lysozyme and CI- in the
solution equalled the weight concentrations (Elgersma
et al., 1992).

Seed crystals were grown according to the solubility-
gradient method (Ataka & Katsura, 1992) in test tubes
held vertically and using NiCl, as a precipitant. A
selected seed, 0.7-1.8 mm, was carefully dragged out
of the test tube. In the first experiments, the seed
was placed on a glass slide and washed with ~200ul
of lysozyme solution saturated at room temperature,
as reported previously (Vekilov et al., 1993). When
we later skipped this procedure, we noticed that some
of the ‘impurity effect’ (§3.3) was eliminated. The
seed was glued to the crystal holder (Fig. 1). Gluing
took about 5 min during which the seed was held in a
drop of saturated solution. The holder with the crystal
was then inserted into the working solution in the
growth cell (Fig. 1). In some experiments etching of
the crystal was carried out to obtain a new surface by
overheating by 3 K above the temperature at which the
seed crystal was grown (295-296 K) for 2-3 h, but this
had no effect on the further regeneration and growth
of the crystal. Regeneration of the seed crystal was
carried out by undercooling by SK less than room
temperature for 1-2d. Morphological observations and
kinetic measurements were then performed.

2.2. Experimental set up

The action of the laser Michelson interferometer is
based on the spatial and temporal coherency of the
strictly parallel laser beam. After being divided by the
beam splitter (STP in Fig. 2), the two parts of the beam
are reflected by the surface investigated and the reference
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Fig. 1. Scheme of the growth cell. Solution volume in our experiments
was 500 or 300 pl, the minimal possible volume in this cell was
200 pl. Temperature was held constant (30.1 K) in the course of each
measurement by connecting the outer volume of the cell to a Haake
thermostatic bath.
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The slope p of the growth hillocks and of other regular
patterns on the growing surface was calculated as,

p = A/Ax, (2)

where Ax is the distance between neighbouring fringes
on the crystal surface. For experimental points 57 such
measurements were performed and then the mean value
of p and the error limits (as standard deviation) were
determined.

When the crystal grows, the interference fringes
spread from the centre to the periphery of the growth
hillocks. To measure the normal growth rate R of
the investigated face from the recorded images we
measured 10-20 time intervals, A¢, between fringes
passing through a selected point on the slope of the
growth hillock. For each Ar the growth rate R was
calculated as,

R = A/AL 3)

Then the mean value and the error limits of the mea-
surement were calculated as shown in Fig. 4. Usually
one measurement took 2-3h and 10-20 fringes were
processed. Several recordings for 8 h showed that R is
constant for that time, except for low supersaturations
(see below). Thus, the determination of R, carried out so
far mostly by following the change in the overall crystal
dimensions under a microscope, can now be performed
with much higher accuracy and for a known growth-layer
source.

Since (Chernov, 1974, 1984, 1989)
R =p-, 4

the average velocity of steps v on a selected surface
pattern was determined as the quotient of R and p.
The relative error of v is thus the sum of the relative
errors of R and p. Measurement of step velocity is
a very important asset of our investigation: only by
following its dependence on the parameters of the system
it is possible to make qualified judgments about the
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Fig. 4. Measurements of the normal growth rate R for 8 h. Each
point corresponds to the passing of one interference fringe. The
determination of the mean value and the error interval is illustrated.
o represents supersaturation as defined by (5).
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mechanism of incorporation of particles into the crystal
and the rate-limiting stages of this process.

The driving force for crystallization was considered to
be thermodynamic supersaturation, measured in k7 units
(Ap/kT) and denoted as o. It was imposed by lowering
the temperature of the solution and determined as,

o = ApfkT = In[C/S(T)], (5)

where C is the actual concentration of the solution
in moll™!, S(T) is the solubility in the same units,
determined from the phase diagrams (Ataka & Asai,
1988) as,

In§ = 24.09 - 9100/T, (6)

(T is temperature in K).

3. Results

3.1. Morphological observations

After regeneration, the crystal surface was usually
covered with numerous growth hillocks one or two
interference fringes high (~0.4 um) (the minor growth
hillocks in Fig. 3), probably corresponding to disloca-
tions. An X-ray topographic photograph of a lysozyme
crystal showed contrasts that are considered to be bun-
dles of broad lines (K. Izumi, private communication);
we think that this indicates the presence of dislocations,
as opposed to a former hypothesis that dislocations are
absent in tetragonal lysozyme crystals (Shaikevitch &
Kam, 1981). On average, in one out of two to three
experiments we had growth hillocks sufficiently high
(five or more interference fringes) for measurements to
be performed (the two major growth hillocks in Fig. 3).
Fig. 5 shows that the ‘suitable’ growth hillocks were
formed by planar defects outcropping on the surface
that can be represented and behave kinetically as dis-
location nets (Nanev & Vladikova, 1978; Vekilov &
Nanev, 1992). The growth hillocks had the shape of
a circular cone and existed for unlimited time in the
supersaturation range 0.4-1.6. Even if they disappeared
outside this supersaturation interval, on coming back
they were formed at the same places. These observations,
together with Fig. 5, mean that we are dealing with
growth hillocks, generated by dislocations and that the
supersaturation range above is the region of operation of
the dislocation-growth mechanism.

The slope of the dislocation-growth hillocks remained
approximately constant in the course of one experiment.
This is natural, since the growth hillocks were generated
by planar defects, comprising dislocation nets, which are
proved to produce a constant hillock slope in a wide
supersaturation range (Vekilov & Nanev, 1992). The p
values we obtained on different hillocks and in different
experiments were in the range of 1.1 x 102-1.6 x 102

At supersaturations higher than 1.6 the growth
hillocks disappeared. The interference pattern became
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growth from solutions (Rashkovich & Shekunov, 19904)
studied further and interpreted as evidence of the action
of two types of impurities (Voronkov & Rashkovich,
1992). The impurity acting at o < 0.4, after the Cabrera
& Vermilyea (1958) stopper mechanism, is strongly
absorbed on the crystal surface between steps (terraces)
and hinders step motion. With increased supersatura-
tion, the radius of the critical two-dimensional nucleus
decreases (Volmer, 1939) and steps are able to pass
between the impurity particles. The second impurity
decreases the value of the step kinetic coefficient for
0.4 <0 <0.9. With increased R, the interval 7, in which
terraces between steps are open for impurity adsorption,
decreases as (Chernov & Malkin, 1988),

T = h/R, €))

where h is the step height. The number of adsorbed
impurity particles decreases and this leads to a super-
linear increase in the step velocity and normal growth
rate. When R is sufficiently high, no impurities are
adsorbed on the surface and growth kinetics are governed
by the properties of pure lysozyme. This enables us
for the first time to determine the effective step kinetic
coefficient 3 of a protein substance. From the relation
(Chernov, 1984, 1989),

v = fQCao, ®

where © = 2.7 x 102 m? is the volume occupied by
one lysozyme molecule in the crystal (Steinrauf, 1959),
C = 1.12 x 10¥* m™ is the molecular concentration of
the solution, we get 3 = (2.8 £ 0.1) x 10°ms™'. The
range in the determination of the step kinetic coefficient
is determined mainly by the error in the v measurement.
This value of 3 belongs to the temperature interval of
linear increase of v(o), i.e. 285-288 K.

It is rather surprising that we have a straight line,
determined by the v(o) at high supersaturations and
passing through the origin of the coordinates. The value
of the step Kkinetic coefficient should drop with the
increase in supersaturation with falling temperature. (8)
should be represented by a curve with negative curvature
reflecting the GB(T) dependence. We investigated this
problem by performing experiments described in §3.7.
Before this, however, it was necessary to prove and add
some more details to the model of impurity influence on
protein crystal growth, underlying the determination of
the step kinetic coefficient (§§3.3-3.6).

3.3. Growth kinetics at small supersaturations

Fig. 9 presents the time dependence of the normal
growth rate in the supersaturation region where we
assumed a stopper mechanism of impurity action, for
two experiments with different preparation. For exper-
iment A growth stopped ~7h after lowering o and
no growth was observed for lower supersaturations. For
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experiment B at the same supersaturation, the growth rate
fell gradually until after ~6h when visible macrosteps
appeared. R continued to decrease, but somehow more
slowly than before. No cessation of growth occurred for
12h. At a still lower supersaturation of crystal B we
had a steady growth rate for 10 h. In other experiments,
where preparation coincided with that for experiment B,
neither macrosteps, nor growth cessation was observed
at ¢ as low as 0.25. These facts, together with the
morphological observations (§3.1), are evidence that the
‘dead zone’ at low supersaturations in Fig. 8 is due to
an impurity species whose concentration depends on the
preparation of the experiment.

3.4. The influence of the hillock sicpe

In experiment B measurements were taken on two
dislocation-generated step patterns with a different
hillock slope (Fig. 7). In accordance with (4), with the
smaller p the normal growth rate is smaller (Fig. 10a).
Step velocity usually (Vekilov et al., 1992b; Vekilov
& Nanev, 1992) has the reverse dependence on hillock
slope due to an interstep concentration field overlap.
However, here (Fig. 10b) v on the steeper step pattern is
higher. This is explicit proof of non-equilibrial impurity
influence: the higher hillock slope leads to higher growth
rate, smaller times between passing steps [(7)], higher
impurity adsorption and, as a result of all these, lower
step velocity (Chernov et al., 1986; Chernov & Malkin,
1988).
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Fig. 9. Time dependencies of the normal growth rate R for crystal
A (seed washed) and crystal B (seed not washed), see §2.1. The
supersaturation, at which the measurement was carried out is indicated
in each plot. Arrow in (b) indicates the time at which macrosteps (Fig.
6) appeared.



214

3.5. The effect of higher impurity concentration

For further evidence of the impurity effect for 0.4 <
o < 1.1 we carried out one experiment in a solution
of nearly the same concentration as before, but with a
protein from a different source. We empleyed lysozyme
purchased from Sigma, Inc., often used with or without
further purification, in the preceding studies on lysozyme
crystal-growth kinctics. The commercial substance is 3 x
crystallized, without chromatographic, electrophoretic or
ultracentrifugal certification of the purity. This product
has been electrophoretically proven to contain unidenti-
fied protein impurities (Durbin & Feher, 1986; Lorber
et al., 1993).

The results for this experiment, denoted as Y, are
shown on Fig. 11. The R(o) relation has the same S-
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Fig. 10. Kinetic curves for crystal B (seed not washed). Different
points indicate measurement taken on two step patterns (Fig. 7) with
different slope shown in the legend frame. (a) Dependence of the
normal growth rate R on the supersaturation o. The supersaturation at
which macrosteps (Fig. 6) appeared is indicated by an arrow. (b) The
dependence of the step velocity v on the supersaturation o. The step
kinetic coefficient 3 coincides with that determined in experiment A.
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like shape as in experiments A and B (Fig. 8). The R
values for 0.4 < ¢ < 1.1 are approximately 5-6 times
lower than in these experiments and they are close to
previous measurements in similar conditions (Durbin &
Feher, 1986). The v(o) dependence is of the same type
as in experiments A and B. At o ~ 1.6 step velocity
reaches the same values as in experiments A and B.
The fact that we have coinciding step velocities at high
supersaturations in a solution of different source material
and with different impurity concentration supports our
supposition that in this region we measure the kinetics
of pure lysozyme, without the influence of impurities,
and confirms our determination of the step kinetic co-
efficient. This also means that the kinetic properties of
the lysozyme molecules coincide with the two different
raw products.
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Fig. 11. Kinetic curves for experiment . Different points indicate
measurements taken in three successive days after 1d regeneration.
(a) The dependence of the normal growth rate R on the supersaturation
0. (b) The dependence of step velocity v on the supersaturation o.
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The values of v for 0.4 < ¢ < 1.1 are much smaller
than in A and B and the region of the non-linear
increase moves to higher o. This result is an unam-
biguous confirmation of the non-equilibrium impurity
influence on lysozyme growth kinetics. Most probably,
the impurity species, affecting step motion, is the other
protein detected in the commercial Sigma lysozyme
(Durbin & Feher, 1986; Lorber et al., 1993). It was
also shown recently that the growth rate of an amino
acid crystal, a model of proteins, can be greatly reduced
as a result of adsorption of a trace amount of additives
bearing a structural resemblance (Lechuga-Ballesteros &
Rodriguez-Homedo, 1993).

Another interesting phenomenon, observed in this
experiment, is the sharp fall in the kinetic values on
the third day of measurements. When supersaturation
was lowered to ~1, growth stopped and did not start
again at increased supersaturation. Observation of the
remaining volume of the solution, kept at room temper-
ature, revealed that the solution became opaque, with an
amorphous precipitate on the bottom of the container and
with spider’s web-like formations floating in the bulk.
The solution in the growth cell remained transparent and
seemingly unspoilt, presumably because the temperature
in the cell during the experiment was lower. It is
possible, however, that the same process that spoiled
the solution in the container was happening though at a
smaller rate, in the growth cell. In experiments A and B
the measurements coincided within 1 week. No visible
changes were observed in the solution when kept in a
container at room temperature for 2 months.

3.6. Ageing of the solution

To check if any changes, influencing growth kinetics,
occur to the purer solution, we carried out an experiment
with the solution used in A and B approximately 1 month
later. The v(o) plot for that experiment, denoted as
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Fig. 12. Step velocity v versus supersaturation o dependence for experi-
ment C. The same solution as in A and B, ~1 month later. The value
of the step kinetic coefficient 3 for this experiment is shown.
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C, is shown in Fig. 12. The value of the step kinetic
coefficient, determined in the ‘pure’ region 1.2 < ¢ <
1.6, 3 = 2.5 x 10°ms™ is definitely smaller than in
experiments A and B. One possible reason for this could
be a conformational change or partial denaturation of
the lysozyme molecules in the solution. The changed
lysozyme molecules may act like an impurity of a
different type from the ones discussed so far: they
do not prevent step motion, but being adsorbed on
the steps they decrease the number of active growth
sites (kinks) and in this way decrease the step kinetic
coefficient (Chernov, 1984; Vekilov & Nanev, 1992).
In the impurity-influenced region the values of the step
velocity are the same as in experiments A and B, which
could serve as evidence that the impurity acting here is
not a form of changed lysozyme.

3.7. The effect of temperature

Fig. 13 presents the dependence of step velocity on
supersaturation for experiments D and E, in which the
concentration of the solution was considerably lower
than in the experiments reported above. Consequently,
the saturation temperature of the solution was lower
and the measurements were performed in a lower tem-
perature region. The measured v values are smaller
in the whole o region, but the shape of the curve is
preserved. For o 2 1.2 the points lie on a straight line
which extrapolates to the origin. Since the molecular
concentration of the solution in these experiments is
C =85 x 10®m™, from (8) we get for the step
kinetic coefficient at temperatures 282-286 K, 3 = (2.8
40.15) x 10°ms!. The step kinetic coefficient does not
change with temperature. Recently Boistelle ef al. (1992)
reported an unchanging growth rate in a wide tempera-
ture interval (at fixed o) for one of the forms of «-
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Fig. 13. Step velocity v versus supersaturation ¢ dependence for exper-
iments D and E. The concentration of the solutions is shown in the
label. The temperature ranges of the measurements are indicated on
the upper o axis. The value of the step kinetic coefficient 3 for this
experimental conditions is shown.
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amylase isoenzyme crystals, which may reflect the same
effect observed by us.

Keeping in mind the error of our measurements and
the temperature difference between the two determina-
tions of 3 (AT ~ 3 K), from the relation (Vekilov et
al., 1992b),

B = Boexp(—E/RT), )

(Bo contains all the factors independent of T) we can
estimate the upper limit of the activation energy for step
motion E on the (101) lysozyme face: E < 12kJ mol ™',
Turning back to §3.2 and Fig. 8(b), even if we have
the highest possible E value the curve corresponding to
(8) with a B(T) dependence will be very close to the
straight line actually drawn.

The v(o) dependence for an experiment, conducted
at a still lower temperature, is shown in Fig. 14. The
curve is lower than all the previous ones in the whole
supersaturation range. The dead zone at small o is
considerably wider and there is no egress to linearity
at high supersaturations. Since adsorption is always
exothermic, at lower temperatures impurity adsorption
of both kinds of impurities, discussed above, is higher.
Moreover, with decreased concentration of the solution,
v [see (8)] and R are lower, exposure times of the terraces
between steps are greater and the quantity of adsorbed
impurity is further increased. These combined effects
lead to a wider o region of action of both impurities and
stronger impurity influence on growth.

4. Discussion

We have discussed in a number of examples that
kinetic measurements and morphological observations,
performed by LMI, can be used to draw valuable
information on protein crystal growth. Further, we shall
discuss how this knowledge is related to the growth
mechanism and to the growth of better protein crystals.

We have presented some strong evidence that when
lysozyme crystals grow by dislocation-layer generation,
growth is influenced by impurities. The impurity is
adsorbed on the terraces between steps on the crystal
surface. At higher growth rates, the interval between
passing steps gradually becomes shorter than the char-
acteristic adsorption time of the impurity. This leads
to non-linear acceleration of growth and, eventually,
to growth not influenced by the impurities (§3.2). If
the impurities are denatured lysozyme molecules we
might expect their number and influence to increase with
the time the solution is kept. We saw, however, that
impurity-influenced growth rate does not change even
after 1 month, although the kinetics of pure lysozyme
at higher supersaturations actually changed with time
(§3.6). Thus, we conclude that the impurity species,
acting at intermediate o, is most probably some other
protein molecule(s), often present in the solution (Weber,
1991; Lorber et al., 1993).
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At still higher supersaturations, layer generation by
surface two-dimensional (2D) nucleation becomes more
intensive than by dislocations and crystal growth pro-
ceeds by the 2D nucleation growth mechanism (§3.1).
At low supersaturations the surface is sometimes poi-
soned and growth may even stop due to some different
impurities (§§3.1 and 3.3).

Non-linear increase of growth rate of HEW lysozyme
in the same region of supersaturation has been observed
by several previous authors (Fiddis et al., 1979; Durbin
& Feher, 1986; Pusey, 1992). In those cases R was
measured as enlargement of a certain face in time.
This method is slow, allowing few measurements to be
carried out and, especially in the region of dislocation
growth, symmetric faces may contribute differently to
the enlargement, which leads to inaccuracy. Moreover,
no morphological observations were possible simultane-
ously. In earlier studies it was thought that the non-
linear R(o) is due to the surface-nucleation mechanism
since the classical dislocation theory predicts a weaker
R(o) relation. Our investigation clearly indicates (see
Figs. 3, 5 and 7) that at ¢ up to 1.6 growth layers
are generated by dislocations, around which growth
hillocks are formed. Further, the non-linear growth was
formerly ascribed to increased concentration of clus-
ters of lysozyme molecules at higher supersaturations
(Pusey, 1992; Wilson & Pusey, 1992), though no direct
experimental evidence was provided. The hypothesis of
acceleration due to growth by clusters cannot explain
the S-shapes of R(o) and v(o) curves (Fig. 8), the
dependence of step velocity on the hillock slope (Fig.
10) and the much lower growth rates and step velocities
in the less pure solution (Fig. 11). In the only former in-
vestigation on estimated v versus o dependence (Durbin
& Feher, 1990), the non-linear increase was supposed
to be due to some co-operative effects. In a broader

293 K

278.2 K
4

Experiment F
(101) Lysozyme face
C=1.36%

1
| 4

e
Q .

v(10 8ms™")
~N
T

0 L | . B N S | 1
0 0.4 0.8 1.2 1.6
o =1In[C/S(T))

Fig. 14. Step velocity v versus supersaturation o dependence for experi-
menl F. The concentration of the solutions is shown in the label. The
temperature range of the measurements is indicated on the upper o
axis. Note the expanded scale of the v axis.



PETER G. VEKILOV, MITSUO ATAKA & TATSUO KATSURA

sense, the model described above may be considered as
a co-operative step motion effect. Now we have added
substantial details to the understanding of this step—step
interaction.

Our growth experiments were carried out in unstirred
solutions, where diffusion transport through the solu-
tion may play an important role (Kam et al., 1978).
We counterpoised above the kinetic quantities with the
bulk supersaturation o, while surface processes actually
depend on the surface supersaturation o,. In a stagnant
solution they are connected by (Chernov, 1984),

os = o[l +(Bpr/D)]. (10)
Here r is the radius of the sphere inscribed in the
crystal, for the smallest of our seed crystals r = 0.35 mm,
D =103 x 10°m?s! is the diffusion coefficient of
lysozyme in the solution (Mikol et al., 1990). For our
system, (10) yields that the surface supersaturation is
proportional to the bulk supersaturation and is slightly
lower (by ~10%) than it. The diffusion coefficient for
lysozyme is only a few times less than for low molecular
weight substances, while the kinetic coefficient 3 is three
orders of magnitude smaller. This leads to relatively fast
diffusion, followed by slow surface kinetics, which thus
becomes the rate-limiting stage. These theoretical con-
siderations are confirmed by the following experimental
observations: in different experiments with crystals from
0.7 to 2 mm large [with different r in (10)] and hillock
slope in the range 1.1 x 102-1.6 x 1072 the Kkinetic
measurements coincided under identical conditions. A
more definite conclusion requires changing hillock slope
in the course of one experiment (Vekilov & Nanev, 1992)
or growth measurements in stirred solutions (Vekilov et
al., 1992a).

The product 2C in (8) reflects the change of molecular
density (molecules per unit volume) upon crystallization.
Its value (see §3.2) is QC = 0.03. In silver electro-
crystallization from a 6 N solution QC = 0.05 (Vekilov
& Nanev, 1992): the two values are close to each
other. Lysozyme growth rate is, however, three orders
of magnitude smaller, resulting from the much smaller
(. The conclusion here is that the low R characteristic of
protein crystals is due to a slow rate of incorporation of
solute molecules into steps and not to the solution being
very dilute in terms of molecules per unit volume.

This small B value as compared to low molecular
weight substances is not a consequence of high
activation-energy barriers (§3.7). This should not
be surprising. Usually, the activation energy for
incorporation into steps is associated with the necessity
for solute molecules to shed off their hydration cover
before entering the crystal (Burton et al., 1951; Chernov,
1961). This process is not necessary when protein
molecules crystallize, since protein crystals contain
30-70wt% water and can be regarded as a very
concentrated solution. Therefore, the activation-energy
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barrier becomes smaller for protein molecules. The
main difficulties for entering the steps should then be
for entropy reasons. Statistically this could mean that
only very few of the protein molecules, approaching an
existing growth site on the step, have the correct
orientation to be incorporated into the crystal.

Although the activation energy for crystallization of
lysozyme is very small, temperature has a strong effect
on the growth of the crystals (Fig. 14). Temperature
influences protein crystal growth via two pathways. At
a lower temperature the protein concentration, necessary
to keep the same supersaturation, will be lower [(6) and
(5)]1 and this leads to smaller v and R, according to
(8). Further, since adsorption is usually exothermic, at a
lower temperature the surface concentration of impurities
will be higher and their effect on the growth processes
stronger.

Growth sometimes stopped at low supersaturations
(883.1, 3.3). Unlike previous reports (Kam et al., 1978,
1980), when supersaturation was increased, the crys-
tal growth started again; this was repeatedly observed.
Therefore, we concluded that this type of growth cessa-
tion is due to surface adsorption of impurities and not to
accumulation of impurities or other defects in the bulk
of the crystal.

Another type of growth cessation occurred when
the source material was not of the highest possible
purity (§3.5). In the course of measurements, growth
rate dropped, then growth stopped and did not restart
at any supersaturation. Observing the changes that had
occurred in the unused solution, we concluded that the
reason for this could be some chemical (or biochemical)
reaction between lysozyme and the impurity in the
solution resulting, possibly, in a form of denatured or
conformationally changed protein. We could not decide
whether the new substance is accumulated in the bulk of
the crystals or again adsorbed on the terraces between
steps. It is difficult to accurately quantify the impurity
concentration, but it must be emphasized that our sample
is ‘pure’ from analytical viewpoints. We can say that the
growing crystal surface can probably differentiate at least
some impurities better than nearly all other analytical
techniques.

As to the nucleation event that occurs prior to crystal
growth, we are carrying out another series of studies.
From an analysis of the concentration decrease in the
solution due to the combined effect of nucleation and
growth, we have shown that the critical nucleus most
probably consists of three or four molecules (Ataka
& Asai, 1990; Bessho et al., 1994). Aggregation of
lysozyme molecules in precrystalline solutions was also
recently studied by small-angle neutron scattering (Ni-
imura et al., 1994). It is probable that the solution from
which crystals grow has complex structures. However,
we must also point out that there is evidence that the
major growth unit is a monomolecular entity (Azuma et
al., 1989). Therefore, in the crystal-growth process we
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are observing here, the final crystallizing unit is probably
a single lysozyme molecule. This also means that the
precrystalline aggregates are not likely to be the major
‘impurity’.

Based on the above conclusions about the growth
processes of protein crystals, we can formulate some
recommendations to grow larger and more perfect crys-
tals. The most important recommendation is highest
purity. Even scarce amounts of a foreign substance may
be adsorbed and accumulated on the growing surface.
As shown here, even if pure by most of the modem
biochemical analysis methods, the source material may
contain impurities which influence crystal growth. On
the surface, the impurities make step motion irregular,
they produce macrosteps, they may be incorporated into
the crystal, and all these lead to point defects, disloca-
tions, inclusions and other unwanted features, decreasing
the X-ray diffracting ability of the crystals. Further, it
could be worth trying to work at temperatures higher
than 277K (as often used) since at lower temperature
the impurity effects are much stronger.

Dislocation growth, in which considerably large por-
tions of the face grow by layers of the same growth
hillock, is more regular than growth by two-dimensional
nucleation, where for each layer nuclei are formed at
different spots. Therefore, it might prove fruitful to
grow the crystals at not so high a supersaturation in
the dislocation-controlled region. On the other hand, at
low supersaturations, growth is powerfully influenced by
impurities and so an intermediate supersaturation should
be the optimal settlement. These considerations correlate
with a result by Ataka & Tanaka (1986) that the largest
lysozyme crystals are obtained at concentration to solu-
bility ratio C/S = 2.5-4.0, corresponding to o = 0.9-1.5
and this is the region where we observed dislocation
growth which was not influenced by impurities.
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