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Abstract: To start systematically investigating the quality improvement of protein crystals, the elementary growth proc-
esses of protein crystals must be first clarified comprehensively. Atomic force microscopy (AFM) has made a tremendous
contribution toward elucidating the elementary growth processes of protein crystals and has confirmed that protein crys-
tals grow layer by layer utilizing kinks on steps, as in the case of inorganic and low-molecular-weight compound crystals.
However, the scanning of the AFM cantilever greatly disturbs the concentration distribution and solution flow in the vi-
cinity of growing protein crystals. AFM also cannot visualize the dynamic behavior of mobile solute and impurity mole-
cules on protein crystal surfaces. To compensate for these disadvantages of AFM, in sifu observation by two types of ad-
vanced optical microscopy has been recently performed. To observe the elementary steps of protein crystals noninva-
sively, laser confocal microscopy combined with differential interference contrast microscopy (LCM-DIM) was devel-
oped. To visualize individual mobile protein molecules, total internal reflection fluorescent (TIRF) microscopy, which is
widely used in the field of biological physics, was applied to the visualization of protein crystal surfaces. In this review,
recent progress in the noninvasive in situ observation of elementary steps and individual mobile protein molecules on pro-

tein crystal surfaces is outlined.

Keywords: Adsorption, advanced optical microscopy, elementary steps, impurity effect, in situ observation, single molecule

visualization, surface diffusion, two-dimensional nucleation.

INTRODUCTION
A General Picture of Protein Crystal Growth

Studies on the growth mechanisms of protein crystals
started in the mid-1980s. In the beginning, it was thought
that crystal growth mechanisms unique to biological materi-
als existed. However, subsequent research clarified that the
crystal growth mechanisms of proteins are essentially identi-
cal to those of inorganic and low-molecular-weight com-
pounds [1-6]. In other words, solute molecules are also in-
corporated into kinks on elementary steps on protein crystal
surfaces (schematically shown in Fig. (1)). These steps are
the growing ends of ubiquitous molecular layers with the
minimum height determined by the size of the molecules and
crystal structures. Utilizing the growth of elementary steps in
the lateral directions, protein crystals grow layer by layer, as
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Figure 1. Schematic illustration of elementary growth processes of
a protein crystal.

in the case of other crystals. Under low and medium super-
saturation ranges, elementary steps are generated by screw
dislocations and two-dimensional nucleation, while crystal
surfaces become rough at the molecular level under a high
supersaturation range. Hence, we can now apply the knowl-
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edge that was obtained from the crystal growth of inorganic
and low-molecular-weight compounds to that of proteins.

To systematically investigate the quality improvement of
protein crystals, two types of research must be carried out.
First, we need to clarify the elementary growth processes
that proceed on protein crystal surfaces. Second, we must
also investigate the correlation between the X-ray diffraction
properties of protein crystals and the types and distribution
of lattice defects generated in protein crystals. However, the
second type of research has so far been seldom performed,
showing the necessity of close collaboration between the
fields of crystal growth and structural biology. In this review,
the recent progress in the first type of research 1is explained.

Elementary Growth Processes

The growth of protein crystals includes the successive
mass transfer and surface incorporation processes of solute
and impurity molecules. The phenomena that have so far
been clarified and those that remain unsolved are summa-
rized in Table 1.

Because of the mass transfer of solute molecules from a
solution to a crystal, the solute concentration decreases, and
hence a solute-depleted zone develops around a growing
crystal [7-12]. Since this solute-depleted zone has lower den-
sity than a bulk solution, buoyancy convection arises [13,
14]. Such convection flow stirs the solution, and then en-
hances the mass transfer of solute and impurity molecules to
the crystal surface [15-19]. The use of microgravity [15, 20-
24] and gel media [25-29] significantly suppresses the con-
vection flow and mass transfer. Depending on the balance
between the mass transfer of the solute and impurity, con-
vection flow has either a positive or negative effect on crys-
tal quality [12]. Observation of the surface diffusion of sol-
ute and impurity molecules on a protein crystal surface was
inaccessible until very recently, because of the absence of
studies attempting to noninvasively observe individual mo-
bile protein molecules on protein crystal surfaces.

On the other hand, to clarify the surface incorporation
process of protein crystals, the macroscopic surface mor-
phology and the normal growth of crystal faces were first

Table 1. Growth Processes of Protein Crystals
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observed by interferometry [3, 7, 30-33] and ordinary optical
microscopy [9, 34, 35]. Subsequently, the direct visualization
of individual elementary steps by atomic force microscopy
(AFM) [1, 4, 5, 36-38], which is the most popular technique
used for the in situ observation of solid surfaces at the mo-
lecular level, confirmed that the growth of protein crystals
also involves layer-by-layer growth utilizing kinks and steps
(Fig. 1). AFM has also been used to visualize individual pro-
tein molecules that were incorporated at kink sites and in a
nucleus [39-43]. However, at solution-crystal interfaces, the
scanning of the AFM cantilever greatly disturbs the concen-
tration distribution of solute/impurity molecules and the so-
lution flow in the vicinity of the crystal surface (we will dis-
cuss this issue later in detail). AFM also cannot visualize the
dynamic behavior of mobile solute and impurity molecules
on protein crystal surfaces. Hence the dynamic behavior of

elementary steps and mobile protein molecules must be clari-
fied.

In Situ Visualization

As summarized in Table 1, to fully comprehend the ele-
mentary growth processes, we must visualize 1) elementary
steps and 2) individual mobile protein molecules without
disturbing the distribution of protein molecules and the flow
in the vicinity of a growing protein crystal.

To visualize elementary steps on protein crystal surfaces,
the authors and Olympus Engineering Co., Ltd., developed a
method of laser confocal microscopy combined with differ-
ential interference contrast microscopy (hereafter referred to
as LCM-DIM) and succeeded in their visualization for the
first time [44]. Since then, the authors [45-50], Suzuki et al.
[35, 51], and Sleutel et al. [52-54] have performed the in situ
optical observation of elementary steps on protein crystals
under various growth conditions.

To visualize individual solute/impurity molecules (sin-
gle-molecule visualization), total internal reflection fluores-
cent (TIRF) microscopy, which is widely used in the field of
biological physics (first report [55] and reviews [56-59]),
was adopted. The authors succeeded in simulating the behav-
ior of solute protein molecules on a protein crystal surface,

Known Phenomena

Unknown Problems

Mass transfer process
# Formation of solute-depleted zones

# Generation of buoyancy convection

sion of flow suppress their mass transfer.)

# Convective flow enhances the mass transfer of solute and impurity molecules (suppres-

# Contribution of surface diffusion of solute molecules at
solution-crystal interfaces

Surface incorporation process

growth mechanisms has been visualized mainly by AFM

AFM

# Advancement of individual steps by spiral growth and two-dimensional nucleation

# Incorporation of solute molecules at kink sites on steps has been also visualized by

# Effects of the scan of a cantilever of AFM

# Dynamic behavior of mobile solute and impurity molecules
on protein crystal surfaces




Elementary Growth Processes Observed by Optical Microscopy

and they observed the surface diffusion and adsorption/de-
sorption processes of individual protein molecules for the
first time [60, 61].

This review mainly consists of three parts.

First, the direct optical observation of elementary steps
by LCM-DIM is discussed. The advantages of the noninva-
sive observation and the application to the measurement of
the two-dimensional nucleation rate are presented.

Second, the single-molecule visualization of individual
mobile protein molecules on protein crystal surfaces is re-
ported. Novel mechanisms found in the diffusion and adsorp-
tion/desorption processes are demonstrated.

Finally, the simultaneous observation of elementary steps
and single molecules in the same field of view is explained,
and we give an example of the supersaturation dependence
of impurity effects.

MATERIALS AND METHODS

The {110} faces of tetragonal crystals of hen egg-white
lysozyme were observed in situ by LCM-DIM and single-
molecule visualization that was newly devised to observe the
interfaces of a solution and a protein crystal. (Fig. 2a) shows
a schematic illustration of the experimental setup.
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LCM-DIM

A confocal system (FV300, Olympus) and a diagonal
illumination system using an objective were constructed on
an inverted optical microscope (IX70, Olympus) [44]. A 20x
objective (LUCPlan F1 20x, Olympus) and a superlumines-
cent diode (Amonics Ltd., model ASLD68-050-B-FA: 680
nm), whose coherent length and full width at half maximum
were about 10 pm and 23 nm, respectively, were used for
LCM-DIM observation of elementary steps. The use of the
superluminescent diode was beneficial for removing inter-
ference fringes from LCM-DIM images.

(Fig. 2b) presents a cross-sectional view of the observa-
tion cell (1x10x20 mm?) used for observation of elementary
steps. The observation cell was made of two glass plates of
0.17 mm thickness separated by 1 mm polystyrene spacers.
The bold arrow in (Fig. 2b) indicates the interface at which
steps were observed by LCM-DIM.

The temperature increase by the laser irradiation could
not be measured within the detection limit of £0.05°C. Since
lysozyme does not have adsorption at 680 nm, no effect was
observed. If sample protein has adsorption at 680 nm, a su-
perluminescent diode of other wavelength must be used.
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Figure 2. Schematic illustrations of experimental setup. (a) LCM-DIM, single-molecule visualization system, and temperature-controlled
stage. (b) Cross-sectional views of observation chamber used for in situ observation by LCM-DIM. (c) Observation chamber for single-
molecule visualization of an oblique illumination type. Bold arrows indicate the crystal-solution interfaces at which in situ observations were
carried out. Reprinted with permission from the reference [48]. Copyright 2009 American Chemical Society.
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Single-molecule Visualization

A 60x oil-immersion objective (PlanApo 60x0O TIRFM3,
Olympus) was used for the observations of individual fluo-
rescence-labeled lysozyme (F-lysozyme) [62] and fluores-
cence-labeled dimer (F-dimer) [48] molecules on the crystal
surface. These fluorescence-labeled molecules were illumi-
nated with a 532 nm laser, and emission at >580 nm was
recorded at a frame rate of 100 ms with an electron multiply-
ing charge-coupled device camera (EM-CCD: DV887, An-
dor Technology) [61]. The 60x objective was used to ob-
serve the same field of view by LCM-DIM and by single-
molecule visualization.

A cross-sectional view of the observation cell (1x10x20
mm”®) used for the single-molecule visualization experiments
1s shown schematically in (Fig. 2¢). A tetragonal lysozyme
crystal was placed on 1 um spacer beads adsorbed on a bot-
tom glass plate [61]. The solution-crystal interface (bold
arrow in (Fig. 2¢)) was illuminated by a laser beam tilted
almost parallel to the crystal surface to avoid an increase in
the background intensity of the fluorescent light.

After the inside of the chamber was chemically washed,
tetragonal lysozyme crystals (several 100 pm in height) and
a solution containing 45 mg/ml lysozyme, 0.1 nM F-
lysozyme, and 50 mM sodium acetate (pH 4.5) were then
transferred into the chamber. The temperature of the cham-
ber was controlled at 25.0 £ 0.1 °C, at which the crystals and
the solution were in equilibrium, using Peltier elements and
water jackets. Other details of the observations have been
explained in our previous works [48, 60, 61].
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DIRECT OPTICAL OBSERVATION OF ELEMEN-
TARY STEPS

We observed in situ the {110} and {101} faces of grow-
ing tetragonal lysozyme crystals by LCM-DIM. (Fig. 3)
shows typical examples of the observations. As shown in a
sequence of micrographs, we could clearly visualize 2D is-
lands of the elementary step height (5.6 nm for the {110}
face and 3.4 nm for the {101} face [, 2, 63, 64]) by LCM-
DIM [49]. We could follow the time course of birth-and-
spread type 2D nucleation growth; on the {110} face, arrows
in the micrographs indicate the appearance of new 2D is-
lands during the time intervals between consecutive images.
Here, we only showed significant parts of the images, al-
though we observed elementary steps on whole crystal sur-
faces. LCM-DIM could also visualize dislocations that were
aligned perpendicular to the optical axis [45].

Advantages of Optical Microscopy Measurements

Here, we emphasize the importance of noninvasive ob-
servation by optical microscopy, although AFM is the most
popular type of microscopy for the observation of solid sur-
faces at the molecular level. Van Driessche and coworkers
measured step velocities as a function of supersaturation
using tapping- and contact-mode AFM in the <001> direc-
tions on {110} faces of tetragonal lysozyme (Fig. 4a) [47].
No significant difference was observed between data ob-
tained by these two AFM operational modes. We also meas-
ured step velocities by LCM-DIM and phase-shift Michelson
interferometry (PSMI) under the same conditions, and com-

Figure 3. Micrographs of 2D nucleation behaviour on {110} (a-c) and {101} (d) faces of growing tetragonal lysozyme crystals, observed by
LCM-DIM. The sequence of micrographs shows the time course of birth-and-spread type 2D nucleation growth: 0 s (a), 390 s (b), and 780 s
(c). Arrows indicate the appearance of new 2D islands during the time intervals between consecutive images. Growth conditions: 56 mg/ml
(a-c) and 40 mg/ml (d) 99.99% pure lysozyme, NaCl 25 mg/ml, in 50 mM sodium acetate buffer (pH 4.5), and at 22.0°C (a-c) and 26.0°C
(d). Reprinted with permission from the reference [49]. Copyright 2007 American Chemical Society.
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Figure 4. Step velocities measured in the long-axis direction (<001>) of 2D islands on {110} faces of tetragonal lysozyme crystals. (a) Step
velocities measured by tapping- and contact-mode AFM. C and C, indicate solute concentration and solubility, respectively. (b) Step veloci-
ties measured by AFM, LCM-DIM, and PSMI. Open triangles indicate step velocities calculated from PSMI data obtained above a critical
supersaturation (C — C, = 30 mg/mL) where 2D nucleation becomes important. Reprinted with permission from the reference [47]. Copyright

2008 American Chemical Society.

pared the results with those obtained by AFM. As (Fig. 4b)
shows, step velocities measured by optical techniques
(LDM-DIM and PSMI) are significantly smaller than those
obtained by AFM (contact mode), although the data obtained
by PSMI show scattering. These results indicate that the
movement of a cantilever significantly stirs the diffusion
boundary layer developed in the vicinity of a growing crys-
tal, increasing the solute concentration at the step edge and
the subsequent step velocity.

The use of LCM-DIM also enabled us to observe elemen-
tary steps in gel media [46]. (Fig. §) presents LCM-DIM
images of 2D islands on the {110} faces of tetragonal
lysozyme crystals, taken without (a) and with (b-d) agarose
gel. In a commercial-grade (98.5% pure) lysozyme solution,
2D islands exhibit a lens-like morphology with the ratio of
the long axis to the short axis being about 2-4 (Fig. 5a). Dold
et al. reported that with increasing purity of a lysozyme sam-
ple, the ratio of the long to short axes increased to ~6 (in a
99.99% pure lysozyme solution) [50]. As (Fig. 5) shows,
with increasing agarose concentration, the ratio of the long to

short axes also increased to about 6, demonstrating that aga-
rose gel functioned as an impurity filter that inhibited the
diffusion of impurities from a bulk solution to a crystal sur-
face.

Suzuki et al. also visualized elementary steps (7.2 nm
high) of glucose isomerase crystals under high pressure (50
MPa) [51], and reported that with increasing hydrostatic
pressure, the crystallization of glucose isomerase is acceler-
ated both thermodynamically and kinetically. LCM-DIM
will enable the visualization of elementary steps under other
extreme conditions, such as forced flow conditions, where
AFM cannot function properly.

We have further kept improving the sensitivity of LCM-
DIM by increasing signal-noise ratio and by improving po-
larization property. Consequently, LCM-DIM recently suc-
ceeded in visualizing steps of various heights on inorganic
crystals: 0.76 nm (gypsum crystals in aqueous solutions)
[65], 0.37 nm (H,O Ih ice crystals in air) [66, 67] and 0.25
nm (gold {111} surfaces in aqueous solutions) [68, 69],
demonstrating that the detection sensitivity of LCM-DIM in
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Figure 5. Micrographs of 2D island morphology on {110} faces of tetragonal lysozyme crystals: (a) no gel, (b) 0.075% (w/v), (¢) 0.125%
(w/v), and (d) 0.175% (w/v) agarose gel. Growth conditions: 40 mg/ml (a) and (d), 38 mg/ml (b), and 41 mg/ml (¢) commercial-grade
(98.5% pure) lysozyme; 25 mg/ml NaCl, in 50 mM sodium acetate buffer (pH 4.5), and at 25.0°C (a), 20.0°C (b) and (c), 19.0°C (d). Re-
printed with permission from the reference [46]. Copyright 2008 American Chemical Society.

the z direction has truly reached molecular/atomic resolution.
In contrast, in the case of transmission type optical micros-
copy, ordinary phase contrast microscopy can visualize ele-
mentary steps of tetragonal crystals (5.6 nm thick) [50] and
even Cdl; crystals (1.4 nm thick) [70], suggesting that the
combination of laser confocal microscopy and phase contrast
microscopy will show better sensitivity than LCM-DIM de-
spite the smaller feasibility.

Homogeneous and Heterogeneous Two-dimensional Nu-
cleation

Using LCM-DIM, we carried out noninvasive observa-
tion of 2D nucleation processes on tetragonal ly sozyme crys-
tals, as demonstrated in (Fig. 3). Then we measured the 2D
nucleation rate J under various conditions of supersaturation
o=In (C/C,), where C is the solute concentration and C, the
solubility, and also under various concentrations of impuri-
ties. All data are summarized in (Fig. 6) [49].

Since elementary steps on the {110} faces involve two
molecules per step [1, 2, 63, 64], we considered 2D nuclei
composed of a double layer. By modifying the classical ex-
pression for homogenous 2D nucleation [71, 72] considering
double-layered circular islands, the steady-state 2D nuclea-
tion rate, J, can be expressed as [71, 72]

K’

InJ = In(@T'Z) - ]
0= @) i rcic)’ o

where @ is the attachment frequency of a solute molecule to
a critical nucleus, TI' the Zeldovich factor, Z the 2D
concentration of solute molecules on a crystal surface, s the
area one molecule occupies inside a nucleus (s=1.06x10"’
m’) [64], x the ledge free energy of a 2D cluster, ks the
Boltzmann constant, and 7 the absolute temperature.

(Fig. 6) shows changes in InJ as a function of
I/[T°In(C/C,)]. On the {110} faces, a highly linear relation-
ship was found for all the data points under a higher super-
saturation range 0>0.80 (solid line). This result demonstrates
clearly that these data can be satisfactorily expressed by Eq.
(1) and that the impurities did not affect the 2D nucleation
rates in this higher supersaturation range; that is, homogene-
ous 2D nucleation occurred. However, the plots of lysozyme
with impurities exhibit a kink at intermediate supersaturation
0=0.80 (arrow), leading to a line with a much smaller slope
under a lower supersaturation range 0<0.80 (dash-dotted
line). This smaller slope indicates the occurrence of hetero-
geneous 2D nucleation with smaller x in this lower super-
saturation range. Even 99.99% pure lysozyme shows four
data points (broken line) at lower supersturation 0<0.80 that
deviate from the linear relationship found under the higher
supersaturation range, showing that an impurity molecule
concentration of less than 0.01% can influence the growth
kinetics of protein crystals, as in the case of inorganic crys-
tals. On the {101} faces, very similar results were obtained,
as shown in (Fig. 6) (solid line and dotted line).
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mM sodium acetate buffer (pH 4.5), and at 18.0-26.0°C. Reprinted with permission from the reference [49]. Copyright 2007 American

Chemical Society.

We also observed peculiar 2D nucleation events at rare
intervals. Arrows in the sequence of micrographs shown in
(Fig. 7) indicate the regions in which 2D islands with their
centers at the same position were generated repeatedly [49].
Note that the interstep distances of the concentric 2D islands
generated repeatedly are irregular (bars in Fig. 7). Although
two screw dislocations with opposite signs can generate a
similar surface structure composed of concentric islands, the
irregular interstep distances clearly indicate that the 2D is-
lands nucleated repeatedly at irregular time intervals at the
same site. The repeated 2D nucleation normally continued
for 3 to 4 layers and could be observed irrespective of the
supersaturation. The repeated nucleation was mainly ob-
served when impure proteins were present in the lysozyme
solutions. In the case of the 99.99% pure lysozyme solution,
the proportion of occasions on which we could find repeated
nucleation was about 20%, but it was 60% for the solutions
that contained the impurities. This is a strong indication that
the impure proteins are responsible for the repeated 2D nu-
cleation. Liu et al. [73] explained that any kind of foreign
particle and even impurity molecule can potentially serve as
a nucleation center that will promote nucleation by lowering
barriers to 2D nucleation. In addition, after the impure mole-
cules were incorporated into the crystal surface, the strain
fields generated around the impurities also played an impor-
tant role in lowering step-ledge free energies [71] and thus
promoted the 2D nucleation repeatedly, until the effects of
the strain field did not reach the crystal surface (3 to 4 layers
in this study).

The sequence of micrographs in (Fig. 8) shows 2D nu-
cleation and the subsequent lateral growth of a multilayer
island that exhibits much higher contrast than the elementary
islands [49]. In (Fig. 8a), a white arrow indicates the exis-
tence of a foreign particle on the crystal surface, since the
particle did not grow at the same rate as the other islands.
After 80 s (Fig. 8b), a 2D island appeared at this foreign par-
ticle (white arrow) and a second 2D island appeared next to
the first one (black arrow). After 230 s (Fig. 8c¢), the first
island that nucleated at the foreign particle grew over the
second island (black arrowhead). This observation demon-
strates that the first island had multiple layer height. Some-
times foreign particles adsorbed on a crystal surface were
observed at the center of the multilayer islands. In addition,
multilayer islands frequently appeared on the crystal surfaces
after the replacement of the solution inside the observation
chamber and also after the crystals were transferred from
stock tubes of seed crystals to the observation chamber. Fur-
thermore, no strong correlation was found between the pres-
ence of the impure proteins and the appearance of multilayer
islands. Taking into account these results, we concluded that
relatively large foreign particles, probably microcrystals
generated by the flow and/or collision of seed crystals fol-
lowed by adsorption on a crystal surface, are responsible for
the formation of the multilayer islands. The relatively large
height of the foreign particles is thought to have resulted in
the lateral growth of the multilayer islands.



750 Protein & Peptide Letters, 2012, Vol. 19, No. 7

Figure 7. Micrographs of repeated 2D nucleation on {110} face of
growing tetragonal lysozyme crystal taken by LCM-DIM. The se-
quence of micrographs shows the time course of repeated 2D nu-
cleation: 0 s (a), 1200 s (b), 2400 s (c), and 3600 s (d). Black ar-
rows show the regions in which 2D islands with their centers at the
same position were generated repeatedly. The repeated 2D nuclea-
tion normally continued for 3 to 4 layers. Bars indicate that the
interstep distances of the concentric 2D islands generated repeat-
edly are irregular. Growth conditions: 38 mg/ml 99.99% pure
lysozyme, 0.05% F-lysozyme, 25 mg/ml NaCl, in 50 mM sodium
acetate buffer (pH 4.5), and at 24.0°C. Reprinted with permission
from the reference [49]. Copyright 2007 American Chemical Soci-

ety.

Figure 8. Micrographs of 2D nucleation and subsequent lateral
growth of a multilayer island on a {110} face of a growing tetrago-
nal lysozyme crystal, taken by LCM-DIM. The sequence of micro-
graphs shows the time course of the multilayer island: 0 s (a), 80 s
(b), 230 s (¢), and 450 s (d). White arrows indicate the presence of
foreign particles on the surface. The black arrow shows the nuclea-
tion of a 2D island with elementary step height. Black arrowheads
indicate the positions at which the multilayer island overgrows the
single-layered islands. Growth conditions: 38 mg/ml 99.99% pure
lysozyme, 25 mg/ml NaCl, in 50 mM sodium actetate buffer (pH
4.5), and at 23.0°C. Reprinted with permission from the reference
[49]. Copyright 2007 American Chemical Society.
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SINGLE-MOLECULE VISUALIZATION ON A PRO-
TEIN CRYSTAL SURFACE

During crystal growth processes, the adsorption, surface
diffusion and desorption of molecules are essential elemen-
tary processes, and hence have attracted attention over many
years. In the field of surface physics, many scanning tunnel-
ing microscopy studies have been performed under ultra-
high-vacuum conditions to clarify the adsorption, surface
diffusion, and desorption behavior of individual adatoms and
admolecules on a wide variety of crystal surfaces. In con-
trast, in the case of growth from a solution, no one has yet
succeeded in observing mobile individual solute molecules at
an interface between a solution and a crystal, although solu-
tion-crystal interfaces have many physicochemically impor-
tant, but still unknown features, such as electric double lay-
ers, solvation, and desolvation. Our poor understanding of
the dynamic behavior at a solution-crystal interface is due to
the absence of studies on the noninvasive observation of
solute molecules at this interface at the single-molecule
level.

To achieve such visualization, we adopted a single-
molecule visualization technique, which is a popular tech-
nique in the field of biological physics and enables us to
visualize individual fluorescence-labeled molecules. We
specifically labeled only the e-amino group of the N-terminal
of lysozyme with a fluorescent reagent, tetramethylrho-
damine-5-isothiocyanate, in accordance with the recipe of
Matsui et al. [62] Since the molecular weight of a fluorescent
label after the reaction (tetramethylrhodamine) is less than
3% of that of fluorescence-labeled lysozyme (F-lysozyme),
we expect that the fluorescent label will not exert a signifi-
cant effect on the translational and rotational diffusion of F-
lysozyme. In addition, most of the molecular surface of F-
lysozyme is the same as that of native lysozyme, hence we
also expect that the interaction between an F-lysozyme
molecule and a lysozyme molecule aligned on a crystal sur-
face will be almost the same as that in the case of a native
lysozyme molecule on a crystal surface. This strong similar-
ity between F-lysozyme and native lysozyme molecules al-
lowed us to simulate the behavior of a solute molecule at a
solution-crystal interface.

Surface Diffusion on a Protein Crystal Surface

First we attempted to visualize the diffusion processes of
individual F-lysozyme molecules at the interface of a solu-
tion and the {110} surface of a tetragonal lysozyme crystal
[61]. (Fig. 9) exhibits a typical single-molecule image: the
right side of the image is a solution-crystal interface, and the
left side corresponds to a bulk solution. Individual fluores-
cent spots (for example, the open circle in (Fig. 9)) indicate
individual F-lysozyme molecules. F-lysozyme molecules
diffused at the solution-crystal interface but were not fixed
on the crystal surface ((Fig. 9) inset: the fluorescent spot
appeared to be slightly elongated in the direction of motion
of the molecule). In contrast, fluorescent spots were seldom
observed in the bulk solution (discussed later in detail). The
average number density of F-lysozyme molecules observed
at the interface was 1.8x10'" m™. From the fluorescence in-
tensity and three-dimensional diffusion rate of F-lysozyme
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Figure 9. Typical single-molecule image from in situ observation.
The right side shows a solution-crystal interface, and the left side
shows a bulk solution. Fluorescent spots (open circle) indicate indi-
vidual F-lysozyme molecules. The inset shows the time course of
the movement of a F-lysozyme molecule. Reprinted with permis-
sion from the reference [61]. Copyright 2008 American Chemical
Society.

molecules, we concluded that we cannot visualize F-
lysozyme molecules diffusing in a bulk solution, ie., the
molecules observed in (Fig. 9) strongly interacted with the
crystal surface.

We determined the positions of F-lysozyme molecules
using homemade software [74], which applied a Gaussian
fitting algorithm [75] that estimated positions to a greater
accuracy than one pixel size (87 nm). Irrespective of the
elongation of a single-molecule spot (Fig. 9 inset), we could
determine the position of the center of the spot by the Gaus-
sian fitting algorithm. (Fig. 10a) shows typical trajectories of
F-lysozyme molecules at 33 ms intervals. The use of
tetramethylrhodamine as a fluorescent label resulted in an
accuracy of position determination of +30 nm, which was
estimated from the standard deviation of the positions of F-
lysozyme molecules fixed on a glass plate. (Fig. 10a) dem-
onstrates that we could track the movements of individual F-
lysozyme molecules with sufficient accuracy for subsequent
analyses. All the crystal surfaces used in this study were
covered with two-dimensional islands, and their average
interstep distance was longer than 5 um, which was signifi-
cantly longer than the size of the area where the molecules
diffused (Fig. 10a). Hence, the diffusion observed in this
study proceeded mainly on terraces.

(Fig. 10b) presents typical changes in the mean square
displacement <d(nAt)2>‘ in two dimensions as a function of

time nAf. All plots give the appearance that they follow
straight lines, implying that their diffusion is close to simple
random diffusion. Although some of the plots appear to de-
viate from the straight lines (e.g., 1 and 3 in (Fig. 10b)), we
could not find any clear correlation among the data measured

Protein & Peptide Letters, 2012, Vol 19, No. 7 751

(a) T c-axis 3

(b) o15————————

4578%%"
L 2, 1
j_ (}.]0' AA .. ]
' [ ]
/\ L+ ]
ol 3
i~ P
S 0.05 ¥ s
S | ety e 4
v .
-
(]
0 1 L L L L L L
0 01 02 03 04 05 0.6 07 08

Time nAt(s)

Figure 10. Diffusion of individual F-lysozyme molecules at a solu-
tion-crystal interface. (a) Typical trajectories of F-lysozyme mole-
cules at 33 ms intervals. (b) Changes in the mean square displace-
ment (d(nAr)z) in two dimensions as a function of time RAZ.
Numbers by the lines correspond to the molecules shown in (a).
Reprinted with permission from the reference [61]. Copyright 2008
American Chemical Society.

for 293 F-lysozyme molecules. Hence, we carried out the
following analyses assuming simple random diffusion.

We calculated the 2D diffusion coefficient D from the
average value of (d(nA! =] 5}2) and the relation

(d(nAr)*) = 4D- nAt. @)

The 2D diffusion coefficient determined from 293 F-
lysozyme molecules was D=(6.9 £ 1.2)x10™"° m%s. It should
be emphasized that the diffusion coefficient measured at the
solution-crystal interface was 4-5 orders of magnitude
smaller than that in the bulk solution (1.1x10™'° m%s) [76].
We also experimentally determined the population distribu-
tion of the residence time of 293 F-lysozyme molecules at
the solution-crystal interface. We found that the population is
maximum at a residence time of 0.47 + 0.08 s. The average
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diffusion length of F-lysozyme molecules at the solution-
crystal interface, evaluated from the residence time giving
the maximum population, the value of D, and eq. (2), was
0.11 pum.

The result that the diffusion constant measured at the
solution-crystal interface was 4-5 orders of magnitude
smaller than that in the bulk solution clearly demonstrates
that the F-lysozyme molecules visualized at the solution-
crystal interface interacted strongly (mainly via hydrogen
bonding) with the crystal surface, and diffused slowly in two
dimensions within the range of hydrogen bonding (a distance
up to about one nm), as schematically shown in (Fig. 11). In
(Fig. 9), we also noted that the background fluorescence in-
tensity at the solution-crystal interface was significantly
higher than that in the bulk solution. This also clearly indi-
cates strong interactions from the crystal surface. Compared
with F-lysozyme molecules diffusing in a bulk solution, F-
lysozyme molecules at the maximum distance at which hy-
drogen bonding could occur (Fig. 11) interacted more
strongly with the crystal surface, and hence the concentration
of such molecules became higher. Therefore, we presume
that such molecules appeared as the blurred area in the inset
of (Fig. 11). From the slow 2D diffusion and higher back-
ground intensity at the solution-crystal interface, we con-
cluded that we observed the slow 2D diffusion of F-
lysozyme molecules within the range of interactions from the
crystal surface, although we could not completely eliminate
the contribution of the bulk 3D diffusion because of the ob-
scure border between the range of interactions and a bulk
solution. The existence of a range of interactions in which
solute molecules diffuse slowly is the largest difference from
the case of diffusion at a vacuum-crystal interface. We em-
phasize that slow diffusion of solute molecules inside a thin
2D layer (Fig. 11) presents the general picture of surface
diffusion at an interface between an aqueous solution and a
hydrophilic crystal surface, where electrostatic interactions
play a key role.

N\ AHEWLecrystal

~lnm t O O
A F-HEWL

A range of
molecule

hydrogen
bonding

A bulk solution

Figure 11. Schematic illustration of a cross-sectional view of a
solution-crystal interface and F-lysozyme molecules diffusing in the
vicinity of the interface. The inset shows a single-molecule image
of F-lysozyme molecules. The layer of 1 nm thickness on the crys-
tal surface represents the range of hydrogen bonding. Reprinted
with permission from the reference [61]. Copyright 2008 American
Chemical Society.
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To demonstrate the condensation of F-lysozyme mole-
cules at the solution-crystal interface, we measured the num-
ber density of F-lysozyme molecules at the interface. The
average number densil} measured from single-molecule im-
ages was 1.8x10"" 1/m”. In contrast, the number density of F-
lysozyme molecules inside a layer of one molecule thickness
(3.5 nm: evaluated from crystallographic data [77]), calcu-
lated from its bulk concentration (0.1 nM), was 2.1x10%
1/m*. Therefore, the surface concentration (number density)
of F-lysozyme molecules became three orders of magnitude
higher at the interface than in the bulk solution. We empha-
size that such drastic condensation at the solution-crystal
interface has been observed for the first time in this study,
and has not yet been taken into account in existing theories
of solution growth.

Adsorption and Desorption on a Protein Crystal Surface

We also attempted to visualize the transient processes
during the adsorption of solute molecules onto a crystal sur-
face [60]. We first investigated the adsorption sites of F-
lysozyme molecules on the {110} face of a tetragonal
lysozyme crystal. (Fig. 12a) shows a typical single-molecule
image: each bright dot corresponds to one F-lysozyme mole-
cule adsorbed on a crystal surface. (Fig. 12b) represents the
same field of view observed by LCM-DIM. In (Fig. 12b), a
white arrow shows the position where steps with stronger
contrast, probably corresponding to bunched steps, were
observed on the crystal surface. A comparison of images a
and b clearly demonstrates that F-lysozyme molecules were
preferentially adsorbed on steps (not on terraces). This result
suggests that the F-lysozyme molecules behaved as native
lysozyme molecules during the adsorption onto a lysozyme
crystal surface, unaffected by the presence of a low-
molecular-weight fluorescent label (<3% of the molecular
weight of F-lysozyme).

To distinguish the molecules immobilized on a crystal
surface from those diffusing on the surface, we compared the
positions of the molecules recorded in a series of time
frames. Under our experimental conditions, each fluorescent
spot exhibits a Gaussian distribution of several pixels to 6
pixels in diameter (inset of (Fig. 13¢)). When the center posi-
tions of spots in time frames were matched within one pixel
size (87 nm), we judged that such molecules did not change
their positions during that time interval. (Figs. 13a and b)
present examples of single-molecule images with a 1 s time
interval. In (Fig. 13a), circles correspond to all F-lysozyme
molecules visualized at the interface. In (Fig. 13b), circles
indicate the molecules whose positions did not change dur-
ing 1 s, i.e,, the molecules immobilized on the crystal surface
for at least 1 s. Hereafter, we define the molecules that were
immobilized on the crystal surface, as "adsorbed" molecules;
in this case, the use of this word does not include molecules
diffusing on the crystal surface.

Because of the sufficiently dilute concentration of F-
lysozyme in the solution (0.1 nM) and the very short surface
diffusion length (0.11 um), we concluded that we can reject
the case in which one molecule is desorbed and a second
molecule is adsorbed at the same location. Hereafter, we
define the time interval during which the molecule did not
change its position on the crystal surface as the residence
time 7.
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Figure 12. Images taken by single-molecule visualization of an
oblique illumination type (a) and by LCM-DIM (b). The same field
of view on the {110} face of a tetragonal lysozyme crystal was
observed by both methods 116 min after F-lysozyme molecules
were introduced into an observation chamber. (a) Each bright dot
corresponds to one F-lysozyme molecule adsorbed on the crystal
surface. The image was composed of three frame images because of
the limited field of view of the EM-CCD camera. In (b), the arrow
shows the position where steps with a stronger contrast level can be
observed, probably corresponding to bunched steps. Reprinted with
permission from the reference [60]. Copyright 2011 American
Chemical Society.
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(Fig. 13¢) is an image taken 300 s after the image in (Fig.
13a). The circles in (Fig. 13¢) indicate molecules that did not
move between the images in (Figs. 13a and ¢) and therefore
have 7 >300 s. Note that the number of molecules with 7
=300 s is significantly smaller than that with 7 >1 s (Fig.
13b), indicating significant desorption of the molecules dur-
ing this period. Most of the molecules shown in (Fig. 13¢)
(not marked by circles) appeared on the crystal surface after
(Fig. 13a) was taken.

We observed the movement of F-lysozyme molecules
using discontinuous pulsed laser illumination following the
procedure shown in (Fig. 13d). At a given elapsed time after
the introduction of F-lysozyme molecules into the observa-
tion chamber, 4, we determined the number density N of
molecules whose positions had not changed during a series
of residence times 7. Hence, the number density M(fy4, >7)
does not include molecules that were newly adsorbed during
time T after #,q4,.

We obtained systematic changes in N(t.4, =7) for various
T as a function of £,y (Fig. 14). We found an induction period
(~70 min) before the sudden increase in N(f,q4, =7). After the
induction period, N(f,s, >7) increased linearly with adsorp-
tion time. The dashed lines after the induction period in (Fig.
14) show the results of linear fitting. Our results are consid-
erably different from those of previous conventional adsorp-
tion studies [78-80], in which no induction period was ob-
served (N started to increase from z,4 = 0). The existence of
the induction period indicates that the adsorption did not
proceed through a single-step adsorption process. If a single-
step adsorption process occurred, the probability that an in-
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Figure 13. Nonensemble measurements of transient processes of adsorption on a lysozyme crystal surface. (a)-(¢c) Typical time course of F-
lysozyme molecules appearing on the crystal surface taken 61 min after the molecules were introduced into the observation chamber. Scale
bars represent 5 um. (a) Circles show all the F-lysozyme molecules visualized on the crystal surface. (b) and (¢) Circles correspond to mole-
cules whose positions did not change for periods longer than 1 and 300 s, respectively. (d) Time-sequence diagram of discontinuous pulsed
laser illumination. Reprinted with permission from the reference [60]. Copyright 2011 American Chemical Society.
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Figure 14. Changes in number density N(#,4;, >7) of F-lysozyme molecules with unchanged positions, within an accuracy of one pixel size,
for longer than the residence time 7, as a function of adsorption time t,4s. The residence time 7 was varied from 0.2 to 300 s. The total irradia-
tion time of the crystal surface with the discontinuous pulsed laser illumination was 31 s, and the step density of the observed crystal surface
was 0.12 um™!. Reprinted with permission from the reference [60]. Copyright 2011 American Chemical Society.

dividual molecule overcame the activation energy barrier to
the process would be proportional to the number of attempts,
1.e., to the elapsed time, t,4. Therefore, the results shown in
(Fig. 14) suggest that the adsorption proceeded through a
series of successive multistep processes. We consider that
dehydration of protein molecules is a likely cause for the
series of successive multistep processes occurring during
adsorption, although we do not have any experimental evi-
dence for this hypothesis.

Furthermore, (Fig. 14) shows that with increasing 7 at the
same fugs, Mfaas, =7) becomes significantly smaller. This re-
sult clearly demonstrates that stronger adsorption with a
longer 7 is less likely than weaker adsorption with a shorter
7, implying that the adsorption of molecules onto the crystal
surface becomes gradually stronger over a number of trials.
The gradual immobilization of solute molecules on the crys-
tal surface corresponds to the gradual change in the order
parameter during the transition from solute to solid states.

OBSERVATION OF IMPURITY EFFECTS BY LCM-
DIM AND SINGLE-MOLECULE VISUALIZATION

Generally, impurities are considered to affect the growth
process after they are adsorbed on a crystal surface. Thus, to
fully comprehend the mechanisms of impurity effects, one
must observe, in situ, both 1) the dynamics of elementary
steps and 2) the adsorption of impure molecules on the crys-
tal surface, at the molecular level. In this study, we used
LCM-DIM and single-molecule visualization of an oblique
illumination type, and simultaneously observed elementary
growth steps and fluorescence-labeled protein molecules on
the {110} faces of tetragonal crystals [48].

As protein impurities, we used F-lysozyme, dimer of
lysozyme, and 18kDa protein (the last two are major impuri-

ties of the Seikagaku lysozyme) [81]. We also used F-
lysozyme and fluorescence-labeled dimer of lysozyme (F-
dimer) to observe the adsorption sites of these proteins on a
crystal surface. From these in situ observations, we at-
tempted to directly clarify the relationship between the ad-
sorption sites of impurities on a crystal surface and the ef-
fects of the protein impurities on the advancement of ele-
mentary steps.

Before showing the details of experiments and their re-
sults, we supplement the effects of the fluorescence label of
F-lysozyme. For the surface diffusion, adsorption and
desorption processes of F-lysozyme molecules on a crystal
surface, we can expect that the fluorescence label does not
give significant effects. In contrast, F-lysozyme molecules
effectively suppress the growth of tetragonal lysozyme crys-
tals as impurity [62], since the fluorescence label is located
at a molecular surface of lysozyme inside of the intermolecu-
lar contact area in a tetragonal crystal. Then once an F-
lysozyme molecule becomes adsorbed on a tetragonal-crystal
surface, the fluorescent label blocks the formation of subse-
quent intermolecular contact, causing significant impurity
effects.

We measured step velocities of 2D islands in the long-
axis direction, since the growth in the long-axis direction is
more affected by impurities than that in the short-axis direc-
tion [50]. Then to evaluate the effects of these protein impu-
rities quantitatively, we calculated the ratios R of the step
velocity in the 99.99% pure lysozyme solution, Vo990 purity, t0
the step velocities in the solutions containing impurities, vg.
lysozymes Vdimer> VigkDa, 4Nd Vog 504 purity. at the same supersatura-
tion. Thus, the ratio R corresponds to the amount of suppres-
sion of the step velocity by impurities compared with that in
the case of the 99.99% pure solution.
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To calculate the ratio R, we fitted all the experimental
data (v vs C-C, plots) with a local polynomial regression
(LOESS) [82, 83]. Using the values obtained from the
LOESS fits, we calculated the ratio R at the same supersatu-
ration (Fig. 15). Since, in the curve fitting, the typical error
in the step velocity measurement at a given supersaturation
was about 1% for 99.99% pure lysozyme solutions and 3%
for Seikagaku lysozyme solutions, the step velocity meas-
urement was sufficiently accurate. Hence, the error in the
ratio R mainly originated from the local polynomial regres-
sion. The error bars shown in (Fig. 15) were calculated from
the standard error (90% statistical significance) of our fitting
model and the propagation of errors.

As shown in (Fig. 15), the value of R increased with in-
creasing impurity concentration for all three protein impuri-
ties, showing the stronger suppression of the step velocity
with increasing impurity concentration. However, the differ-
ent protein impurities have different R values and also show
different supersaturation dependences of R. Taking into ac-
count the large error of the ratio R in the low supersaturation
range (in particular, C-C.<10 mg/ml), the differences in the
values and shapes of the R vs supersaturation plots are still
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significant. For the same impurity, the shape of the R vs su-
persaturation plot does not change regardless of the impurity
concentration.

As shown in (Fig. 12), F-lysozyme was preferentially
adsorbed on steps (more precisely, kinks). Then we also ob-
served the adsorption sites of the F-dimer on the {110} face
of a tetragonal lysozyme crystal. (Fig. 16a) shows a typical
single-molecule image; each bright dot corresponds, in prin-
ciple, to one F-dimer molecule adsorbed on the crystal sur-
face. (Fig. 16b) indicates the same field of view as that ob-
served by LCM-DIM. The arrows show the positions of
bunched steps on the crystal surface, and an arrowhead indi-
cates the position of an elementary step. A comparison of
(Figs. 16a and b) clearly indicates that F-dimer molecules
are adsorbed randomly on terraces of the {110} face, in con-
trast to the case of F-lysozyme. The results shown in (Figs.
12 and 16) experimentally suggest that a microheterogeneous
protein impurity molecule, for which the intermolecular
bonding to the crystal surface is similar to that of a solute
molecule, is preferentially adsorbed on a step (i.e., kink), and
that a microheterogeneous protein impurity molecule with
different intermolecular bonding from that of a solute mole-
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Figure 13. Changes in the ratios R of the step velocity in a 99.99% pure solution, voo 90 purity, to those in solutions containing impurities, vg.
Iysozymes Vdimer> Vimer» A1d Vog 59 purity» a8 a function of supersaturation. R was calculated from the fitted curves of v vs C-C, plots. Here C is the
solute concentration and C, the solubility. The errors were evaluated from the standard error (90% statistical significance) and the propaga-
tion of errors. All crystals were grown from 99.99% pure lysozyme solutions with a concentration of 40 mg/ml. Protein impurities added
intentionally: (a) 0.01-0.1 wt% F-lysozyme, (b) 0.05-1.0 wt% dimer, (¢) 0.1-1.0 wt% 18kDa protein molecules, and (d) 0.5 wt% dimer and
1.0 wi% 18kDa protein molecules. In (d), the results for Seikagaku lysozyme (98.5% purity) solutions of 40 mg/ml are also plotted. Other
growth conditions: 25 mg/ml NaCl, in 50 mM sodium acetate (pH 4.5), and at 18.0-26.0°C. Reprinted with permission from the reference

[48]. Copyright 2009 American Chemical Society.
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Figure 16. Adsorption sites of F-dimer on {110} surface of tetragonal lysozyme crystal. The same field of view was observed by single-
molecule visualization of an oblique illumination type (a) and by LCM-DIM (b). (a) Each bright dot corresponds to one F-dimer molecule
adsorbed on the crystal surface. (b) Arrows show the positions of bunched steps on the crystal surface, and an arrowhead indicates the posi-
tion of an elementary step. Conditions: 99.99% pure lysozyme solution of 27 mg/ml, 0.1 nM F-dimer, 25 mg/ml NaCl, in 50 mM sodium
acetate (pH 4.5), and at 24.0°C. Reprinted with permission from the reference [48]. Copyright 2009 American Chemical Society.

cule is preferentially adsorbed on different sites of the crystal
surface.

From the difference in the adsorption sites of F-lysozyme
and F-dimer, we attempted to explamn the different de-
pendences of the ratio R on supersaturation shown in (Fig.
15). Impurity models can be essentially divided into two
groups. (I) The adsorption of impurity molecules at kink
sites leading to kink blocking; this was first proposed by
Bliznakov [84], and presented more extensively by Chernov
[71]. (II) The adsorption of impurity molecules on terraces
(or steps) leading to step pinning, which was first described
in the pioneering work of Cabrera and Vermileya [85]. A
more exhaustive overview of impurity models can be found
in the work of Sangwal [86]. We attempted to explain our
observations by taking into account these two impurity mod-
els.

For F-lysozyme, steps (more precisely, kinks on steps)
are the major adsorption sites. The movement of a growth
ledge (i.e., step) is simultaneously caused by the different
rates of attachment of growth entities at incorporation sites
(kinks) occupied and unoccupied with impurities [87]. Under
a low supersaturation range, F-lysozyme molecules have
sufficient time for adsorption because of the slow advance-
ment of steps. Hence, in this supersaturation range, it is rea-
sonable to assume that the adsorption and desorption of F-
lysozyme molecules on a step (i.e., kinks) reach equilibrium:
Le., the ratio of the number of kinks occupied by impurities
to the total number of kinks on a step becomes constant irre-
spective of supersaturation [88], as schematically shown in
(Fig. 17a). Under a low supersaturation range, since the ratio
of the number of kinks occupied by impurities to the total
number of kinks on a step is constant, the v vs C-Ce plot
follows a line (labeled "impure" in (Fig. 17b)) with a con-
stant slope and a kinetic coefficient smaller than that in the
case of a pure sample.

With increasing supersaturation, the increase in step ve-
locity decreases the exposure time of adsorption sites to im-
purities in a solution [88], and this tends to decrease the im-
purity effects (i.e., fewer kink sites are blocked by impurity
molecules). Hence in an intermediate supersaturation range,

with increasing supersaturation, the ratio of the number of
kinks occupied by impurities to the total number of kinks on
a step decreases and finally reaches zero under a high super-
saturation range (Fig. 17a). Therefore, under a high super-
saturation range, the v vs C-Ce plot follows the line that is
observed in the case of the pure sample (labeled "pure" in
(Fig. 17b)). Under an intermediate supersaturation range, the
transition of the v vs C-Ce plot from the impure line to the
pure line is observed. According to such a picture, the phe-
nomena that we observed can be explained as follows (Fig.
17¢). Under a low supersaturation range, the degree of the
impurity effect (the ratio R) remains constant with increasing
supersaturation, and in the middle and high supersaturation
ranges, R decreases with increasing supersaturation.

In the case of the dimer, terraces are the major adsorption
sites on the {110} faces (Fig. 16). Thus, to describe the im-
purity effects of the dimer on step advancement, we follow
the step-pinning model [85], in which the impurity effect is
analyzed by comparing the critical curvature of a step to the
average spacing of adsorbed impurities.

Under a low supersaturation range, dimmers show equi-
librium adsorption on a terrace, as schematically shown in
(Fig. 18a). In (Fig. 15b), we did not observe a plateau under
a low supersaturation range, where R remained constant.
This result can be satisfactorily explamed by taking into ac-
count the supersaturation dependence of the radius of the
critical nucleus, Assuming a circular 2D nucleus, its critical
radius O, is inversely proportional to AU, where AU is
the chemical potential difference between molecules in a
crystal and a solution. Hence, with increasing supersatura-
tion, p,,., decreases (Fig. 18b). On the other hand, the dis-
tance d between adjacent dimer molecules adsorbed on a
terrace can be expressed as d = 1/4/N,,, , where Nap is the
number of dimer molecules adsorbed per unit area. When
d <2p,,, . steps stop advancing (supersaturation range I in

(Fig. 18b): in this region, R cannot be defined. However in
supersaturation range II (Fig. 18b), where the equilibrium
adsorption of the dimer still exists, with increasing super-
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Figure 17. Schematic illustrations of impurity effects of F-lysozyme. Supersaturation dependences of number density Nip [1/m] of adsorbed
F-lysozyme on a step (a), step velocity v (b), and ratio R (c). Using )‘D (average distance between kinks) and ’1;' (average distance between
free kinks), Np is expressed as N,, =1/4,—1/4, (0<N,, <1/A,). Reprinted with permission from the reference [48]. Copyright 2009

American Chemical Society.
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Figure 18. Schematic illustrations of impurity effects of dimer. Supersaturation dependences of number density Nyp [1/m?] of adsorbed di-
mer on a terrace (a), d (distance between adjacent dimer molecules adsorbed on a terrace) and p_. (radius of a critical 2D nucleus) (b), and

ratio R (c). Here, d is calculated as d=1/4/N,, - Reprinted with permission from the reference [48]. Copyright 2009 American Chemical

Society.

saturation, a decrease in P, results in a decrease in the
impurity effect (i.e., R). In supersaturation range III, the de-
crease in P, and the increase in d decrease the impurity

effect with increasing supersaturation. The supersaturation
range observed in (Fig. 15b) corresponds to the ranges II and
III in (Fig. 18c¢).

For the 18kDa impurity protein, we observed a very simi-
lar dependence of R on supersaturation to that observed for
the dimer (Figs. 15b and ¢). Taking into account the fact that
the intermolecular bonding between a 18 kDa molecule and a
crystal surface is different from that in the case of a native
lysozyme molecule, it seems reasonable to assume that 18
kDa molecules are also adsorbed randomly on terraces, as in
the case of the dimer.

The impurity effects observed for Seikagaku lysozyme
were more complex (Fig. 15d), and could not be reproduced
using the solution containing 0.5 wt% dimer and 1.0 wt% 18
kDa molecules, although these are the main impurities in-
cluded in Seikagaku lysozyme [81]. This result indicates that
trace amounts of other impure molecules present in Seika-
gaku lysozyme play a significant role in exhibiting the impu-
rity effect.

CONCLUSION

In this review, we demonstrated that the visualization of
elementary steps and single protein molecules on protein

crystal surfaces is a powerful means of studying the elemen-
tary growth processes of protein crystals. Utilizing this
means, research in the field of crystal growth should move
toward clarifying the mechanisms of defect generation in
protein crystals. In addition, as described in the introduction,
it is necessary to investigate the correlation between lattice
defects and the diffraction properties of protein crystals. To
achieve this, close collaboration between the fields of crystal
growth and structural biology will be indispensable.

Finally, we remark on another direction of future re-
search. Since protein molecules are much larger than inor-
ganic salts and low-molecular-weight compounds, in situ
observation of their elementary growth processes is much
easier. Hence, utilizing the similarities between the growth
mechanisms of protein crystals and inorganic/low-molecular-
weight-compound crystals, protein crystals may become a
promising model system for elucidating many physico-
chemically important but still unknown phenomena occur-
ring at solution-crystal interfaces, such as electric double
layers, solvation, and desolvation.
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