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Abstract—Crystallization of lysozyme from solutions has been studied by the atomic force microscopy
method. The surface morphology and the growth kinetics of several faces of the orthorhombic and monoclinic
modifications of lysozyme crystals are considered. The surface images are obtained at molecul ar resol ution. For
the (010) face of orthorhombic lysozyme, the phenomenon of the surface reconstruction is established—dou-
bling of the unit-cell parameter along the a-axis. The main growth parameters of lysozyme are determined—
the kink density at steps, probabilities of the attachment and detachment of building blocks, the kink and step
velacities, and the dependence of the fluctuation in the step position on time. © 2002 MAIK “ Nauka/Interpe-

riodica” .

INTRODUCTION

Lysozyme is a protein with a well-known primary
structure. It is a comparatively small protein with a
molecular mass of about 14000; it consists of
129 amino acid residues forming one polypeptide
chain. Tetragonal lysozyme has three water molecules
per each amino acid, whereastwo other lysozyme mod-
ifications have two water molecules per amino acid.
A lysozyme molecule in solutions has an almost €llip-
soidal shape with dimensions of 2.8 x 3.2 x 3.0 nm [1]
and avolume of 2.7 x 1020 cm?.

Lysozyme has six crystalline modifications—tetrag-
onal, orthorhombic, monoclinic, trigonal, triclinic, and
hexagonal. Crystallographic data for the first three
modifications are listed in Table 1. The volume of a
lysozyme molecule in an orthorhombic crystal equals
6x 10 cm?® and, in a monoclinic crystal, 10.7 x
10720 cm?. Two projections of an orthorhombic lysozyme
gtructure, which includes about 40% of the solvent
(the ac-projection and the ac-projection constructed in
thisstudy by the data of [4]) are shownin Fig. 1.

The tetragonal modification is studied in detail by
the atomic force microscopy (AFM) method. The first
attempt to study growth of tetragona lysozyme by
AFM was made by Durbin and Carlson [5], who

Table 1. Crystalographic datafor lysozyme crystals

observed the macrostep motion and two-dimensional
nucleation on the crystal surface. Radmacher et al. used
AFM to study adsorption of lysozyme molecules on
mica; they also determined Young's modulus for a
monomolecular layer (0.5 + 0.2 GPa) [6]. Konnert et al.
[7] and Kuznetsov et al. [8] managed to attain molecu-
lar resolution at the crystal surface. The growth mecha
nisms of tetragonal lysozyme crystals were also estab-
lished by AFM [7, 9-11]. The defect formation at the
surface of a growing lysozyme crystal was studied in
[9, 12-14]. The building blocks of a tetragonal
lysozyme crystal were considered by Wiechmann et al.
[15], who also established that a kink at a step whose
rise is equal to one unit-cell parameter (the unit cell
containing four molecules) can travel for a distance of
90 nm for 0.08 s, which corresponds to the incorpora-
tion into the step of ten tetramers. They also assumed
that such afast tetramer incorporation is possible only
if lysozyme molecules form aggregates in the solution
which, later, are incorporated as a whole into the kink.
Nevertheless, Wiechmann et al. [15] did not exclude
possibleincorporation of monomers and not aggregates
into the kink, because, within the measurement time
(0.08 9), individual molecules could aso quickly fill the
Kink.

Symmetry Sp. gr. Unit-cell parameters z Reference
Tetragonal P452,2 a=b=7873A,c=3856A 8 [2]
Orthorhombic P2,2:2, a=5651A,b=7362A,c=3051A 4 [2]
Monoclinic P2, a=280A,b=625A,c=609A, =908 4 [3]
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Fig. 1. Molecular packing in an orthorhombic lysozyme crystal. Schematic depiction of the unit cell with macrobonds. On the
left, projection in the ac plane; on the right, projection in the ab plane. For a clearer representation, the molecules are numbered

(from 1to 4).

Unlike previous works, we studied crystallization of
orthorhombic and monoclinic lysozyme modifications.
The point is that the formation of severa lysozyme
maodifications under aimost equivalent conditions and
close temperatures is still unclear. One of the possible
explanationsfor thisfact istheformation inthe solution
of clusters with different dimensions and structures.
Upon determination of the size of the kinks attaching
building blocks, and, moreover, upon observing these
building blocks in an atomic force microscope, one
can attempt to verify the above hypothesis. Although
we failed to answer this question unambiguously, we
managed to reveal a number of other interesting phe-
nomena.

STARTING MATERIALS AND METHODS

The working solutions for the synthesis of orthor-
hombic and monoclinic lysozyme crystals (5 wt %
lysozyme, 5wt % NaCl, pH 4.6, corrected with the aid
of HCl or NaOH and 1 wt % lysozyme, 2 wt % NaNO;
in 50 mM solution of an acetate buffer with pH 4.6,
respectively) were prepared from sixfold recrystallized
lysozyme (Seikagaku Corp., Japan). We used distilled
water with aresistivity of 16 MQ cm.

Orthorhombic crystals were obtained by the method
of spontaneous crystallization as follows. Disklike
glass substrates with adiameter of 1 cm and a thickness
of 0.5 mm used in the AFM studies were placed into
solution thermostated at t = 40°C. The substrates were
suspended vertically to decrease nucleation. Then the
solution temperature was slowly lowered (to avoid
mass crystallization) to 35°C. Severa hours later, the
first crystals appeared on the disks (from several crys-
tals to several dozens of crystals), whose dimensions
ranged from dozens of microns to one to two millime-
ters. In some instances, prior to the formation of the
orthorhombic phase, the working solution became tur-
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bid because of the formation of a large number of uni-
dentified needlelike crystals. This effect was described
in detail elsewhere [16].

Monoclinic lysozyme crystals were obtained in a
similar way at room temperature. Later, we also grew
lysozyme crystals by the sitting-drop method. With this
aim we placed glass substrates on a support into a ther-
mostated vessel in the horizontal position, poured the
precipitant into the bottom of the vessel, and applied a
droplet of the working solution to the upper surface of
each substrate. This method provides growth of large
higher quality crystals on the substrates. This method
also considerably simplifies the transfer of crystals on
the substrates into the growth cell of an atomic force
microscope.

During the experiment, supersaturation s was varied
by changing the solution temperature, s = exp(AW/ksT) —
1=CI/C, -1, where C and C, are the real and equilib-
rium solution concentrations, kg is the Boltzmann con-
stant, and Ay is the chemical potential. The solubility
data Cy(T) for orthorhombic and tetragonal crystalsin
the solutions of the composition used in our experi-
mentswithin awide temperature range were taken from
[17] and are presented in Fig. 2. As far as we know,
there are no data on solubility of monoclinic lysozyme.
Since the growth rate of lysozyme in our experiments
was rather low, the sol ution concentration was assumed
to be constant, and supersaturation could be varied by
changing C,. To determine the concentration, we took a
100-pl sample from the growth cell and diluted it in
10 ml of 5-wt % NaCl solution. The concentration was
determined with the aid of the calibration curve by
measuring the optical density of the solution at awave-
length of 281 nm.

The surface morphology of the crystals was studied
in aliquid cell of a Nanoscope-3 atomic force micro-
scopein the contact mode. The test measurementsin the
tapping mode yielded images of much worse quality.
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Thetypical scanning frequency (512 lines) was 10 Hz.
When scanning the sample, we maintained the mini-
mum possible tip-sample force to avoid sample
destruction. We used commercial Nanoprobe cantile-
vers (SigN, tips; mechanical rigidity of the cantilever
0.06-0.38 N/m; gold coated reflecting cantilever sur-
face) and MikroMasch CSC12 cantilevers (Si tips,
mechanical rigidity of the cantilever 0.03-0.08 N/m,
aluminum coated reflecting cantilever surface). The
images obtained with the use of different tips were of
the same high quality. Gold-coated cantilevers pro-
vided a more pronounced total signal (more reflected
light), whereas the aluminum-coated cantilevers pro-
vided a higher temperature stability because of alower
thermal bending of the two-layer cantilever.

The data obtained were processed with the use of
specialized Femtoscan software (Center of Advanced
Technologies, Moscow, Russia).

SURFACE STRUCTURE AT MOLECULAR
RESOLUTION

The high-resolution surface image of the (010) face
of an orthorhombic lysozyme crystal isshownin Fig. 3.
The image is quite typical. To each protrusion, there
corresponds one unit cell containing four lysozyme
molecules. For this face, two molecules are located on
the surface, and two other molecules are located under
the former two. The cantilever tip of an atomic force
microscope passes around two lysozyme molecules on
the surface shownin Fig. 3. Therefore, theimage shows
not the individual molecules but the protrusions corre-
sponding to these two molecules. The unit-cell dimen-
sions practically coincide with the dimensions obtained
by the X-ray diffraction method. It is rather difficult to
compare quantitatively the unit-cell dimensions
obtained by these two methods because, strictly speak-
ing, a Nanoscope-3 microscope is not a metrological
instrument and the accuracy of the corresponding mea-
surements limited by the temperature-induced mechan-
ical drift, nonlinearity, hysteresis, and creep of the
ceramicisat alevel of 10%.

The image in Fig. 3 was obtained at the minimum
possible tip—sample force that can be achieved in a
Nanoscope-3 microscope. The estimated value of this
force was about 1071 N. The quality images were
obtained with the use of both rigid and soft cantilevers,
which has a smple explanation. Rigid cantilevers are
shorter than soft ones and, therefore, provide a more
pronounced deviation of the light beam, which, in the
final analysis, can result in a more “delicate” scanning
by acantilever over the surface profile.

Only in some instances did we manage to attain the
molecular resolution and obtain the images of individ-
ual molecules. We believe that here the main part is
played by the cantilever quality, so that only the finest
cantilevers can provide the resolution of individual pro-
tein molecules.
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Fig. 2. Solubilities of two crystalline lysozyme modifica-
tions as functions of temperature (at pH 4.6). The NaCl con-
tent: 3wt % (light symbols) and 5 wt % (dark symbols).

Fig. 3. Doubling of the parameter along the a axis on the
(010) face of an orthorhombic lysozyme crystal. The origi-
nal AFM image and its 3D reconstruction.

Doubling of the lattice parameter along the a-axis.
If one dightly increases the tip—sample force a during
scanning, an interesting phenomenon is observed. The
neighboring rows of unit cells oriented along the c-axis
are seen in the images as protrusions of different
heights; the high rows alternate with the low rows. This
phenomenon can be interpreted as doubling of the unit-
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Fig. 4. The image of the regions of the (010) face of an
orthorhombic lysozyme crystal at a molecular resolution
obtained at different tip—sample forces.

Fig. 5. Image of the region of the (010) face of an orthor-
hombic lysozyme crystal. The shift of the unit cell in the
neighboring growth layers by a half-period. The b axis is
normal to the drawing plane.

cell parameter along the a axis on the surface of the
(010) face. Figure 4 shows a surface region at different
values of the force applied to the cantilever at a high
resolution. Thisforce varied in the process of scanning
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(in the upward direction). One can clearly see that the
neighboring unit-cell rows along the ¢ axis are located
at different heights (“the region of a high force”). This
displacement practically disappears at a dightly lower
force (“the region of a low force’). The estimated high
forceis 1.0 x 101° N, and the low force is 0.8 x 100 N.
Thus, the properties of the neighboring unit cells along
the a axis are essentially different. This phenomenon
can be interpreted as molecule reorientation provided
by the unsaturated bonds emerging to the surface. We
assumed these bonds to be of C-type (Fig. 1). The phe-
nomenon of molecule reorientation on the surface is
analogous to the phenomenon of the surface recon-
struction well-known for someinorganic materials. The
phenomenon of surface reconstruction is, in fact, the
process during which the molecules |ocated on the sur-
face are rearranged in comparison with their positions
in the crystal bulk in away that minimizes the free sur-
face energy of the system. This phenomenon was first
described for organic crystalsin [18] and for tetragonal
lysozyme crystalsin [19].

In our case, the observed reconstruction depends on
the applied force. The difference in the heights of the
neighboring unit-cell rowsincreaseswith anincreasein
the force. With a further increase of the applied force,
the cantilever seems to strike the molecules from a
higher row because of more intense collisions. Indeed,
with an increase in the applied force, the higher rows
lose the periodicity of their structure and their heights
decrease. The image becomes blurred, which can be
explained by the “removal” of some protein molecules.
Thus, one can draw the conclusion that the neighboring
rows have different mechanical rigidity and, therefore,
with an increase of the tip—sample force, they are elas-
tically deformed to different degrees.

Doubling of the lattice parameter along the b axis.
In neighboring layersin the ac plane, the doubled rows
of building blocks are shifted by ahalf-period along the
a axis, which is well seen if the step is located at an
angleto the c axis. Thissituationisshownin Fig. 5 and
can be interpreted as doubling of the lattice parameter
along the b axis, at least, in two surface layers of the
building blocks. The measured height of one of these
layersequalsb = 7.3 £ 0.4 nm.

Fig. 6. The surface of amonoclinic lysozyme crystal: (a) initial image, (b) its Fourier transform, and (c) the filtered image.
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Fig. 7. Depression on the (010) face of an orthorhombic
lysozyme crystal formed during long its scanning.

Figure 6 shows the structure of one of the faces of a
monoclinic lysozyme crystal. We managed to attain a
rather high resolution and visualize the unit cells. The
characteristic unit-cell dimensions are 4.6 £ 0.2 nm
aong the “long” axis of the crystal and 8.5 £ 0.3 nm
normal to it. The step rise at this face is 2.6 £ 0.3 nm.
No surface reconstruction was observed in this case.

OBSERVATION OF LYSOZYME CRYSTALS
SURFACE DESTRUCTION

Scanning in the contact mode at a force lower than
101° N does not lead to the destruction of the crystal
surface. We managed to obtain stable images of agrow-
ing face, steps and kinks on this surface, and also the
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structure of defects. An increase in the force gives rise
to the mechanical destruction of the surface including
the removal of molecular layers and formation of
depressions in the scanned region. Long scanning
results in the formation of depressions on the scanned
surface area (Fig. 7). The depression bottom formed
upon short scanning is flat and has a large number of
islands about 7 nm in height (which coincides with the
elementary-step rise). With a decrease in the force, the
depressions are quickly healed and the crystal face
acquiresitsinitial shape.

In some instances, where the force was close to the
destruction threshold, the removal of a half-layer was
observed. Figure 8a shows the surface region with ele-
mentary steps. If a scanning tip moves toward the steps
(scanning fromright to |eft), the cantilever “removes’ a
part of the growth layer and reveals the rougher part of
the surface indicated by arrowsin Fig. 8. The measured
roughness heights showed that the depth of the
removed half-layer is equal to the half-height of the
growth layer, i.e., b/2. Upon the further scanning at a
lower force, no destroyed region is seen anymore
(Fig. 8b). Unfortunately, it is still unclear why the can-
tilever removes only a half-cell. It should aso be indi-
cated that healing of the damaged surface regions pro-
ceeds very quickly (the images in Fig. 8 were taken
with an interval of 30 s). Strictly speaking, in this
experiment, we did not rigorously control the tip—sam-
pleforce. The point is that these images were obtained
at dow scanning in the upward direction in the first
image and in the downward direction in the second
image. The different cantilever effect on the surface
was caused by a small temperature drift in the down-
ward direction. Also, we cannot exclude a possible
effect produced by the tip asymmetry.

a

Fig. 8. Region of the surface of the (010) face of an orthorhombic crystal with the elementary steps scanned by the microscope
cantilever: (a) scanning in the upward direction; (b) scanning in the downward direction.
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SHAPE OF DISLOCATION HILLOCKS
The maximum supersaturation in our experiments
was of about 3; however, we observed two-dimensiona
nucleation in some rare instances. Crystals grew only
by the dislocation mechanism. Dislocation hillocks on
the (010) face of an orthorhombic lysozyme crystal
were somewhat el ongated. One of the hillock sideswas
amost rectilinear and coincided with the c axis,
whereas the opposite side was bent as an arc and had a
pronounced roughness (Fig. 9). The step velocities
along the a and c axes differed by afactor of 7.2.
A dislocation hillock on one of the faces of a mono-
clinic lysozyme crystal is shown in Fig. 10. Here, the
¢ helix isless asymmetric and the ratio of the step veloc-
itiesaong thetwo perpendicular directionsisabout 1 : 3.
The elementary-step rise equals 2.8 = 0.3 nm.
1 Pm
1
a

OBSERVATION OF MOTION KINETICS

Fig. 9. Dislocation sources on the (010) face of an orthor- OF STEPS AND KINKS

hombic lysozyme crystal. The c axisis directed vertically. We obtained more than 2000 images of the (010)
face of an orthorhombic lysozyme crystal on various
scales. The face had both elementary steps and mac-
rosteps. Figure 11a shows the image of the face region
containing an echelon of elementary stepswith arise of
7.3 £ 0.4 nm, a value close to the lattice parameter
aong the b axis (Table 1). Figure 11b shows the region
of the face not only with elementary steps but also with
step bunching (macrosteps). The microstep rise was
from two to ten times higher than the elementary-step
rise. The velocity of the macrostep motion only slightly
differs from the velocity of the elementary steps. Nev-
ertheless, in some instances, the elementary steps
caught up with macrosteps and merged into them (step
bunching). At the same time, we aso observed detach-
ment of elementary steps from the macrostep base.
Therefore, the macrostep rise is changed in the process
of its motion.

The velocity of an elementary step is practically
independent of the interstep distance (0.05-1.00 pm).
Thisisconfirmed by the sequence of threeimagestaken
Fig. 10. Two dislocation sources on the face of amonoclinic with an interval of 50 sshown in Fig. 12. It is seen that
lysozyme crystal. the interstep distance is practically constant and, there-
fore, al the steps move with the same velocity. The
steps move from left to right with velocity of about
0.45 nm/s. Therefore, one can conclude that supersatu-
ration for closely located steps is the same as for steps
separated by large distances.

We managed to obtain the image of kinks on a mov-
ing step at the molecular resolution. The kinks had dif-
ferent depths—from one lattice parameter along the
a axis (about 80% of kinks) up to four lattice parame-
ters. The existence of kinks only with different depths
can be explained by the presence of noncontrolled impu-
rities. The impurity stopper can decelerate the kink only
for some time, then the kinks in the following building-

TR

Fig. 11. Images of the surface regions of the (010) face of h .
an orthorhombic crystal with growth steps: (a) elementary block rows can catch up with the stopped kink. However,

steps; (b) elementary steps and their bunching. we have no proof of such a mechanism.
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Fig. 12. (a—c) Motion of growth steps on the (010) face of an orthorhombic lysozyme crystal. Theimages are obtained with an inter-

val of 50 s.

Figure 13 shows a portion of an elementary step
with two positive and one negative kink. Their depths
are equal to 5.8 £ 0.5 nm, which corresponds to one
unit-cell parameter aong the a axis. Thus, the kink is
formed by four lysozyme molecules. However, the
mechanism of kink formation is far from being clear.
Possibly, the incorporation of only one molecule gives
rise to very quick incorporation of the remaining three
molecules. The alternative is the incorporation of a
cluster of four molecules.

Concentration of kinks and their velocity. We mea-
sured the distances between almost 300 kinks at differ-
ent steps. The average interkink distance is equal to a
dimension comprised of about 180 unit cells, with the
root-mean-square deviation being of the same order.
The close values of these quantities indicate the expo-
nential distribution function of the interkink distances
characteristic of the random distribution of theinterpar-
ticle distances along the line. The absence of any inter-
action between the kinks seems to be quite natural at
such alow kink density.

At alow kink density, a step moves forward viathe
formation of rows of building blocks. The arrival of the
kink at the given point of the step indicates its motion
forward by a distance equal to the dimension of the
building block. Therefore, the following relationship is
valid:

V =bpy,

where V is the step velocity, v isthe kink velocity, p is
the kink density, and b is the dimension of the building
block (the unit-cell parameter) along the direction of
step motion. The step velocity can be readily deter-
mined from a sequence of its images. The above for-
mula was used to calculate the kink velocity, which
turned out to be 100 times higher than the step velocity.

Fluctuations in the step position. Since the building
blocks cannot be attached only to the step but can also
be detached from it, the step portion moves aterna
tively forward and backward. In order to observe this
process, we switched off the slow-motion mode of the
AFM cantilever and scanned only one line. On the step
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images of the (110) face thus obtained for orthorhom-
bic lysozyme crystals (Fig. 14); the ordinate axis corre-
sponded to time, the change in the coordinate of the
chosen region of the step was measured along the
abscissa. The same images can be used to determinethe
time intervals upon which the building blocks either
arrive at or depart from the chosen point of the step. The
step coordinate (x*) as a function of time (t) is shown
inFig. 15. It is seen that, on the average, the step veloc-
ity isconstant. Subtracting from the x* values measured
at moments t their average value, we arrive at the
dependence of the fluctuations in the step position on
time x(t). Figure 16 shows the autocorrel ation function
of this dependence on the logarithmic scale:

W = Ox(t) —x(t—At)]0

Here, averaging was performed for all t at the constant
At. The quantity W(At) characterizes an increase in the
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Fig. 13. (a) Portion of an elementary step with two positive
and one negative kinks. (&) The step moves from right
to left. (b) Schematic depiction of this portion. An orthor-
hombic lysozyme crystal.
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Fig. 14. (a—) Images of steps on the (110) face of an orthorhombic lysozyme crystal obtained at switched-off scanning along the
y axis. Scanning time 42 s; cantilever path 512 nm. Scanning frequency 12.2 Hz; scan number 512.
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Fig. 15. Coordinate of the step position as a function of time.
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Fig. 16. Autocorrelation function for the dependence x(t). The curve slope equal's 0.53 + 0.02 nm%s for the first region and 1.26 +
0.04 cm?s for the second one.
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Table 2. Parameters of lysozyme crystallization calculated
from the data on step fluctuations

Parameters Lysozyme, (110) face, step ||[001]
X, cm¥/s (1.22£0.22) x 107°
a,cm 9.29x 1077
c, cm 3.05x 1077
h, cm 4.48 x 1077
wi(cp)? st 0.26
B/a,, cm?(erg S) 16.1
cp 0.087
w, st 34
B, cm/s 2.86x 1078
a,, erg/cm 1.71 x 10”7
agh, erglem? 0.38

intensity of fluctuations (step roughness) for the time
At. One can see two linear segments. The first one (at
small At) has aslope equal to 1/2, the second one, 5/4.
The second segment of the curve has not been inter-
preted as yet. However, the first one, which shows that
fluctuationsincrease proportionally to the fourth root of
time, confirms the model of the fluctuations in the step
position suggested elsewhere [20, 21]. It isassumed in
thismodel that the supersaturation at a step is constant,
which agrees with our data that show that the step
velocity is independent of the interstep distance.
According to [21], we have

WZ — (Xt)ﬂz,
X = 2(Blag)kTac/m = 2a’w (cp)’/m,
B = a(cp)w,

O, = ch/(cp)az.

W2, nm?
250

200+ <
150+ >
100+ d

50+

5 6
Al‘l/z, S1/2

Fig. 17. The first portion of the autocorrelation function in
the linearized form.
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Here, B isthe kinetic coefficient, a, isthe step rigidity,
the quantity a./h is approximately equal to the free sur-
face energy of the step end (where h is the step rise), k
is the Boltzmann constant, T is the temperature, w- is
the frequency of the detachment of the building blocks
from the kinks, and ¢ and a are the distances between
the building blocks and their rows, respectively, calcu-
lated from the unit-cell dimensions at the given face.

Figure 17 shows the dependence W3(AtY?), whose
slope equals 35.0 = 0.3 nm?/s'2 and determines the
value of X. The parameters calculated by the above for-
mulas are listed in Table 2.

Thecp, B, a., and w~ values in the table depend on
the building-block dimension. If this dimension differs
from the unit-cell dimension, these values can readily
be calculated with the use of the experimentally mea-
sured X value.

CONCLUSION

In situ atomic force microscopy provided the study
of surface morphology of orthorhombic and mono-
clinic lysozyme modifications.

A growing crystal face is visualized at molecular
resolution. On the (010) face of an orthorhombic
lysozyme crystal, the unit-cell parameters are doubled
along the a and b axes, which indicates the reconstruc-
tion of the surface in the contact with the solution.

Lysozyme crystals grow by the dislocation mecha-
nism, at least at supersaturations s < 3. The kinks at the
steps, whose density is so low that they cannot interact
with one another, are visualized. The steps move via
row-by-row filling of the kinks with building blocks.
The fluctuations in the positions of the step regions are
studied. It is shown that they grow proportionally to the
fourth root of time. Thisisin good accord with the pre-
dictions of the theory developed by V.V. Voronkov
30 yearsago. Thedataon fluctuationsallowed usto calcu-
late some basic phenomenological and microscopic
parameters of crystallization.
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