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Abstract Tapping mode atomic force microscopy was
employed to study the surface structure of different
protein crystals in a liquid environment. The (101) face
of hen egg-white lysozyme crystals and the (111) face of
horse spleen ferritin crystals were studied. On the (101)
face of lysozyme crystals we observed islands delimitated
by micro-steps and elongated in the [010] direction. The
elongation direction coincides with the preferential
growth direction predicted by a growth model reported
in the literature. The islands observed on the ferritin
(111) face are also delimitated by micro-steps but have
circular symmetry. Sectioning of the images allowed us
to measure the step heights. The surface free energy was
estimated from the growth step morphology. Molecular
resolution was achieved for ferritin crystals, showing a
hexagonal surface packing, as expected for the molecu-
lar lattice of a (111) face in a fcc crystal.

Keywords Atomic force microscopy - Protein
crystals - Crystal growth - Ferritin - Lysozyme

Introduction

Since the pioneering work of Durbin and Carlson
(Durbin and Carlson 1992; Durbin et al. 1993), several
studies have shown that the atomic force microscope
(AFM) is a useful tool to characterize protein crystals.
Its ability to operate in a liquid environment is crucial to
maintain protein crystal integrity and allows growth to
be followed in situ (Durbin et al. 1993; Land et al. 1995;
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Malkin et al. 1995; Yip and Ward 1996; Land et al.
1997; Malkin et al. 1997; Yip et al. 1998a, 1998b).

In this work we used atomic force microscopy to
investigate the surface morphology of hen egg-white
lysozyme and horse spleen ferritin crystals. Lysozyme
is a 15 kDa enzyme endowed with antibacterial action,
due to its ability to hydrolyze various polysaccharides,
especially those of bacterial cell walls. Hen egg-white
lysozyme consists of a single polypeptide chain of
129 amino acids, which has been crystallized in a tetra-
gonal lattice. While the (110) face of lysozyme crystals
has been thoroughly characterized by AFM inspection
(Durbin et al. 1993; Konnert et al. 1994; Li et al. 1999),
the (101) face, here considered, has become an object of
quantitative study by AFM only recently (Malkin et al.
1999). Other techniques, such as electron microscopy
and video microscopy have previously been used to
obtain information on growth steps (Durbin and Feher
1990) and growth rates (Forsythe et al. 1994, 1999).

Ferritin is a 470 kDa protein responsible for iron
storage. It does not provide specific binding sites for Fe
atoms; instead, it collects them in an internal inorganic
matrix. It is formed by 24 identical subunits, each of 174
residues, assembled into a nearly spherical shell (~12 nm
in diameter), thus providing a cavity where up to 4500 Fe
atoms can be stored as insoluble Fe(III) hydroxide.
Ferritin crystallizes in a cubic lattice, which reflects the
high symmetry of the repeating protein oligomer. Crys-
tals display an octahedral habit; therefore, all faces are
equivalent, corresponding to (111) crystal planes. Being
well known and characterized by X-ray diffraction,
ferritin is currently used as a calibration standard for
electron microscopy, being also employed as a model
system to study specific antibody-antigen interactions for
biosensor applications (Allen et al. 1997, 1998; Perrin
et al. 1997). In addition, ordered two-dimensional arrays
of ferritin could be formed on a solid support and imaged
with the AFM at the molecular level (Ohnishi et al. 1992;
Furuno et al. 1998), achieving resolution of the protein
quaternary structure (Ohnishi et al. 1993). Because of the
oligomer large size and high packing symmetry, ferritin
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crystal faces represent an interesting system for AFM
inspection. In the present communication we show the
results obtained by imaging the crystal (111) face at low
resolution and at the molecular level, and compare them
with those obtained for lysozyme.

Materials and methods

Hen egg-white lysozyme and horse spleen ferritin were purchased
from Sigma Aldrich (Milan, Italy). L¥sozyme was dissolved
in water at a concentration of 40 mg mL™"; ferritin was purchased
as a 100 mg mL™! aqueous solution and was further diluted
to 25 mg mL . In both cases the protein solution was centrifuged
at 12,000xg for 15 min (7=4 °C) and the supernatant was col-
lected.

Crystals were grown by vapor diffusion techniques (sitting drop
geometry) on prepared Plexiglass disks, at room temperature. The
best adhesion between Plexiglass and the crystal surfaces was ob-
tained on disks cut from a rod, without any further polishing. The
crystallization droplet was composed of 4 pL protein solution and
4 uL reservoir solution. The reservoir solution contained 0.9 M
NaCl in 0.1 M sodium acetate buffer, pH 4.6, for lysozyme, and
1.0 M ammonium sulfate, 0.08 M cadmium sulfate, 0.003 M so-
dium azide, in 0.02 M sodium acetate buffer, pH 5.8, for ferritin,
respectively. Crystals suitable for AFM inspection (about 0.2 mm
in each direction) were usually obtained after 12-36 h. Lysozyme
was crystallized in a tetragonal lattice with unit cell dimensions
a=b=791 nm, ¢=3.79 nm, space group P4;2,2 (PDB entry
IHEL). Ferritin crystallizes in a cubic lattice, with unit cell di-
mensions a=b=c=18.4 nm, space group F432 (PDB entry 11ER).

Samples were rinsed with the reservoir solution in order to re-
move the crystals not adhering to the substrate and were immedi-
ately transferred to the AFM fluid cell. The AFM, a Nanoscope 111
with a Dimension 3000 stage (Digital Instruments), equipped with
a “G” scanning head (maximum scan area 70x70 pm?), was in a
vibration-insulated environment. In the Dimension 3000 stage the
cantilever is mounted on the piezo xyz translator. The standard
fluid cell of the Dimension 3000 is not sealed and a ring of the
solution surface remains exposed. A limited evaporation of the
solvent occurred during the measurements, but we did not observe
any effect on the crystal face structure on the time scale of the
measurements (usually, 1-3 h). A video microscope integrated into
the AFM allowed proper positioning of the AFM stylus and se-
lection of crystal faces which were close to horizontal. Crystal faces
were imaged in tapping mode using V-shaped SizN, cantilevers
(200 pm length, nominal spring constant 0.06 N m !, nominal tip
radius of curvature 2040 nm, type DNP-S, Digital Instruments).
Optimal imaging conditions were achieved at drive frequencies
around 6 kHz and a scan rate of 0.7 Hz. Horizontal displacements
were calibrated using a 10 pm pitch diffraction grating. The Z scale
was calibrated by measuring the depth of the grating notches
(180 nm) and the half unit cell steps (1 nm) obtained by scratching
freshly cleaved mica with sandpaper (no. 1200). Assuming a linear
behavior of the calibration factor, a suitable correction factor for
heights on the order of 10 nm was then obtained. Roughness
measurements were performed on different image sections with
Digital Instruments Nanoscope Software version 4.23r4. Before
measuring the roughness, image planefitting was performed to
correct for the tilt of the crystal faces.

To measure the step heights, images could not be corrected for
the face tilt by using software options such as ‘“Planefit” or
“Flatten”, since these options fit the scan lines with polynomials,
subtracting them from the image, and may slightly alter the height
data. Such an effect is not important for roughness values, which
are anyhow used in this work only for the purpose of comparison,
but can be crucial if a precise measurement of the step height is
sought. Raw images were therefore exported as ASCII files and
sectioned along the scan lines to obtain surface profiles. The matrix
entries were converted to height values in nanometers by means of

a correction factor, taking into account the piezo characteristics
and z range. The profile slope was evaluated from smooth regions
of the profile. Each profile was then rotated for tilt correction and
the step heights were evaluated.

Results and discussion

A tapping mode image of the (101) face of a lysozyme
crystal shows the presence of elongated islands (Fig. 1).
The (101) face was selected by using the video micro-
scope integrated into the AFM, on the basis of the ex-
ternal morphology of the crystal. The video microscope
also allowed us to know the fast scan direction orien-
tation with respect to the face edges. The terrace
elongation direction is the [010] direction. The terrace
morphology seems to suggest that growth occurs by
two-dimensional nucleation. However, since individual
molecules could not be resolved, it is also possible that
structural imperfections in the lattice, such as edge dis-
locations, could give rise to new islands on the surface.

Surface anisotropy is quantitatively described by line
roughness differences. We calculated the roughness of
the surface profiles obtained by sectioning the image
along different directions. The log-log plot of the line

Fig. 1 Low-resolution tapping mode AFM image in liquid
environment of a lysozyme (101) crystal face, revealing growth
islands. Top: height data, z range 200 nm; bottom: amplitude data,
z range 7 nm. Image area 2.5x2.1 pm? Islands are elongated in the
[010] direction



roughness versus the section length r is shown in Fig. 2.
The roughness values obtained along the terrace elon-
gation direction turned out to be smaller than the values
obtained perpendicular to the former direction (Fig. 2),
confirming the visual impression that the terraces are
larger along the elongation direction. Figure 2 also
shows that for both directions the roughness follows a
scaling law r.m.s.~r* but with different exponents,
namely o;=0.20+£0.04 along the terrace elongation
direction and o,=0.52+0.05 perpendicularly to it, as
obtained by linear fit of the data in Fig. 2. No saturation
of the roughness with the section length was observed,
indicating that in this case the in-plane correlation
length is larger than the scan size used in the AFM
measurements.

Our observation of islands elongated in the [010] di-
rection is in agreement with previous results. Islands
elongated in the faster growth direction were reported by
Durbin and Carlson (1992), both for (110) and (101)
faces. Nadarajah and Pusey (1996) proposed a model for
lysozyme crystal growth which associates the preferen-
tial growth direction on the (110) face with the presence
of two periodic bond chains with respect to only one in
the perpendicular direction. This model predicts only
one periodic bond chain on the (101) face, and it is along
the [010] direction.

A prolonged AFM scan on the crystal face favored
growth in the fast scan direction. In fact, after 6 h from
the engagement the terraces appeared smeared out and
elongated in the fast scan direction (Fig. 3). It is likely
that the AFM tip drags and afterwards releases some
material along this direction.

The step height was measured considering many
sections, in different images, and correcting for the
crystal face tilt, as described in Materials and methods.
The histogram of the step heights, showing a bimodal
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Fig. 2 Log-log plot of line roughness versus section length for the
lysozyme (101) crystal face. Roughness values were obtained from
image sections along the terrace elongation direction (triangles) and
perpendicular to this direction (circles). Each point is the mean
value of nine different measurements. The solid lines are linear
regressions of each set of experimental data. The resulting slopes,
o;=0.20+0.04 in the terrace elongation direction and o, =0.52+
0.05 perpendicularly, represent the corresponding roughness scaling
exponents
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distribution, is shown in Fig. 4. A bimodal Gaussian fit
yields step values of 3.1+£0.1 nm and 6.7+0.2 nm.
These values are in good agreement with the expected

Fig. 3 Tapping mode AFM image of a lysozyme (101) crystal face
after 6 h from the engagement. Top: height data, z range 84 nm;
bottom: amplitude data, z range 1.3 nm. Image area 2.5x2.1 pm>.
Terraces appear smeared out in the fast scan direction, which forms
an angle of about 45° with the [010] direction
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Fig. 4 Histogram of the step height measured on different sections
of raw height images of the lysozyme (101) crystal face. The total
number of observations is 83. Sections were processed as described
in Materials and methods in order to correct for the tilt of the
crystal face. Solid line: bimodal Gaussian fit of the histogram,
providing step heights of 3.1+0.1 nm and 6.7+0.2 nm
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values for monomolecular and bimolecular steps in
the (101) crystal face (3.4 and 6.8 nm), calculated from
the tetragonal lysozyme crystal unit cell parameters. The
step height frequencies in Fig. 4 indicate that, contrary
to the (110) face, the growth layers in the (101) face are
predominately one molecule thick, as observed previ-
ously by electron microscopy (Durbin and Feher 1990)
and by AFM (Malkin et al. 1999). Actually, the theo-
retical analysis of lysozyme crystal growth (Nadarajah
and Pusey 1996) indicated that for this face the crys-
tallizing unit should be a helical tetramer with each
molecule translated 1/4 unit along the helix axis from the
previous one. Attachment of tetramers is then expected
to give rise to monolayer growth.

Figure 5 is a 2.5x2.1 pm? image of a ferritin crystal
surface. Roundish growth islands are visible. Clusters of
molecules are dispersed on the islands, suggesting a nu-
cleation growth process caused by the large supersatu-
ration value of the growth solution (vide infra). The
circular symmetry of the surface structures suggests the
absence of a preferential growth direction. This is con-
firmed by a quantitative analysis of the line roughness,
which turns out to be independent of the direction. The
log-log plot of the line roughness versus the section

Fig. 5 Low-resolution tapping mode AFM image in liquid
environment of a ferritin (111) crystal face, revealing growth
islands. Top: height data, z range 320 nm; bottom: amplitude data,
z range 3.0 nm. Image area 2.5x2.1 um?

length r is given in Fig. 6. The roughness increases with r
up to a cutoff length scale of approximately 1 um, after
which it remains constant at approximately 17 nm. This
cutoff length scale represents the in-plane correlation
length (Barabasi and Stanley 1995; Basu et al. 1999),
which would correspond to the size of a cluster of islands
(Fig. 5). The roughness saturation value should corre-
spond to the molecular length (Barabasi and Stanley
1995; Basu et al. 1999); in fact, the value obtained is
comparable, within the experimental error, with the size
of a ferritin oligomer. A linear fit of the data in the non-
saturated region yields a scaling exponent « =0.56 £ 0.05.
The histogram of step heights and its Gaussian fit are
given in Fig. 7. This fit yields a step height of
10.5+£0.6 nm, which nicely agrees with the distance be-
tween adjacent (111) planes in the fcc lattice (10.5 nm)
calculated from the ferritin crystal unit cell spacing
measured by X-ray diffraction. Therefore, the steps
observed correspond to single molecular layers.
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Fig. 6 Log-log plot of roughness versus section length for a ferritin
(111) crystal face. Each point is the mean value of 15 different
measurements. A linear regression (solid line) of the experimental
data was performed in the region before the saturation is reached.
The resulting slope, =0.56=+0.05, represents the corresponding
roughness scaling exponent
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Fig. 7 Histogram of the step height measured on different sections
of raw height images. The total number of observations is 127.
Sections were processed as described in Materials and methods in
order to correct for the tilt of the crystal face. Solid line: Gaussian
fit of the histogram, providing a step height of 10.5+0.6 nm



A higher resolution image (area 450x400 nm?)
revealed fine details of the terraces, allowing us to
observe the surface structure at the molecular level
(Fig. 8). As expected for the (111) face of a fcc crystal,
the surface molecular packing appears hexagonal. The
lattice symmetry and spacing were measured by per-
forming a two-dimensional Fourier transform analysis
of image portions corresponding to single terraces. The
lattice spacing turns out to be 13.1+0.3 nm, corre-
sponding to an area per oligomer of 149+ 3 nm®. The
surface lattice spacing determined by Fourier analysis of
the images is in good agreement with the surface lattice
spacing of 13.0 nm calculated from the bulk lattice
spacing measured by X-ray diffraction.

The study of step edge morphology allows us to ob-
tain an order of magnitude estimate for the surface free
energy, assuming that growth occurs by two-dimen-
sional nucleation. The free energy change for nucleation
may be given by (Sangwal 1994):

AG = —VAG, + Ay (1)

where 7 is the surface free energy, V' is the volume and A4
the area of the nucleus. For a circular disc-shaped
nucleus of height / and radius r, Eq. (1) may be written
as:

AG = —*hAG, + 2mrhy (2)

Differentiating with respect to r and equating to zero, a
relation between y and the critical size of the nucleus is
obtained:

Fig. 8 Tapping mode AFM image of a ferritin crystal (111) face at
molecular resolution. Several monomolecular islands are visible.
Top: height data, z range 100 nm; bhottom: amplitude data, z range
2.1 nm. Image area 450x400 nm?>
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3)

Equation (3) holds in the case of isotropic growth
and therefore it will be used in this work to evaluate y for
ferritin crystals. On the other hand, for lysozyme, growth
turned to be anisotropic. In this case, an elliptical
nucleus rather than a circular one must be considered
in Eq. (1):

Y = rAGy

s

AG = —mxyhAG, + 4hyx / \/1 = e?sin® ¢pd¢
0

where x and y are the major and minor semi-axes of the
elliptical nucleus, respectively, and e = /1 — 2 /x? is the
eccentricity. The AFM images show the occurrence of
small elliptical nuclei whose size yields eccentricity values
in the range between 0.8 and 0.9. The integral in Eq. (4)
is reported in mathematical tables as a function of sin—le.
Since in the region of interest it shows a linear behavior,
we replaced it with a linear function:

AG = —xyhAG, + 4yhx<a — bsin™! (m))
()

where the parameters @ and b were obtained by a linear
fit of the integral values reported in the tables. Differ-
entiating with respect to x and y and equating to zero,
two equations relating y to the critical size of the nucleus
are obtained:

_ wxAG,
8

(4)

7 (6)

y _ TCyCAGV (7)
4(a —2bye/xc — bsin ™' (/T —)2/x2))

These equations will be used to evaluate y from the mea-
sured size of the growth nuclei in lysozyme crystal faces.

AG, depends on supersaturation according to the
expression AGy = kTa/Q, where k is Boltzmann’s con-
stant, T is the absolute temperature, ¢ is the relative
supersaturation and Q is the molecular volume. The
relative supersaturation is defined by ¢ = /n(c/c.), where
¢ is the actual protein concentration and c, is the equi-
librium protein concentration. For lysozyme, the latter
turns out to be 18 mg mL™' from data in the literature
(Ries-Kautt and Ducruix 1992), while for ferritin it
was determined to be 2.5 mg mL ™' by absorption spec-
troscopy. An upper limit for ¢ is twice the initial protein
concentration in the drop, which is 40 mg mL™"' for
lysozyme and 25 mg mL ! for ferritin. Therefore, o turns
out to be 0.8 and 2.3, respectively. The molecular volume
Q, calculated from the unit cell dimensions, is equal to
2.37x10% nm? in the case of lysozyme and 1.56x10° nm®
for ferritin. For ferritin, an estimate for r. was obtained
by measuring the radius of curvature at multiple points
along the step edges, yielding r.=32+8 nm; therefore,
we find from Eq. (3) that y=0.19 mJ m 2.
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For lysozyme, the size of the elliptical nuclei turned out
to be 2x=44+5 nm and 2y=24+5 nm. Equations (6)
and (7) yielded compatible values (within experimental
errors) of y=0.22 mJ m ? and y=0.20 mJ m 2, respec-
tively. These values are comparable with those deter-
mined by AFM measurements on other macromolecular
crystals (Land et al. 1995; Malkin et al. 1995), but turn out
to be three orders of magnitude smaller than in a metal
(Chernov 1984). This can be due to the high solvent
content of protein crystals, which is 39.5% for lysozyme
and 61.5% for ferritin, equivalent to protein concentra-
tions of 0.056 M and 0.025 M, respectively. Therefore,
since the crystal and the solution can be considered as
nearly equivalent environments, the energy required to
form surface states is relatively small compared to other
solid state systems.

Conclusions

We have used tapping mode atomic force microscopy to
compare the surface structures of hen egg-white lyso-
zyme and horse spleen ferritin crystals. The (101) face of
lysozyme crystals and the (111) face of ferritin crystals
were investigated. We found that these faces are
characterized, respectively, by anisotropic and isotropic
growth. The steps observed corresponded, for lysozyme,
to monomolecular and bimolecular layers, whose thick-
ness was 3.1+0.1 nm and 6.7+0.2 nm, respectively.
For ferritin, monomolecular growth steps 10.5+0.6 nm
thick were present; the molecular packing of the terraces
was hexagonal, as expected for the (111) face of a fcc
crystal, with surface lattice spacing of 13.1+0.3 nm. The
surface free energy was determined by assuming that
growth proceeds by nucleation, taking into account
anisotropy in the case of lysozyme. The resulting values
are in agreement with similar estimates obtained on
other macromolecular crystals.
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