Langmuir 2002, 18, 6723-6726

6723

Structure-Governed Growth Phenomenon of a
Trichosanthin Crystal
Bing Shi Li,† Geng Pei Li,‡ Chen Wang,† Miao Wang,§ Da Cheng Wang,§ and
Chunli Bai*,†
Center for Molecular Sciences, Institute of Chemistry, Chinese Academy of Sciences,
Beijing 100080, China, Institute of Biophysics, Chinese Academy of Sciences,
Beijing 100102, China, and Department of Chemistry, Peking University,
Beijing 100871, China
Received April 9, 2002. In Final Form: July 11, 2002
We present the first results of in situ atomic force microscope observation of the growth phenomena of
trichosanthin (TCS) crystals. It is observed that the three-dimensional (3D) nucleation provides a dominant
growth pathway on the cystal surface, with two kinds of characteristic features, scalelike and domelike
nuclei. The scalelike nuclei appear to assemble in the 〈110〉 direction, while domelike nuclei demonstrate
a much faster growth in the 〈11
h 0〉 direction. These particular growth phenomena are suggested to be
determined by the unique molecular structures and interactions, according to the results of theoretical
calculation. Along the 〈110〉 and 〈11
h 0〉 directions, molecules are arranged in a way with their small domains
binding the neighboring large domains, leading to strong hydrogen bonding between molecules. While
along other directions, TCS molecules are associated with each other via weak van der Waals interactions.
The diverse interactions along the different directions are responsible for the different binding behaviors
of the molecules along different directions, which is further amplified as the selective assembling and
asymmetry growth of (3D) nuclei along different directions.

1. Introduction
Crystal growth plays a crucial service role in the
research of structural biology. Detailed structures of
biological molecules can be obtained on high-quality
protein crystals with the utilization of X-ray crystallography.1,2 However, in contrast with the high demand
for perfect crystals, much remains to be known about the
underlying mechanisms of protein crystal growth.3-5
Various techniques have been utilized in this field, such
as quasi-elastic light scattering (QELS),6-8 in situ Michelson interferometry,9,10 dynamic light scattering (DLS),11-13
dialysis kinetics,14,15 freeze-etch electron microscopy,16 and
atomic force microscopy (AFM).17,18 Among them, the
biological applications of an atomic force microscope under
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liquid conditions allow direct observations of crystal
growth in nearly physiological conditions. In addition to
the surface structures, AFM could also be used to explore
the dynamics parameters that govern macromolecule
crystallization.19 Slow growth rates and large molecular
diameters make protein crystal an ideal system for in situ
AFM investigation in the crystallization processes.20 In
the operation, a very sharp tip attached to a flexible
cantilever scans over the surface of the crystal, which is
immersed in the mother protein solution. Information of
the growing surface can be recorded simultaneously in
the process of crystal growth. Durbin and Carlson first
used AFM to monitor the growth of the single crystal of
lysozyme.21 They revealed a mechanism, which is principally consistent with the classical model developed by
Burton, Cabrera, and Frank.22 With AFM’s capability to
discern the molecular-packing arrangements on the
surface of crystal, investigation on macromolecular crystal
growth can also be extended to molecular scale.23-26 For
instance, crystal growth is reported to proceed with an
elementary step of bimolecules on the (110) face of the
lysozyme; growth of canavalin is observed to advance on
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single trimer steps on (100) plane of canavalin. In situ
AFM has been applied to the study of the growth of protein
and virus crystals (canavalin, thaumatin, catalase, apoferritin, lysozyme, and STMV).20,26-28 Macromolecules in
general adopt similar growth mechanisms with that of
conventional molecules, namely, by spiral dislocations,
two-dimensional (2D) and three-dimensional (3D) nucleation. In addition, they do have other unique growth
features, which were related with the different magnitudes
of the underlying kinetics and the thermodynamics
parameters that govern the growth process.29-36 Up until
now, in situ AFM has only been applied to limited types
of macromolecular crystals, due to the practical problem
in the experiment.
This work is focused on in situ AFM studys of the crystal
growth of TCS in nearly native solution environment and
exploiting the interesting growth phenomena from the
observed molecular structures. The results revealed two
types of characteristic features for the 3D nucleation
growth process. The scalelike nuclei appear to assemble
in a 〈110〉 direction, while domelike nuclei demonstrate
a much faster growth in the 〈11
h 0〉 direction. Such unique
growth phenomena are suggested to be governed by the
unique molecular structures, which further lead to
diversity interactions along different directions.
2. Experimental Section
TCS is a type Ι ribosome-inactivating (RIP3) protein extracted
from trichosanches kirilowii maxim (Mr ) 26 000 Da).37 Three
different types of crystals (monoclinic P21, C2, and orthorhombic
P212121) have been grown with various precipitants within the
pH range from 5.4 to 8.7, using vapor diffusion in a hanging-drop
method. The crystal structure has already been determined at
various resolutions.38,39 The unit cell of the orthorhombic TCS
(a ) 3.8 nm, b ) 7.7 nm, c ) 7.9 nm, space group P212121) consists
of two TCS layers paralleling to (001), each layer related by a
21 screw axis paralleling the c axis or b axis. The orthorhombic
single crystals of TCS were obtained by vapor diffusion from a
solution containing 30 mg/mL TCS, buffered with 0.5 M Na3Cit
(pH ) 5.4), using 3 M KCl as the precipitant at room temperature
(295 ( 0.1 K). TCS crystals can grow up to a maximum dimension
of about 1 mm within a week, and those around 0.5 mm (the
third day of culturing) were selected for AFM experiments.
Crystals suitable for AFM observation were gently transferred
to a stainless steel disk, which was magnetically secured to the
AFM scanner base. About 40 µL of mother protein solution was
added to the fluid cell with an O-ring forming a seal on the
stainless disk to prevent evaporation so that stable images might
be obtained within several hours. Images were collected in a
contact mode with a Nanoscope III atomic force microscope
(Digital Instruments, Santa Barbara, CA) using a cantilever with
a nominal force constant 0.06 N/m. Data of height mode and
deflection mode were both recorded. During the course of the
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Figure 1. (a-c) Sequence of 13 × 13 µm2 in situ AFM images
showing scalelike nucleation, assembling, and coalescence on
the (001) plane of TCS crystals. Steps in panel b labeled with
lines S1 and S2 converge into wider steps labeled with S1′ and
S2′, respectively. Steps labeled with S in panel c are generated
by the coalescence of scalelike nuclei. Images from (a) to (c)
were recorded at 0, 15, and 35 min, respectively.
experiments, the force applied to the surface of the crystal can
be adjusted to 0.1-0.2 nN by moderating the setpoint value.

3. Results and Discussion
3.1. 3D Nucleation Growth Phenomenon of TCS
Crystal. Three-dimensional nucleation is found to be a
dominant pathway of the growth of the (001) plane of TCS
crystals, namely, by scalelike and domelike nucleation.
The scalelike nuclei appear either on the terraces or on
the surfaces of the steps, as shown in panels a and b of
Figure 1. It is observed that the newly formed nuclei often
appear adjacent to the already existent ones along the
〈110〉 direction, as indicated in Figure 1b. The nuclei
continue to grow and coalesce with each other to form
parallel steps. As illustrated in Figure 1c, newly generated
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Figure 2. (a-d) Sequence of 13 × 13 µm2 in situ AFM images showing the domelike nucleation, growth, and coalescence. Images
from (a) to (d) were recorded at 0, 10, 20, and 50 min.

steps labeled with S can be easily observed. Dome-shaped
3D nuclei are also observed on the growing surface of the
crystal, as shown in Figure 2. Of particular interest, the
shape of the nuclei is asymmetric due to the considerably
fast growth in the 〈11
h 0〉 direction. The nuclei finally merge
with each other along the 〈100〉 direction to form convex
surfaces.
Three-dimensional nucleation for macromolecular crystal growth has been reported in three systems, STMV,
thaumatin, and canavalin.20,35 It was the dominant source
of growth as in the case of STMV and at sufficiently high
supersaturation for thaumatin. For canavalin, 3D nucleation has been shown to be a growth pathway that
competes with the 2D nucleation process. The 3D nuclei
of these crystals all possess flat surfaces and stacks can
be further formed with a layer by layer addition of 3D
nuclei in all the above systems. In sharp contrast to the
3D nucleation of the above systems, both scalelike and
domelike nuclei of TCS crystals provide only convex
surfaces. The newly formed nuclei are therefore observed
to adsorb adjacent to the already existent ones, instead
of adsorbing directly on top of existent nuclei, excluding
the formation of stacks. It is especially rare that the
scalelike nuclei tend to assemble in a certain direction
instead of random adsorption, revealing a somewhat
different growth phenomenon from the 3D nucleation of
the reported macromolecular crystals.
It is also worth mentioning here that steps were also
observed on the growing surface of TCS crystals in
conjunction with scalelike and domelike nucleation, as
shown in Figure 1 and Figure 2. They are more like step

bunches, considering their irregular shapes and appreciable magnitude in height. The steps can be formed
by coalescence of the scalelike nuclei as mentioned above
or by merging of multiple adjacent steps. As indicated in
Figure 1b and Figure 1c, two nearly parallel groups of
adjacent narrow steps labeled S1 converge to form a wider
step labeled S1′ and a similar case can be found with S2
and S2′. The extension of the steps along 〈001〉 is usually
found to be accompanied with the merging of the adsorbates, as shown in Figure 2a. The extruding surfaces and
the significant variance in step height make the growing
surface rather rough and hamper the observation of
elementary steps. For the same reason, larger scanning
images are difficult to obtain. A complete evolution of the
steps needs to be clarified with more evidence.
3.2. Interpretation of the Growth Phenomenon
from Crystal Structures. The assembly of the scalelike
nuclei is rarely observed for other reported crystals. The
growth phenomenon is suggested to be inherently determined by the unique chemical structures of the molecules
and their arrangement in the crystal. As shown in the left
ribbon diagram in Figure 3,37-39 there are two domains in
the structure of the TCS molecule: the N-terminal one is
larger, containing about 160 residues, while the smaller
C-terminal domain has about 60 residues and the last
few residues just lie between the two domains. The polar
residues, which may attribute to the strong interactions
between molecules, are mainly concentrated in the contact
interfaces of the two domains and the small domains. The
model of the orthorhombic TCS crystal structure (the right
diagram in Figure 3) shows that each TCS molecule in
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Figure 3. (left) Ribbon diagram of the TCS molecule. (right) Arrangement of TCS molecules in the P212121 lattice viewed from
crystallography C. The central molecule, in heavy line, is the reference molecule. The TCS molecules occur in pseudohexagonal
stacked ABABAB in a close-packed fashion. The solvent channels run parallel to the crystallographic ab plane. (Both models were
prepared using MOLSCRIPT (Kraulis, 1991).)

the orthorhombic P212121 crystal lattice interacts with
eight symmetry-related molecules, with six molecules
associated strongly in the (001) plane to form distinct
layers and the remaining two are at the above and the
below plane with a weak molecular interaction, respectively. The molecules along 〈110〉 and 〈11
h 0〉 are assembled
with their small domains binding the neighboring ones’
large domains. Multiple H-bonds are formed along these
directions, and interactions between molecules are further
enhanced with a hydrophobic effect summed by individual
hydrophobic residues, such as the interaction between
helix R2,3 and β-sheets of β9,10. Along other directions, TCS
molecules are arranged in a way with large-large or
small-small domains binding each other. H-bonds can
thus hardly form, and molecules interact with weak VDW.
Especially, the molecular interaction along 〈001〉 direction
is rather weak with an additional influence of water layers
at half-unit cell intervals along c axis.
The different molecular interactions and the packing
pathway of TCS molecules at different directions provide
consistent theoretical evidences with the observed growth
phenomena of TCS crystal. Selective assembling of 3D
scale-like nuclei along 〈110〉 and faster growth of domelike
3D nuclei along 〈11h 0〉 could both be attributed to the higher
strength of association of molecules along these directions.

While the slowest growth rate along 〈001〉 can be considered in close relation with the weak molecular interaction along this direction. TCS molecules are jointed
together with weak van der Waals interactions and not
strong enough to bind molecules along this direction, which
consequently results in slow growth.
4. Conclusion
A dominant 3D nucleation growth mechanism is adopted
by TCS crystals observed by AFM, with two kinds of
characteristic features, scalelike and domelike nuclei.
Different from the reported 3D nucleation processes, the
scalelike nuclei show a selective assembling in the 〈110〉
direction and the domelike nuclei demonstrate a much
faster growth in the 〈11
h 0〉 direction. The observed growth
phenomena are attributed to the unique molecular
structures, leading to diverse interactions along different
directions.
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