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Abstract: During layerwise growth of crystals, capillarity governs the generation of new crystal layers.
Theory predicts that the line tension of the layer edge determines, via the characteristic two-dimensional
capillary length L., the rates of generation and initial growth of the new layers. To test the correlation between
Lc and the rate of layer generation, we used in situ Tapping Mode Atomic Force Microscopy (TM-AFM) to
study the generation and spreading of layers during crystallization of rhombohedral, R3, porcine insulin.
We show that crystallization of this insulin form is uniquely suitable for such an investigation due to the
linear kinetics of step growth it exhibits. This linear kinetics reflects the abundance of the incorporation
sites along the rough steps, the lack of long-range step—step interactions, and the transport control of the
growth kinetics. The kinetic coefficients are 7 x 1072 and 4 x 1072 cm s™1, respectively, in the absence
and presence of the cosolvent acetone—somewhat high for proteins and comparable to values for inorganic
systems. We show that (i) the relevant capillary length, the size of a critical quadrangular 2D nucleus L.,
is the main scaling factor for the density of growth steps, while (ii) all steps longer than L. grow with a rate
determined only by the supersaturation and independent of their length. We explain the divergence of (ii)
from theoretical predictions with the high supersaturations typical of the growth of this protein system.

Introduction critical value, do not grow; (i) steps with lengths (or curvatures)
comparable to this critical value grow at reduced rates; (iii) the
combination of factors (i) and (ii) determines the frequency of
rotation of the spiral and the growth rate of the crystal.
Statements (i) and (ii) are manifestations of the two-dimensional
Gibbs-Thomson (Kelvin) effect, which states that phases of
sizes comparable to a characteristic capillary lefigthave an
increased chemical potential. As a consequence, those smaller
than L. dissolve even in supersaturated metfayhile the
growth of those only slightly larger thah. is driven by a
diminished forcé.

Experimental tests of the above principles require a system
with the following properties: (i) noninteracting steps, so that
minor variations in step density do not affect the step veld€ity;

] i AR (ii) lack of step bunching, which would skew the determination

In this paper, we examine the role of capillarity in the ¢ e density of the stegd’? (iii) linear kinetics of step
generation of new steps by screw d|§Iocat|ons. Since one Ofpropagation, so that the capillarity reduction of the driving force
the step’s ends is pinned at the dislocation outcrop and the step’sy,|q pe directly observed through its effect on the step velocity.
velocity is preserved along its length, the step winds in a spiral 5 previous study of the thermodynamics of calcite crystallization
around the dislocatioh.The thermodynamic principles which — ¢,,,q strong modifications of the effects of capillarity due to
form the foundation of the theories of dlslocanon_ growth of the paucity of incorporation sites along the steps; as a result,
crystals are as follows: (i) steps shorter than a critical length, 6 gensity of incorporation sites depended on supersatufation.
or, in the case of curved steps, with curvature greater than ayye show that the chosen model system, rhombohedral R3

- crystals of porcine insulif} satisfies all three of the above
(1) Jackson, K. A. InGrowth and Perfection of Crystal®oremus, R. H.,

Roberts, B. W., Turnbull, D., Eds.; Chapman and Hill: London, 1958; pp requirements. Aside from adding to the very few protein
319-323.

Crystals, whose interfaces with their medium are characterized
by high surface free energy, are smooth on the lengthscale of
their building blocks: atoms, molecules, or particleSuch
crystals are faceted by planes with low Miller indi¢asd grow
by the generation and spreading of new layers, with the building
blocks attaching to the edges of the unfinished layers, the
steps¥* This growth mode is several orders of magnitude slower
than the growth of crystals with rough surfadebhe thermo-
dynamic effects on the kinetics of layerwise crystallization do
not end with the selection of the growth mode. Capillarity, via
the line tension of the edge of the emerging layers, determines
the rate of generation of new layers either by two-dimensional
nucleatiorté or by screw dislocations piercing the growing fdce.
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systems, the crystallization kinetics of which have been studied were followed??> The scanning parameters were adjusted so that
in detail}>16 insulin crystallization is of interest because it continuous imaging did not affect the morphology of the imaged part
constitutes the main technological process in the production of Of the surface, or the rate of the monitored processes. This was verified

several diabetes medicatiots8 by varying the scan size and the time intervals between scans. For details
on similar observations with apoferritin, see ref 23.
Experimental Section Solutions were exchanged using 1 mL syringes attached to the

) ) o ) exchange ports of the fluid cell. At least 300 of fresh solution was
Preparation of rhombohedral Insulin Crystals. Porcine '”5”|f” flown through the cell to ensure complete exchange. The solution and
(powder) was purchased from Sigma-Aldrich (St. Louis, MO; Lot the microscope were allowed to equilibrate for at tead following
numbers 012K1881, 102K1065) and used without further purification. o exchange of solutions or mounting of a new crystal.

A stock solution of the prOtein in 0.02 M HCI (FiSher, Fair Lawn, NJ) Temperature in the fluid cell was monitored USing a dlgltal
was prepared and filtered using Millipore Ultrafree-CL microcentrifuge  harmometer (HH506R from Omega Engineering, Stanford, CT)

filters with the molecular weight cut off of 30 kDa (Sigma-Aldrich,  ¢quipped with a K-type thermocouple. The thermocouple was attached
St. Louis, MO), and the absorbance at 276 nm was determined with a4 the top of the scanner next to the fluid cell but was not in contact

Beckman DU 68 spectrophotometer. The molar extinction coefficient
1 —1 19 1 i . . . .
of 6000 M* cm™* *® was used to calculate the protein concentration ination, in which a second thermocouple attached to a second

from the absorbance measurements. thermometer was immersed in the solution, found that the difference
Rhombohedral insulin crystals were grown using the protocol de- petween the temperature in the fluid cell and the one read by the outside

scribed in ref 14. In short, to an aliquot of insulin solution in 0.02 M thermocouple was consistently0.5 °C. In all runs, the temperature

HCI were added, in the order listed, 0.12 M zinc chloride (Sigma, St. i the crystallization solution was in the range 262.3°C.

Louis, MO), 0.2 M trisodium citrate (Fisher, Fair Lawn, NJ), neatace-  petermination of Step Growth Rate.For crystals growing slowly,

tone (SPLC-grade, Fisher, Fair Lawn, NJ), and water in a 1:5:3:1 vol- gych as ferritin or apoferritin, the step growth ratesin be determined

ume ratio. Thus, the final concentrations of the components in the crys- by counting the number of molecules that attach to a step between two

tallizing solutions were as follows: insulin, between 0.75 and 5 mg images. For fast growing crystals such as insulin, we apply the following

mL~%, ZnCl, 0.006 M; trisodium citrate, 0.05 M; acetone, 15%. In 4,0 methods.

experiments where acetone was not used, it was replaced by 0.02 M The first method involves choosing a scanning direction such that

HCI. the steps are parallel to the slow scan axis and disabling scanning along
Atomic Force Microscopy (AFM). Metal disks used for mounting  thjs axis. They-axis of the acquired pseudo-image then becomes the

samples in the AFM (Veeco Metrology Group, Santa Barbara, CA) time axis, andv is determined from the distance traveled by the step

were coated with Teflon adhesive tape (BYTAC, Sigma, St. Louis, in the x (fast scan axis) direction for a certain time inter¥al.

MO), following the procedure of ref 20. These were cleaned with 2% The second method involves acquiring the up-scan and down-scan

sodium dodecy! sulfate (SDS, Sigma, St. Louis, MO) and rinsed with area images of the step train and measuring the angles that the steps

copious amounts of water before each experiment. ThexL1€rops make with the fast scan axis. The step velocity is then calculated from
of crystallizing solution were deposited directly on the Teflon-coated the two angle®, and 6y ass

disks, covered with 16 mm glass Petri dishes, and sealed with Parafilm.
Crystals with a characteristic rhombohedral shape typically appeared FW ) _, [cotd, + cotf,
after an overnight incubation at 4 or 2@. v =2 (cotp — coty)sin [COt — ] 1)

The Teflon-coated metal disks with the grown insulin crystals were
mounted on a Nanoscope llla or a Nanoscope IV atomic force micro- whereF is the scan rate in lines per secoidjs the scan size, ard
scope (Vecoo Metrology Group, Santa Barbara, CA), equipped with a is the number of scan lines in an image.
120um (*J”) scanner and a Tapping Mode fluid cell. The fluid cell, as If the steps move so fast that those imaged during an up-scan are
well as the O-ring and tubing, if used, were washed with 2% SDS and different from those imaged during a down-scan, this method is only
copious amount of water before each experiment. The crystal was placedapplicable to cases where step density is constant or step velocity does
directly underneath the AFM tip with the aid of an optical microsc8pe.  not depend on step density. The first method is more general and is
At no point during the setup were the crystals exposed to air. free of this limitation.

In experiments performed in the absence of acetone, the fluid cell  Determination of the Crystallization Driving Force. The crystal-
was sealed using an O-ring in order to ensure constant conditions duringlization driving force, or supersaturation, is written as
imaging. The use of the O-ring was found to be incompatible with
acetone-containing buffer due to the formation of bubbles, likely of o= {exp[—(u, — uJksT] — 1} (2)
acetone vapor, inside the cell.

Images were acquired in buffer solutions of identical composition where
to the mother liquor (see above), but at various concentrations of insulin.
Unless indicated otherwise, imaging was performed in the tapping s = o+ KgT In(yC) andu, = uy + kg T In(y Co) (3)
mode. Oxide-sharpened silicon nitride tips mounted on cantilevers with
nominal spring constants 6f0.06 N/m were used. Standard procedures In these expressions, subscripts ¢ and s denote crystal and solute,
for the microscope setup (frequency, driving voltage, and set point) respectivelyC andn are, respectively, the protein mass and molecular
concentrationsn = C/m,andm = Minsuii/Navogadro= 6.6 x 10720 g is

(14) \I;IVar,ding, M-PMI-D; JIjoclivslzkliné,Dl- 186;6 Ii%ngicziz,zé% F.; O'Connor, A.;  the mass of the insulin hexamer; the subscript e indicates their values
eitzmann, P. D. JJ. Mol. Biol. , . T .
(15) McPherson, A.; Malkin, A.; Kuznetsov, Y.; Plomp, Mcta Crystallogr., at equilibrium with the crystal.
Sect. D200, 57, 1053-1060.

with the solution during actual crystallization runs. A control deter-

(16) Vekilov, P. G.; Chernov, A. A. IrSolid State Physi¢sEhrenreich, H., (22) Hansma, P. K.; Cleveland, J. P.; Radmacher, M.; Walters, D. A.; Hillner,
Spaepen, F., Eds.; Academic Press: New York, 2002; Vol. 57 4171. P.; Bezanilla, M.; Fritz, M.; Vie, D.; Hansma, H. G.; Prater, C. B.; Massie,
(17) Brange, JGalenics of Insulin Springer: Berlin, 1987. J.; Fukunaga, L.; Gurley, J.; Elings, ¥ppl. Phys. Lett1994 64, 1738~
(18) Schlichtkrull, JActa Med. Scandinl965 177, 103—113. 1740.
(19) Pace, N. C.; Vajdos, F.; Fee, L.; Grimsley, G.; GrayPfotein Sci.1995 (23) Yau, S.-T.; Petsev, D. N.; Thomas, B. R.; Vekilov, P.JGMol. Biol.
4, 2411-2423. 200Q 303 667-678.
(20) Muller, D. J.; Amrein, M.; Engel, AJ. Struct. Biol.1997 119 172-188. (24) Lin, H.; Petsev, D. N.; Yau, S.-T.; Thomas, B. R.; Vekilov, P.@yst.
(21) Yip, C. M.; DePhelippis, M. R.; Frank, B. H.; Brader, M. L.; Ward, M. D. Growth Des.2001, 1, 73—79.
Biophys. J.1998 75, 1172-1179. (25) Land, T. A,; DeYoreo, J. J.; Lee, J. Burf. Sci.1997, 384 136—-155.
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Figure 1. Rhombohedral (R3) insulin crystals. (a) An optical micrograph of a typical rhombohedral insulin crystal used in this study. The edge of a crystal
is ~200um. Black solid arrows mark the bottom corner closest to the observer. Black dashed arrows mark the bottom corner furthest from the observer. (b)
A 35 x 35um? (Z-scale: 0.2um) tapping mode AFM image of the surface of a crystal, such as the one shown in (a), grown in the absence of acetone. The
green arrowhead points to a dislocation outcrop. The white arrowheads point to the edge of thescry$@k- C)Ce 1 = 3. (€) A 57 x 57 nn? (Z-scale:

5 nm) contact mode AFM image acquired on a terrace of the growing face of an insulin crystal. A 2D unit cell is indicated in turquoise. (d) A Fourier
transform of the image shown in (c). A-8,4) reflection at 1.7 nm resolution is encircled in green, hkdasis vectors are indicated with turquoise
arrowheads.

The solubility C. of insulin was determined from the intercept of High-Resolution AFM Imaging and Comparison with the X-ray
the dependence of the step growth rate on the protein concentrationData. To test if the observed crystals were of rhombohedral form, high-

with the abscissa. In the presence of acet@ae= 0.11 + 0.02 mg
mL~%, in the absence of aceton& = 0.15 + 0.02 mg mL?™.

resolution images were acquired from areas on the terraces between
the steps of the habit-forming faces. Contact mode and an open fluid

Furthermore, in both cases, it was observed that the growth steps retreatell (without the O-ring) were used. Images were processed using GRIP

at concentration€ < C.. The datum point without acetone equals the (for
result on an independent determination of the solubility of insulin

crystals (L. Bergeron et al., in preparation). The valueCefin the

Groningen Image Processing) software package (http://
rugbe2.chem.rug.nl/software.htm) on a dedicated Linux workstation
using standard Fourier analysis methods.

presence of acetone was used to determine the concentration of this For the purposes of comparing the observed lattice with that expected

volatile cosolvent during the AFM monitorirgthis Ce value corre-

on the basis of the X-ray diffraction study, the 2 Zn insulin structure

sponds to the solubility in the presence of 5% acetone, and we conclude(pdb code 4IN®) was imported into the Swiss PDB viewer, version

that this is the residual concentration of acetone in those runs.

The activity coefficientsy andy. were evaluated according to the
relationship Iny = 2B,MinsuinC.2326 While data concerning the second
virial coefficient B, for insulin are not available, we note that for
proteins under crystallizing conditiorB is always negative and the
maximum magnitude on record isx810~* cm® mol g-2.27-2° For C <
1 mgmL?t=1072gcnrd andCe ~ 10 g cn13, the assumptiony
~ ye ~ 1 yields at most 3% bias in the value @fevaluated as@/C.

— 1) = (n/ne — 1).

(26) Hill, T. L. Introduction to Statistical Thermodynamjd@over: New York,
1986.
(27) George, A.; Wilson, W. WActa Crystallogr., Sect. 2994 50, 361—365.

(28) Guo, B.; Kao, S.; McDonald, H.; Wilson, W. W.; Asanov, A.; Combs, L.

L. J. Cryst. Growth1999 196, 424-433.
(29) Rosenbaum, D. F.; Zamora, P. C.; Zukoski, CPRys. Re. Lett. 1996
76, 150-153.

11686 J. AM. CHEM. SOC. = VOL. 125, NO. 38, 2003

3.7b23%! The structure of the (100) face was generated by applying a
set of standard R3 symmetry operators and translations along crystal-
lographic axes to position the molecules at the desired locations.

Results and Discussion

Rombohedral (R3) Insulin Crystals. Under the conditions
employed in this study, porcine insulin crystallizes almost
exclusively in the rhombohedral (R3) forthCorrespondingly,
all crystals that we saw had the typical rhombohedral shape,
Figure 1a. Even small crystals {0—20um in size) were firmly

(30) Baker, E. N.; Blundell, T. L.; Cutfield, J. F.; Cutfield, S. M.; Dodson, E.
J.; Dodson, G. G.; Crowfoot-Hodgkin, D. M.; Hubbard, R. E.; Isaacs, N.
W.; Reynolds, C. D.; Sakabe, K.; Sakabe, N.; Vijayan, NPtlilos. Trans.
R. Soc. Londor1988 B319 369-456.

(31) Guex, N.; Peitsch, M. CElectrophoresisl997, 18, 2714-2723.



Capillarity Effects on Crystallization Kinetics: Insulin ARTICLES

attached to the Teflon substrate. The orientation of the crystals
was random, indicating that the crystals either nucleated on the
rough Teflon surface or, if homogeneously nucleated in the
solution bulk, attached at an early stage while their sizes were
smaller than the lengthscales of the roughness of the Teflon
substrate.

The lattice parameters of the rhombohedral R3 form of
porcine insulin area = 4.9 nm,o. = 114.8 (rhombohedral
setting), ora = 8.25 nm,c = 3.4 nm (hexagonal setting).
The crystal habit is defined by the planes with indek&60
(rhombohedral system) drl011} (hexagonal system), which
exhibited steps and numerous dislocation outcrops (Figure 1b).
The molecules on the surface {df0G} faces can be viewed as
occupying lattice sites on a 2D lattice with parametersb =
4.9 nm,o. = 114.8 (this angle is usually referred to asa is
used here to avoid confusion with surface free energy. Further-
more, for ease of comparison with the X-ray data, a lattice with
a = b is chosen}?

A high-resolution contact mode AFM image of the (100) face
is shown in Figure 1c. Such images were acquired with the
solution held by surface free energy in a liquid bridge between
the substrate and the top of the fluid cell, i.e., in the absence of
the O-ring, to avoid image distortions associated with its&ge.
The image in Figure 1c can be characterized by a 2D lattice
witha=6.8+ 0.2 nm,b=6.3+ 0.1 nm,a = 115.4+ 0.5°
(Figurse 1c,d). The-23—28% stretching of the observed lattice
relative to the X-ray structure was traced to a scanner calibration
error. After recalibration, the parameters determined from other
similar images wera = 4.7+ 0.2 nm,b = 4.7+ 0.1 nm,a
= 117.9+ 0.5°. Images with resolution of up to 1.2 nm, as
determined from their Fourier transforms (such as one shown : e -
in Figure 1d), were acquired (not shown). The details of the Figure 2. Two-dimensional anisotropy of growth on the (100) face of
surface structure of the insulin hexamer will be addressed insulin. (a) Growth hillock around a single dislocation. Density of steps in
elsewhere. [010] and [001] directions is approximately double the step density i@][01

. N . and [00] directions. Image size 64m. Z-scale 50 nmo = 0.8 (b) Growth
Anisotropy of Step Growth Kinetics. Figure 2 shows ek around four dislocations, indicated with black arrowheads, that work

examples of growth steps spiraling around single, in (a), and in cooperation to produce a hillock, with two dislocations, indicated with
multiple, in (b), screw dislocations. The spirals form hillocks Wwhite arrowheads, on the hillock side. Image size/a10 Z-scale 30 nm.
shaped as tetragonal pyramids with parallelogram bases, consist? ~ 08.

ing of steps moving nﬁﬂ)l([hnd[(])OlEulrectlons.-'ljhe side facgs direction) are significantly stronger than those in 9410

of the growth pyramids are referred to as vicinals. To orient 0107 and MO1directions

the surface coordinate system with respect to the crystallographic In general, the differences between the interstep distances
coordinates, we use the observation that the steps are parallean the [010]’ [001], [0D], and [001 directions reflect the

to_ (r:]r)llstal's edges(;j. Th_e d_|re|ctk|)or|1 zf steg 1"80“0'; on tue V'_C'_nall anisotropy of the step growth rate> The distance between
with lowest step density is labeled as [010] and on the vicinal adjacent steps in each directibn

to its right as [001]. On images acquired in the absence of the
O-ring (not shown), the angle between steps generated by a ll=uv1 (4)
dislocation was found to be 116 3°, close to the value of

= 114.8 expected from the crystallographic data. Thus, we \herer, the rotation period of the spiral, in general, does not

conclude that the steps are oriented along the molecular rowsdepend on the step orientation since it is linked to the face
in the crystal. The polygonal shape of the spiral reflects the growth rater via

anisotropy of the step growth kinetieghey are significantly

faster in thel@11directions, pointing toward the corners of R=h/t (5)

the parallelogram, than in tH®10Jand [0010directions. This

is attributed to the weaker hexamerexamer bonds along the (h — step height). Thus, the shape of the hillock reveals the
latter directions. The absence of #111} faces from the crystal ~ anisotropy of the step growth rate and of the respective step
habit implies that the hexamehexamer bonds responsible for ~ kinetic coefficientsg;, defined front>

the stacking of hexamers along the three-fold axis (the [111]

v, =p; QCo (6)
(32) Reviakine, I.; Bergsma-Schutter, W.; BrissonJAStruct. Biol.1998 121,
356—-362. — 30
(33) Neff, G. A.; Gragson, D. E.; Shon, D. A.; Baker, S. Mangmuir1999 where_Q . 11125 R is the volume that one molecule
15, 2999-3002. occupies in the crystal.
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Figure 2a shows that the step density on all four vicinals equidistant step traind, such as the one in Figure 3a, and
varies with distance from the dislocation. In some cases, the characterizes the relative weight of the kinetics of incorporation
areas of varying step density on different vicinals occur at the of the molecules into the crystal with respect to those of their
same spiral turn. These are likely caused by faster spiral rotationtransport through solution. Extreme valuesl( or >1) of P&
due to an upward fluctuation of the interfacial supersaturation are characteristic of systems, controlled by either the kinetics
at the dislocation outcrop. In other cases, areas of low stepof incorporation of molecules into the crystal, (P& 1, or
density on a particular vicinal are likely caused by an upward transport of molecules through the solutiony Pe1. Random
fluctuation of the interfacial supersaturation around the particular fluctuations in such systems decay rapidly and equidistant trains
steps leading to their faster growth. These latter fluctuations of noninteracting steps remain stafféntermediate values are
lead to deviations from the general rules formulated above andindicative of comparable rates of transport and incorporation
affect the hillocks’ shape and the ratios between the-sségp and characterize systems that are intrinsically unstable to step
distances. Measurements of the stefep distances on various  density fluctuations, irrespectively of whether steps interact with
vicinals lead to the statistically significant anisotropy of the step each other or not.

kinetic coefficients; and the stepstep distancek of Insulin crystallization is characterized by very high values
_ N of Pg of 1.6 and 8, Table 1, signifying that the kinetics of
|[010]/ |[001]/|[0011/ I[0071] - ﬁlo10]/ﬁ[0011/ﬁ[001]/ﬁ[001] ~ 1.5/1/1/1 crystallization are transport-controlled. Thus, in contrast to many
) . 24300 i . L .
other protein system;*3in insulin crystallization bunching of
in the absence of acetone and steps isnot an intrinsicfeature of the step trairsequidistant

step trains are the stable mode of gro#tfihe observed step

o107/ j0011! 0011001 = BrorofBroorf Proorf ooy =~ 1.5/1.5/1.5/1  bunches (Figure 3b) were always caused by unsteady generation
o of new layers by two-dimensional nucleation at the block
In its presence. . ) boundaries of crystals consisting of several blocks, as discussed

Kinetics of Step Propagation.Figure 3a,b show examples i, the following subsection.
of trains of growth steps. For all imaged steps, the step height  another consequence of the transport-controlled crystalliza-
had a distribution centeredlat= 3.4+ 1 nm, the layer thickness  tjon kinetics is the likely possibility that the interfacial hexamer
determined from the X-ray crystal struct#€The width of this concentration is lower than the bulk24 used in the plots in
distribution reflects the molecular lengthscale roughness of the Figure 3e, due to depletion at the interface. Since we cannot
steps. o . . quantitatively account for this phenomenon, we use the kinetic

Figure 3a shows a step train with relatively uniformly spaced  ¢oefficients determined using the bulk concentrations, keeping
steps, an arrangement typical of the majority of the observations,in mind that their values represent lower limits on the actual
with or without acetone. In several cases, mostly in the absencegs,
of acetone, we saw step trains with nonuniform step density,  The summary of the known kinetic coefficients for protein
such as the one in Figure 3b. The nonuniform density allows gyt in Table 1 reveals that these are by far the highest values
us to extract dependences of the step velooin interstep yecorded to date and are comparable to the values for inorganic
distancd. In Figure 3d three such dependencies are shown with gy stems. This fact suggests that slow kinetics are not a general
respect to the slope of the respective vicipak Vl. We see  feature of protein crystallization and only occur with some

that the step velocity is independent of step density for slopes proteins, and may help us understand the factors governing the
as high as 3« 1072, indicating that steps as close 800 nm kinetics of protein crystallization.

do not interact. Below, we show that steps separatedl by As with ferritin and apoferritir?34546a linearv(o) dependence

100 nm are slowed, 5"53'332 due to overlapping fields of supply g,ggests high density of incorporations sites, kinks, between
via surface diffusior?®> _ _ straight step segments, along the steps. The molecular-resolution
The step velocityy was found to be a linear function of  j446 of the step edge shown in Figure 3e shows that this is

supersaturatiow, Figure 3e. The step kinetic coefficients for jnjeed the case. The steps are very rough with straight segments
the fast vicinals extracted from linear regression fits to the data consisting of, on the average, less than two molecules.

in Figure 3f are =7 x 10" cm s for growth without acetone To summarize, the kinetics of step motion are free of

and 4 1072 cm st n th? presence of-5% acetone. n complicating factors: (i) high density of incorporation sites
The valyes of the klngtlc coefficiefi, the pera'e,”‘ vicinal along the molecularly rough steps provides for linear step growth
slope during crystallizatiop ~10°%, and the diffusion coef- |natics: (i) the lack of stepstep interactions at the typical
ficient of the proteinD = 8 x 1077 cm? s 2" are used to o5 ations between the steps ensures that the step kinetics are
evaluate the kinetic Peclet numbercRe fpo/D** by using a ¢ affected by the step separation; (jii) the transport control of

value of the characteristic thickness of the diffusion laer growth provides for dissipation of the step density fluctuations
2 x 102 cm (a low estimate, stemming from a direct

determination and an evaluation in simulations of the convec- (39) Pusey, M.; Witherow, W.; Naumann, R.Cryst . Growth1988 90, 105—
ive-difflisi i 40 ; 111.

tive dlm_JSIV,e transport Wlth, lysozym@’ a CryStaI growing (40) Lin, H.; Rosenberger, F.; Alexander, J. I. D.; Nadarajahl. £ryst . Growth
under kinetic control for which one would expect a shodter 1995 151, 153-162.

This coefficient emerges from the analysis of stability of (41 vekiov, P, G Alexander, J. 1. D.; Rosenberger ffys. Re. £ 1996

(42) Vekilov, P. G.; Rosenberger, Phys. Re. Lett. 1998 80, 2654-2656.
(34) Sato, M.; Uwaha, MPhys. Re. B 1995 51, 11172-11181. (43) Lin, H.; Yau, S.-T.; Vekilov, P. GPhys. Re. E 2003 67, 0031606.
(35) Uwaha, M.; Saito, Y.; Sato, Ml. Cryst. Growth1995 146, 164-172. (44) Gliko, O.; Reviakine, I.; Vekilov, P. @hys. Re. Lett 2003 90, 225503.
(36) Vekilov, P. G.; Rosenberger, B. Cryst. Growth1996 158 540-551. (45) Yau, S.-T.; Thomas, B. R.; Vekilov, P. B8hys. Re. Lett.200Q 85, 353~
(37) Hvidt, S.Biophys. Chem1991, 39, 205-213. 356.
(38) Vekilov, P. G.; Thomas, B. R.; RosenbergerJFPhys. Chenml998 102, (46) Petsev, D. N.; Chen, K.; Gliko, O.; Vekilov, P. Broc. Natl. Acad. Sci.
5208-5216. U.S.A.2003 100, 792-796.
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Figure 3. Step velocity, step density, and stegtep interactions. (a) A train of equidistant parallel steps. Image sizen] Z-scale 120 nm, supersaturation

0= (C — Ce)Ce 1= 0.75, whereC is protein concentration art is its solubility. Steps are moving from the lower left corner, which is higher, to the lower
right corner, which is lower. (b) A train of parallel steps with a nonuniform step density (areas of high step density are called step bunchege BAage si
um. Z-scale 75 nm. Supersaturatiorre 3. Steps are moving from left to right. (c) Quantification of the variations of step widths in (a) black line/solid
squares and (b) gray lines/crosses. (d) The dependence of the step velocity on the slope of the gtep hlain(h, step height i, step width); three
independent sets of measurements show no correlation. The higher scatter in the velocity measurements at smaller slope values is due tortiieegreater nu
of data points in that regiom: = 1.7. (e) Step velocity as a function of supersaturatien (C — C¢)Ce 1, in the presence (crosses) and in the absence (open
symbols) of acetone. Lines are regression fits to the respective sets of data. (f) Molecular resolution image of the step edge illustratindpitscaddecu
roughness. The fuzzy appearance of the molecules at the edge is caused by the attachment/detachment events characteristic of an equilibuicim process
as step advancement (turquoise daggers) Semicircle highlights one of the molecules. The absence of imaging artifacts was verified imnreithistely afte
image was collected by scanning a larger area including the area imaged here. Image size 250 nm. Z-scale- ®:8n,

and stable equidistant step trains, from which the characteristicnamic factors that play a role in the determination of the overall
step spacing can be determined. The simplicity of the step rate of crystallization.

kinetics allows unambiguous identification of the thermody- Enhanced Two-Dimensional Nucleation at Gross Lattice
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Figure 4. Junction of three blocks boundariescat 1.667. The steps do
not cross the block boundaries. The steps at the lower block at the right are
generated at variable rate at two locations near the triple junction. Image

size 10.4x 25 um. Z-scale 0.25m.

Table 1. Kinetic Coefficient, 3, Diffusivities, D, and Peclet
Coefficients, Pey, for Various Systems. Local Slope Was Assumed

To Be ~1072 unless Indicated Otherwise

step trains are not apparent in solutions of moderate or high
supersaturation. However, as the protein concentration is
lowered below a certain supersaturation, molecules (in the case
of insulin, hexamers) located at the defects leave the crystal
due to their higher activity. In this way, we detect previously
hidden defects, such as those shown in Figure 5a,b.

Since dissolution is also enhanced around the dislocation due
to their own strain field, we need to distinguish between the
dissolution fingerprint of block boundaries and dislocations. An
etch pit with a distinct inverted pyramid shape forms around
the dislocation line as the spiral unwinds and is shown in Figure
5c.

Step Interactions at Short SeparationsA group of several
screw dislocations, imaged over a period~a® min at~50 s
intervals, is shown in Figure 6. The multiwing spiral produced
by such dislocations exhibits the polygonal shape visible in
Figure 2.

The steps remain straight and unaffected by each other’s
presence down to a distancelok 100 nm (17 molecules)
between each other, indicating that the characteristic length of
the diffusion fields of the stepés is <50 nm. We also note
that for steps in step trains the separation from the respective
dislocation outcrop points increases, e.g., between Figure 6¢,d
by ~260 nm, corresponding toa~ 5 nm/s, as in Figure 3e at
o = 3. The highlighted pair of steps moving against each other
in the same two frames cover roughly the same distance, without
completely merging in Figure 6d, i.e., their average velocity is
about half of that of stand alone steps. Furthermore, we note
several examples in Figure 6& of pairs of opposing steps
separated by~ 50—100 nm. These two observations suggest
that atl < 100 nm the steps slow one another down. The strength
of this interaction suggests, in analogy to other studied protein
systemg>4849 that the likely cause for the interaction is
overlapping of the surface supply fields of the steps with
characteristic length ofs ~ 50 nm.

Note that these interactions are of sufficiently short range so
as not to affect the typical step trains with step separations of
the order of 0.5 to 3im.

system Blems™] Dlem?s7Y  Pe source - ) . )
R3 porcine insulin this work _ Generat|on_ of _Steps at Scrgw DislocationsScrew _d|sloca-
no acetone % 1073 79%x 107 1.6 tions, shown in Figure 2 and Figure 6, were the dominant source
~ 5‘;43 a_?,etone 64< ig j 3% 107 87 .5 of steps on the surfaces of porcine insulin crystals, consistent
aporterritin X 2 X . . . . .
ferritin 6 % 10-4 32%107 07 6 with a previous observatiott.No ey!dence of normgl gr.owth
canavalin, R3 form (5826)x 10* 4x 107 1-4 25 modes was found under the conditions employed in this study.
fata'asee{lm} 3.2 10°° 57 2D nucleation only occurred if facilitated by a surface step
ysozym . .
typical 2-3)x 104  7.3x107 005 58 created by block boundaries. Occasionally, 3D aggregates were
no step bunching %1072 0.3 38 seen on the crystal surface. Once these were attached strongly
lé/?’z/f\)//me{ 1104 g—gg x g ;‘ 0107 12 35% enough to be imaged, steps, and occasionally screw dislocations,

— X X . P .

thaumatin o 10-4 6107 O1 60 Were.V|5|bIe on the|r. surfaces (not shown). It was therefore not.
various inorganic systems~10-2—10-1 ~106 16 possible to ascertain whether these were microcrystals sedi-

(ADP, KDP, alums, etc.)

menting on the crystal’s surface or liquid droplets, as suggested
in.50 Such objects were more often observed in the absence of

Defects.To identify the cause of the step bunches that were
sometimes observed during crystallization, we panned the AFM
viewfield toward the source of the step. We found that the steps
were generated at a variable rate at the outcrop line of block
boundaries on the crystal surface, where the lattice misfit in a
direction perpendicular to the monitored face creates a step. AS(47) Ming, N.; Tsukamoto, K.; Sunagawa, I.; Chernov, A.JACryst. Growth
Figure 4 illustrates, new steps are generated on the surface o{ 1988 91, 11-19.

! . . X 48) Vekilov, P. G.; Monaco, L. A.; Rosenberger, F.Cryst. Growth1995
the lower block by 2D nucleatienthis layer generation mode 156, 267-278.
is enhanced at the concave angle of the ﬁep. (49) Chen, K.; Vekilov, P. GPhys. Re. E 2002 66, 021606.

. . i . (50) Kuznetsov, Y. G.; Malkin, A. J.; McPherson, Rhys. Re. B 1998 58,
Sometimes, the defects causing the generation of nonuniform ~ 6097-6103.

supersaturations.

so-called GibbsThomson (Kelvin) effect? the growth of a
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Due to the lower supersaturation around small phases, the
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of the critical two-dimensional nucletsand, in a system with
rhombic symmetry, is related to the radius of an inscribed circle
pcaspe= LJ2:sin(r — o), wherea is the crystallographic angle.
The critical p¢ is defined by a 2D analogue of the Laplace
relation

pe=Syilu ®

wheres s the surface area occupied by an insulin molecule,
is the line tension of the step edge, afd = uc — us is the
change in the insulin chemical potential upon transfer from
solution into crystal.

In Figure 6, we illustrate the determination lof by in situ,
real time AFM monitoring of the spiral rotation for several
sources by the method describedinThe L. values are
summarized in Table 2. The large scatter of the data for the
averagel¢'s is due to the fluctuations in the measured values
(Figure 6h). These fluctuations are not the result of scanning
artifacts, see Figure 6g, or of the finite frequency of image
capture—finite sampling frequency may distort the intrinsic
frequency of an object only if the monitoring frequency is lower.
Figure 6a-f shows that image capture frequency is higher than
the frequency of rotation of the spiral. Thus, we attribute the
scatter inL. to fluctuations of the interfacial supersaturation.
Such fluctuations are likely for systems growing under strong
transport control. A theoretical analysis using kinetic coefficients
and diffusivities typical of protein crystallization systems and
similar to those of insulin predicts periods of such fluctuations
to be in the range of 1601000 s for proteins with diffusivities
<1076 cn? 515253 Since the supersaturation fluctuations are
random and local, no correlation between the fluctuations of
L¢'s at different locations on the face were observed. Further-
more, the interfacial supersaturation fluctuates around a char-
acteristic mean value determined by the coupling of the transport
processes and the incorporation kinetics. At low fluctuation
amplitudes, eq 8 predicts a linear responsie.ab o. This allows
us to consider the meal. as the characteristic value at the
given supersaturation.

As proposed in ref 51, the period of rotatioinf a tetragonal
polygonal spiral consists of the four intervals that the step takes
to travel the sides of the polygok:;, i = 1, 2, 3, 4, with
velocities ;.

7= L, SN — oy)/v; + L, sin(r — op)/v, +
LeaSingr — ag)/vz + L 4sin(m — oy)lv, (9)

The distance between adjacent steps theith vicinal
Figure 5. Defects observed in the crystals. (a) Grain boundary, indicated

with black arrowheads, becomes visible as the concentration in solution Leq . Leo .

approaches solubility due to preferential dissolution of the high-strain, high |, = y;7 = B;|—Z=sin(r — o)) + —=sin(r — a,,) +

chemical potential, area of the defect. The ridge indicated with a black :81 ﬂz

arrow shifts perpendicular to its direction when it crosses the boundary. L L

Image size 15.@m. Z-scale 0.19km. o = 0.46. (b) The defect shown in L’Ssin(n —ay) + L'Asin(ﬂ —a,)| (10)
(a), 22 min later. The gap separating the blocks is visibly larger. Another Bs Ba

defect, indicated with black arrowheads, is visible in the lower right corner

of the image. Image size @#m. Z-scale 0.07um. (c) Etch pits (indicated .
with asterisks) appear as the dislocation spirals unwind. Image size: 17 whereaq, is the angle between the normal to the step and the

um. Z-scale 0.3:m. This image was taken in buffer without insulin. respective side of the critical polygon.

. . . .. (51) Kaischew, R.; Budevski, EContemp. Physl967, 8, 489-516.
new segment of a polygonal spiral is not expected until it (52) wang, M.: Liu, X.-Y.; Sun, C.; Ming, N.-b.; Bennema, P.: Enckevort, W.
i i+ J. P. v.Europhys. Lett1998 41, 61—66.
reaches, dug to the growth of the preceding segments,_ the Crltlca|(53) Wang, M- X, B.vin: Vekilov, P. G.- Peng, R. W.: Ming, N. Bhys. Re.
lengthL.. ThisL. is equal to the length of the respective edge E 1999 60, 1901-1905.
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Figure 6. Generation of steps at screw dislocations—(#) A time-lapse series of 9.5 9.5um? (Z-scale: 30 nm) images of a group of screw dislocations

(numbered %8) recorded atr = 3. Acquisition times, in seconds, are shown in each frame. Green arrowheads point to the regions where steps generated

by different sources merge. Steps making up the incoming angles (encircled in turquoise in (a) and also visible between the steps indicatedenith the gr

arrowheads in (d), (e), and (f)) are observed to be straight (concave steps are expected for steps which are close enough for their diffusiteréeigs to i

The crystallographic axes spanning the (100) face are indicated in (d); the white arc indicates the angle between the steps generated byothe dislocati

Critical lengthsL. are calculated from successive AFM images as the average of the step length just before (a) and (e) and just after (b) and (f); (blue

arrowheads) a new step has appeared (the new steps in (b) and (h) are parallel to the [010] direction). g} 248 (Z-scale: 75 nm) image of the

area surrounding that shown in {gJ). The area imaged in those frames is indicated with the white rectangle. This image was taken immediately after the

series of smaller image in (&)f). No effect of the tip can be discerned. (h) The critical lenig¢tplotted as a function of time of observation for sources

1 (circles) and 4 (squares), directions [001] (blue, open symbols) aid (64d, filled symbols)L's change with direction and with the source, and, for

a given source and direction, fluctuate with time. No correlation exists betwedn, fhectuations of the different sources. Data from other sources and

directions is omitted, but present essentially the same picture. (i) Trajectories of 10 steps followed on images such as those shégyn Ba¢h)point

on the plot represents the distance from the source of a given step at a given time. Fluctuations in step velocity and interstep distance are visible.

Equationl10 is applicable to systems with a differeptfor and [00] directions,L¢'s are shorter and the weighted average
each vicinal and is based on the assumption that stepslwith is ~240 nm. Equation 8 indicates that the anisotropy and
> L. grow at a ratey; independent of their length. asymmetry ofL. reflects the anisotropy of the line tensign

To better understand the anisotropyLi) we show in Table which is different from the asymmetry gfillustrated by Figure
2 that there are at least two distinigts: in the [010] and [00] 2. Since some models assume isotropjcand symmetric

directions the weighted averagje~360 nm, while in the [001] L., 135455 we searched for additional evidence for anisotropic
11692 J. AM. CHEM. SOC. m VOL. 125, NO. 38, 2003
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Table 2. Values of L; and Step Widths for Various Sources and
Crystallographic Directions. Values + Std. Deviation [nm] (Number
of Measurements)

direction
source [010] [001] [010] [001]
1 L, 368+£142(13) 175:45(6) 453+ 119 (13) 244+ 71 (10)
| 1062+ 210 (8)
3 Lc 343+131(10) - 297+12(2) 267+98(9)
I
4 L — 359447 (5) 331+60(13) 212+57(7)

[ 954+ 103 (9)

1. In Figure 7 we show the hollow cores around the outcrop
points of screw dislocations at conditions near the equilibrium
between crystal and solution. While the size of the hollow cores
varies, likely in response to surface supersaturation fluctuations,
the shape is a parallelogram. Since at equilibrium this shape is
solely determined by, of the layers lining the core walf§,we
conclude that the polygonal shape indicates anisotropy;.of
Note that because of the depletion of the solution adjacent
to the crystal surface and the related surface supersaturation
decrease, evaluation of the line tension of the sieipom the
two L. values would be poorly justified.
To justify the assumption of the length-independent rate of
step propagation for steps longer tHanwe note that the rate
of growth of short steps depends on their lengths3

[exp(AulJL KT) — 1]
[ exp(Au/KT) — 1]
At Au/KT < 0.2, this yields the commonly uséd

(L) = vi(1 = LdL) orv(p) = v o(1 = pdp). (12)

Direct calculations show that while with eq Z2(L) = 0.9 «
only atL ~ 10L., eq 11 indicates this occurs lat~ 2.5 for
AulkgT = 1.4,0 = 3, as in Figure 6. Thus, the use of eq 11 is
justified for comparison with Figure 6, and its predictions are
close to the assumption underlying eq 10.

Using the anisotropy ratios from eq 7 and= o = 114.8,
with the above values df;, eq 10 yielddpoin= 1400 nm and
Imio= 930 nm, close to the actual observations in Table 2.
This correspondence suggests that the main assumptions behind
eq 10 are applicable to the generation and initial growth of layers
during crystallization of insulin. Note that the kinetic coefficients
enter eq 10. only as ratios accounting for the 2D anisotropy.
Thus, we have shown that (i) the capillary lengthsare the
only factors that determine the step density in the growth spiral, Figure 7. Dislocation hollow cores. (a) A tapping mode image of a group

and (i) since al. > L¢ #i(L) = v, this is the only effect that of dislocations at near-zero supersaturation. While the crystal is still growing,
N B the dislocation cores (green arrowheads) are hollow. Image size:n%.8
capillarity has on the growth kinetics. Z-scale 140 nm. (b) One of the dislocations shown in (a), imaged at a higher
: : magnification. Note the noncircular shape of the hollow core. Image size:
AC'_(nOWIGdgmem' We thank W. KeegStra (l_vaerSIty of 600 nm. Z-scale 25 nm. (c) A contact mode, high-resolution image of
Groningen, The Netherlands) for kindly sharing the GRIP another hollow core on the same crystal. The crystal lattice and the molecules

software package and generous assistance with its installationat the edge of the growing step and at the core boundary are clearly resolved.
The core is a parallelogram with sides of three and four molecules. The

mu=w41 } (11)

(54) Chernov, A. A.; Rashkovich, L. N.; Mkrtchan, A. A. Cryst. Growth986 lattice distortion is due to the use of the O-ring during imaging. Image
74, 101-112. size: 200 nm. Z-scale: 8 nm.
(55) Vekilov, P. G.; Kuznetsov, Y. G.; Chernov, A. A. Cryst.Growth1992
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57 1’\?53'%56}\62%—632{ v McPh fSurf, S611997 393 95107 conditions, L. Bergeron for access to solubility data prior to
§583 ng”'g\',’ P GUZ Rfaskg""M.';’Kafsurgfsﬁ%,ygt.'(;gmmégg 13Q 317 their publication, and O. Gliko for insightful comments. This
320. work was supported by Office of Biological and Physical
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