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Evidence for the surface-diffusion mechanism of solution crystallization from molecular-level
observations with ferritin
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We employ atomic force microscopy to monitior situ, in real time, the molecular processes of crystalli-
zation of ferritin, a protein that has an inorganic single-crystalline core that can be varied. We determine the
statistics of molecular attachment and detachment at the growth sites and find that the ratio of the fluxes in and
out of the kinks is significantly lower than expected, assuming direct incorporation of the molecules from the
solution. Determinations of the energy barrier for incorporation yie®D kJ mol %, significantly higher than
expected for this mechanism. We conclude that attachment of molecules occurs via the surface adsorption
layer. The surface coverage resulting from this mechanism0i®, suggesting a growth mode different from
the classical surface diffusion mechanism.
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[. INTRODUCTION interpreted in favor of the surface diffusion mechanism for
potassium dihydrogen phosphate/ammonium dihydrogen

During crystal growth from solution, the growth sites, the phosphate[9,14], lysozyme [15], and canavalin[10]. A
kinks, are for many systems located along the edges of thknown problem for such mesoscale data is that the data sets
unfinished crystal layers, the stedd. The solute molecules interpreted in favor of direct incorporation could also reflect
have two possible pathways between the solution and the surface diffusion range shorter than the shortest step sepa-
kinks: they can be directly incorporaté@,3], or they can ration probed13]. Thus, critical evidence about the growth
first adsorb on the terraces between the steps, diffuse alongode should be sought by studying the growth processes at
them, and then reach the std@s4]. the molecular leve]16,17).

If a crystal grows by the direct incorporation mechanism, As an example of such tests, we use the crystallization of
the competition for supply between adjacent steps is mildhe protein ferritin, which has molecules that are quasispheri-
[3]. On the contrary, competition for supply confined to thecal and crystallize in a face-centered-culdizc) lattice [18].
adsorption phase is acUtg]; it retards step propagation and Besides being a rather convenient model system, ferritin is a
acts as a strong effective attraction between the steps. Thigorkhorse in several research areas: nanoassembly, drug de-
dramatically affects the stability of the step train, the appeartivery, biomineralization, etc. The iron-containing core of
ance and evolution of step bunché&g, and, ultimately, the ferritin can be replaced with other organic, inorganic, and
crystal quality and utility{ 7]. bio-organic compounds for various applications in these ar-

The two mechanisms can be directly discerned by monieas[19]. Octahedral111} faces dominate the crystal habit.
toring the adsorbed solute molecules on the crystal surfac&rowth from solution purified by gel filtratiof20] occurs by
similarly to experiments with metal atoms at lowered tem-the spreading of layers generated by surface nucleation. The
perature$8]. However, during solution growth at room tem- steps interact at separatiorsl0 molecular size$16,17).
perature, the diffusivity of the adsorbed species isHowever, the interaction is mostly repulsiy21] and has
~10 8 cn?s ! [9,10, i.e., a molecule passes 100 nm in been attributed to loss of configurational entropy due to geo-
~0.01 s. Within situ atomic force microscopy, this distance metric constraints imposed by the close spa¢igat longer
is covered by the scanning tip typically in0.1 s, i.e., im-  separations, the steps do not interact.
aging is too slow to detect and monitor the adsorbed mol-
ecules. Electron microscopy of flash-frozen samples has in
several cases revealed the presence of adsorbed solute mol- Il. METHODS
ecules on the crystal surfa¢&l]; however, their participa-
tion in growth cannot be confidently judged by this tech- We used atomic force microscopy with tapping imaging
nigue. As direct tests appear impossible, indirect evidencenode forin situ monitoring of the crystallization processes.
for the growth mechanism of several systems has beeWith the ferritin system, this allows submolecular resolution
sought. of about 16 A[17]; the crystallization conditions and all

For several solution-grown crystals, the growth mecha-other experimental details were as in R¢i,22. The solu-
nism has been deduced by comparing the velocities of isability of ferritin C.=35ugmL™ . For the investigations of
lated steps to those of closely spaced steps. Similar values tife temperature effects, we mounted the sample onto a
the two velocities for silvef12] and calcitd 13] were taken  Peltier-cooled disk firmly attached to the scanner. This al-
as evidence of the direct incorporation mechanismlowed imaging in the range of 28—45 °C; to access 25 °C and
Conversely, slower growth of dense step segments wa20 °C, the room temperature was set to 18—20 °C.
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FIG. 1. The molecular mechanism of crystal-
lization of ferritin. Brighter gray shades corre-
spond to higher locationga) Growth step atC
=70ugcm 3, (C/C,—1)=1. Chosen contrast
setting hides the molecular structure of the lower
layer. (b) Distribution of molecules between
kinks on steps located-0.5um apart, obtained
from images similar to(a) at the same ¢/C,
—1). (c) Incorporation of molecules into steps at
(CIC.—1)=1. A pseudoimage recorded with the
scan axis parallel to the step disabled at time
=0, as in Refs[16,17], shows displacement of

S e 04F T T T T T T 40 one molecular site at the step. White contour
> 2 A =3.5 traces step position. Shifts of this contour to the
Qo k= right correspond to molecules attaching to the
c P 9 p 9
g 5 0.2r i monitored site, shifts to the left reflect detach-
c 8 H H H 20 ments of molecules; the number of such shifts
=0 obLlLdbdl lmmo 7 1 and the time of monitoring, 128 s, are used to

2 4 6 8 i determinej,/j_ and (.—j_), as in Refs.

Number of Molecules 0 ; [16,17.
(b) between Kinks n, 0 100 200
Surface
Coordinate [nm]
Il. RESULTS to those in Ref[16], yielded an exponent df for the larger

To characterize the molecular-level growth mechanism mpart of the data, indicating that the trace in Figc)Jpredomi-

e . hantly reflects the exchange of molecules between the step
the ferritin crystals, we imaged the step structure, and moni 4 ite environment.

tored the flux of molecules into the step, as done before for The net growth is two molecules for 128 s, leading to an

apoferritin[16,17]. Figure 1a) demonstrates the characteris- e AT i
tic roughness of the growth steps on a ferritin crystal. Figureaverage net fluxj(. =j-)=0.054 s~ (j denotes attach

1(b) shows the distribution af, the separation between the ment,j._ denotes detgc_rlnf?nhto the groyﬁh S.'tes distrib-
kinks. The meam,=3.5, corresponding to mean kink den- uted with mean densit, "=0.28, the ratigj, /] _=<21/19

sity ﬁ;1=0.28. Similar data at other ferritin concentrations =1.105. The < sign reflects the undetected _pars qf

C and temperatureB suggest thafl, may be a weak function attachment/detachment_ events separated by res_ldence times
K shorter than the scanning period 0.5 s. Such misses do not

of T, and does not depend @)

Figure Xc) shows a pseudoimage recorded with disablea"jl.ﬁiCt tpe nlet ﬂ:JX L _hJ -). Smcﬁ thﬁre a;e no S(;lurces or
scanning along thg axis so that the vertical coordinate be- sinks of molecules at the step ot er_t_lan.t € gttac ment sites,
comes the time axis. To test if imaging in this mode does no[he step growth rate should_equahnk (.J - -) [24.25,
affect the molecular attachment, as in REE6], we per- where a is the moIepuIar S|ze:.for.ferr|t|na= 13 nm. At
formed an area scan that includes the line along which th§C/Ce—1)=1, atwhich all data in Fig. 1 vxielre collected, the
disabledy-axis scan occurred, immediately after the data coI-value of tﬂ?lstgp growth ra'lte 5= 0'_20,nm s, equal to the
lection in Fig. 1c) ended. The respective imageot shown p_rpductank (j+—1J-). This equality lndlc_ates that the fer-
revealed that step motion is not inhibited or accelerated ditin crystals grow by the attachment of single molecules to
the location of scanning, i.e., the chosen scanning parameteféks located along the steps. Note that this equality is of
ensured that step propagation was not affected by scannid@nited significance. Thus, if the trace in Fig(cl was inter-
over the same line for-2 min. rupted at 120 s, the produah, * (j . —j_) would have been

This type of data collection does not allow observationshigherthan the measured step velocity. While a lower prod-
of the neighboring sites at the Step_ Hence, we cannot diUCt would indicate either insufficient statistics or tlp impaCt
rectly distinguish between molecules entering the line of obin the disabledy-axis mode, higher values do not affect the
servation due to molecular diffusion along the step, or toconclusions reached.
exchange with either the terrace between the steps or the In the case of direct incorporation from the solution
adjacent solution. While the latter results in step propagatioh25,26l,
and growth, the former is a process that only involves rear-
rangement of molecules already belonging to the crystal and U c
may not be associated with growth. Analyses of the time ji—j_=v,.C exp{ _ _0)[__ }
autocorrelation function of the step positif23], analogous ¢ kgT /[ Ce
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D i+ C % 15 : : :
ve=1g and o (1) £ (a)
> 1f .

Here, U, is the energy barrier for incorporation into the 2 /
kinks [3,24]; in the case of ferritin, it likely accounts for the S o05h D/Q/il/@ _
need to expel the water molecules structured around hydro- E
philic patches on the surfaces of the incoming molecules and g ol l . .
the molecules forming the kinl27]. Q=1.56<10 8 cm® is b 25 30 35 40

the crystal volume per ferritin  molecule,D=3.2 Temperature T [°C]
X107 cn? s ! is the ferritin diffusivity [28], and A is the 05

radius of curvature of the surface-molecule interaction poten- ' ' ' ' '
tial around its maximum dt), [29], and, hence, should be of
the order of a few water molecule sizes5—-10 A[30]. The

(b)
expression for the driving forceQJC,— 1) relies on the fact \‘\-
that for the ferritin/apoferritin pair, the activity coefficients in 05t |
the growth solutiony and at equilibriumy,, y=~y.~1 [17]. '
The step velocity for this growth mode is
A+ J

a(' i) €D p( UO)[C 1} 2 I I |30 3.35
v=— (=)= — —exp — — || =——1]. 315 320 325 330 3.
et M A keT/|Ce T[1000 K-1]

Inv [In(nm s)]

Analogous considerations for the case of growth via sur-
face diffusion yield, for the net flux into the step from the
surface,

FIG. 2. Dependencies of the step veloaityfor growth of fer-
ritin on the temperaturéa), and in Arhenius coordinate®). B at
C/C.,=4, O at C/C,=3. For each point, positions of advancing
n steps were compared in sequences of molecular resolirtisitu
S_ } antiferromagnetic images as[ih6,17]; ~20 such determinations of
v were averaged. The error bars represent the 90% confidence in-
terval of the averagg36].

U
s+ —is-= Vs+nea2 eX% - _SO)
kgT

Ne

~ Ds j+ ng
VS+_ASa1 and J___n_e, (3)

sites in the layer under construction. The most likely candi-
dates for adsorption sites are the three types of surface va-
whereng and n, are the surface concentration of adsorbedcancies, discussed in R¢L6]. As shown in[32], the surface
ferritin, and its equilibrium value, respectivelyly, is the  density of these defects is up to 10%, with distances between
energy barrier for incorporation into the kink from the sur- them 2—5 molecular sizes. Note that assuming adsorption on
face; andDg and A are, respectively, the surface diffusivity such sites would require significant modifications in the sur-
and curvature of the surfadgs. For the step velocity, one face diffusion model:(i) since their elastic energy varies
gets throughy =a/n, (js+ —Js—) an expression analogous to [32], this would mean variable adsorption energy, contrary to
Eqg. (2). a basic assumption of Langmuir adsorpti@n; the exchange
Figure Xc) reveals that aC/C.=2, j,/j_<1.105. For of molecules between the randomly distributed nonidentical
apoferritin, similar experiments have showWh6] that at sites may follow unusual statistics and dynamics. It is con-
C/C.=3, ], /j_=<25/22=1.14. For both proteins, these ra- ceivable that the suspected unconventional adsorption state
tios represent gross violations of the last equality of @g.  may be the main factor underlying the short surface diffusion
These violations cannot be attributed to depletion of the sorange, discussed above.
lution layer adjacent to the crystal—this factor becomes sig- For further tests of the growth mode, we examine the step
nificant at ~2100x (higher growth rates]31]—and suggest velocity law in Eq.(2). The only unknown parameter here is
that the direct incorporation mechanism may not apply. Inthe energy barrietd,. Determinations of at four tempera-
the case of Langmuir adsorption,=n.,,C(B+C) ! (Bis  tures and two ferritin concentrations in Fig. 2 yiefjyy
the Langmuir constapandn/n.,<C/C,. Hence, the lower =41*+3 kJmol. In Eq.(2), C. [33] and {) do not depend
ratios of the in- to outflux are compatible with a mechanismon temperature, and\ is about the size of a few water
of incorporation from the state of adsorption on the surfacemolecules and, in a first approximation, does not depend
Estimates of the ratimg/ng, using thej, /j_ ratios on T [30]. For a molecule following the Stokes lai
above yield 0.82 a€C=C,, 0.9 atC=2C,, and 0.93 aC =Dgexp(—E,is./kgT), whereE,;s is the temperature factor
=3C,. Typically, in considerations of the surface diffusion in an Arhenius-type expression for the dependence of the
mechanism, it is assumed that one adsorption site is equivaolvent viscosity on temperature. For NaCl solutions in Na
lent to one lattice site so that/n..=1 corresponds to a full acetate buffer, it iSE,=7.4kIJmol'l [34]. As shown
crystal layer. If this were the case here it is unlikely that thein [16], n, has a weak near-exponential dependencelon
closely packed adsorbed molecules would have the surfadbrough the kink energy=3.8 kJmol' . This leavesU,
mobility required for growth. This contradiction suggests~30 kJmol 1. This value is close to the 28 kJ mdlfound
that the molecular adsorption sites are not the crystal latticas the average over systems ranging from inorganic salts,
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through organics, to proteins and virug&s). UA
Substituting into Eqg. (2), we get at C/C.=2, v

=0.0014 nms?, and atC/C.=3,v=0.0028 nms*'. These

values are more than two orders of magnitude lower than

actually observed. The measured values of 0.20 and 0.31

nms would requiréJ,~18 kJmol'!, beyond the range of In solution

the determination in Fig. 2. This discrepancy supports the

assertion that the direct incorporation mechanism is inappli-

cable to the growth of ferritin. We conclude that a mecha-

nism involving adsorption on the terraces better corresponds On surface

to the available data for ferritin. As noted above, in the 3

ferritin/apoferritin system the steps do not exhibit attraction .

at any step separation. We conclude that to account for this Reaction Pathway

the characteristic surface diffusion leng#j must be shorter

than a few lattice parameters. Note that an investigation lim- FIG. 3. The energy landscape of the surface diffusion mecha-

ited to data on the mesoscale step kinetics would have coriism. For notations, see text. Then see RR&T].

cluded that the growth mechanism is direct incorporation.

This yieldsU ge<44 kJ mol !, similar to the ammonium di-
IV. DISCUSSION hydrogen phosphate valy80]. Since an equal number of

A relevant question is why the energetics of the Systeni?onQS—three—are created during adsorpti:m and incorpora-
select the surface diffusion mechanism over the direct incor—'r?n Into the step, we can roughly assuligse~Useep. Thus,
poration. This question can only be addressed with th{(.e h_|ghest barnerfncountereq byamolt_acul_e en route to the
molecular-level data available for the system. We note tha |n!< IS $44. kJmof ~. For direct mcprporatlon into kinks, for
when the surface diffusion mechanism operates, the ener hich all six bondsl are created simultaneouslyy—Usags
barrier determined from the data in Fig. 2 is a function of the Uste88 kJ mol . A cr.ude estimate yields that this
barriers of the elementary steps of this mechanism an?ﬂ“’ou'd make growth via this pathway slower by a factor of
should be denoted ably,,. As shown in[5,30], Ugm ~ex({(88 000~ 44 000)RT]~ 10",

=Uads~ Ugesorst Uspt Usiep: Which are the barriers, respec-
tively, for adsorption, desorption, surface diffusion, and in-
corporation into the stefgFig. 3). Since the energy effect of
one intermolecular bond of ferritin should be equal to that of We thank A. A. Chernov and D. N. Petsev for important
apoferritin, p=3kgT=7.4 kamol ! [16], we can safely as- suggestions, B. R. Thomas for the purified protein samples
sume that for adsorption-desorption or(1d1) fcc surface, used in the experiments, S.-T. Yau and O. Galkin for help
U ags Udesori= AHage= —3¢p=—22 kJmol 1. Ignoring in-  with the AFM technique, and N. A. Booth and O. Galkin for
teractions between the adsorbed molecules, the lowest posritical reading of the manuscript. This work was supported
sible value ofUgp occurs when only one bond is broken by the Office of Biological and Physical Sciences, NASA
upon passage between two adsorption sites, herges ¢. (Grant Nos. NAG8-1357 and NAG8-18p4
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