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Nucleation of protein crystals in a wide nucleation, developed originally for inorganic small-molecule
i t ti dient crystals. Fundamental quantities, such as the work required for
continuous supersaturation gradien nucleus formation, the number of molecules in the critical nucleus,

etc. were determined from data for stationary nucleation rates

A. Penkova,’ N. Chayen,” E. Saridakis’ and (Tsekovaet al, 1999; Nanev & Tsekova, 2000; Galkin & Vekilov,
Chr. N. Nanev” 2000).

Crystal nucleation depends exponentially on the supersaturation.
“Institute of Physical Chemistry, Bulgarian Academy of Sciences, Moreover, the most appropriate conditions for protein crystal
1113 Sofia, Bulgaria, and”Bio/ogica/Structure and Function nucleation frequently lie within a rather narrow interval of

Section, Division of Biomedical Science, Sir Alexander Fleming supersaturation levels (McPherson, 1999). In basic rest-?'arch
Building, Imperial College of Science, Technology and however, (e.g. Tsekowt al, 1999; Nanev & Tsekova, 2000; Galkin

Medicine, London SW7 2AZ, UK. E-mail- & Vekilov, ZQOO), the supgrsaturation i§ qsual_ly changec_i in discrete
and rather wide steps. This approach is justified only with hen-egg-
white lysozyme (HEWL) and other intensively studied protein
crystals, e.g. ferritin. In general, however, and especially with yet-to-
) ] ] ) ~ be crystallized proteins, the conditions have to be scanned more
By using a supersaturation gradient along a protein solutioncarefully since the step-wise supersaturation change is fraught with
contained in a glass capillary tube, we modified the classical doublghe risk of completely overlooking the nucleation zone.
pulse technique, thus sgbstantially accelerating the procedure of | the present work we used a continuous supersaturation
measurement of nucleation parameters. Data for the number Qfagient in order to probe into some important details of protein
crystal nuclei,n vs nucleation timet, were obtained for hen-egg- crystal nucleation. During the nucleation stage, the supersaturation
white lysozyme, chosen as a model because of the availability qfa5 varied continuously along a glass capillary tube filled with
reliable solubility data in the literature. The stationary nucleation rateprotein solution at crystallization conditions. The continuous
and the nucleation time lag have been measured. quantltatlve daf@riation of supersaturation was achieved by applying a continuous
for the work required for nucleus formati¢hy = 4.3x10" erg) and temperature gradient along the capillary (see alsoétuéil., 1999).
the §ize qf the critical cluster (three mole(.:ules.) were also obtaine(};\ﬂer a given nucleation time, the supersaturation throughout the
Besides, it was observed that Ostwald ripening seems to play &hpillary was brought to a lower value (corresponding to growth
important role for nucleation times longer than 150 min. Using theyithout additional nucleation) by placing the capillary at constant
same technique, semi-quantitative investigations were performegbmperature. Using this method, quantitative studies on nucleation
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with porcine pancreatic trypsin. can be performed, provided that the temperature dependence of the
protein solubility at given conditions (protein and precipitating agent

Keywords: protein crystal nucleation; direct measurements with concentration, pH, etc.) is precisely known. Since exact datheon

hen-egg-white lysozyme; HEWL, trypsin temperature dependence of the solubility are available for HEWL, it

was chosen as a model.
In the present work we are investigating the stationary rate of
1. Introduction nucleation of (tetragonal) lysozyme crystals. In addition to the
S'stationary nucleation rate, another fundamental quantity which
first stage, it determines to a great extent many features of th haractgrizes hucleation kinetics, namely the nucleation tim.e lag
subsequent crystal growth. The nucleation rate, for instance) ashchiev, 2000), has also bgen studied. Our most general aim was
determines the number of crystals that may grow. to assess the extent to which the theory of crystal nucleation,

. e S L developed initially for small molecule crystals, is quantitatively valid
Unfortunately, due to the inherent difficulties in monitoring the for profein crysta)I/Iization, in the case ofLEWL. q y
nuclei themselves, our present knowledge about the nucleation stage L .
in protein crystallization is insufficient. A single successful attempt .Inlolrder to dgmonstrate the appllcab.lllty of the new techmqug to
has been reported (Yau & Vekilov, 2000) to visualize directly, byopt|m|2|ng protein crystals, thg nuclegﬂon and grovvth of porcine
Atomic Force Microscopy, the shape of near-critical-size clusterd"YPSIn CrYStaIS have been stgd|ed semi-quantitatively, in a relatively
formed during the crystallization of apoferritin. The shape of theWlde continuous supersaturation range.
critical nucleus has been interpolated on the basis of the coincidence
in shape of sub-critical and super-critical clusters. Rather2, Experimental
surprisingly, the results indicated that the critical nucleus was by no

means nearly spherical. It was shaped like a raft and contained sorfid* S¢tuP

20 to 50 apoferritin molecules (Yau & Vekilov, 2000). Strict separation in time of the nucleation and growth stages lies
Light scattering is widely used in the study of homogeneousat the root of the classical approach for determining nucleation rates
protein crystal nucleation (Kam et al978; Malkin & McPherson  at a given supersaturation. The principle is very simple (Fig. 1a).
1994). Although indirect, it is a powerful investigation technique. During the first stage, of higher supersaturation, the crystals are
Unfortunately, "for data interpretation it is heavily dependent on(predominantly) nucleated. By keeping this period relatively short,
assumptions about the interactions between the molecules" (Galkime crystals do not have enough time to grow. If it is too long
& Vekilov, 2000). Ostwald ripening may occur (see below). After the (expected) onset
By separating the nucleation and growth stages, Galkin andf nucleation, the supersaturation is rapidly lowered to below the
Vekilov (2000) have recently developed a novel technique thathreshold which is necessary for nucleation, into the so-called
allows direct determinations of homogeneous nucleation rates. Theetastable zone, so that no further nuclei may appear during that
same classical principle of stage separation had been used earliersacond (growth) stage. (Simply, the presence or absence of crystals
the study of the rate of heterogeneous protein crystal nucleatiodetermines the limits of the metastable zone in preliminary
(Tsekovaet al, 1999; Nanev & Tsekova, 2000). The results of both experiments.) Only the existing nuclei grow into crystals during the
studies were interpreted by applying the classical theory of crystadecond stage, which is made long enough for crystals to become

Nucleation is a key step in the crystallization process. Being it
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visible. The crystals are then counted under an optical microscop&vas moved from a single nucleation temperature, depending on its
The stationary nucleation rate is obtained simply by plotting theposition along the gradient, to the unique growth temperature.
numberm of crystals grown to visible sizes tr& nucleation time, A glass capillary tube with an internal diameter of 550 was

The technique is usually calletbuble pulse techniquét is in use  used. The capillary was graduated in 5 mm segments (18 segments
since the 1930s and enables the measurement of rates of nucleatignall). It was then filled with HEWL crystallization solution
experimentally, without ever actually seeing the nuclei themselvesdescribed under 2.1) and placed horizontally in the temperature
By analogy, the image on a photographic film is invisible before itsgradient for various time intervaisfound appropriate for nucleation
development. during preliminary experiments (we used nucleation titnes10-

240 min). Two minutes for capillary pre-tempering have been added
before the nucleation time, for every measurement procedure.

At the end of the pre-set nucleation time, the capillary was
exposed to a constant temperature of 20 £ G,3in a constant-
temperature room. The supersaturation was thus substantially
lowered, and kept constant both in time and along the capillary
during the growth stage (Fig. 1b). This temperature had been found
in preliminary experiments to be sufficient for crystal growth, but
not for nucleation, at the conditions described under 2.1. Growth for
approx. one day yielded visible crystals. The number of crystals in
each segment was then counted and plotted as a function both of t
and of the (initial, i.e. nucleation) supersaturation. This procedure
was performed repeatedly for eachint order to yield reliable
statistics, since the stochastic character of the nucleation process
means a high inherent data scatter. Thus, more than five dozens of
measurement runs were performed in order to phes botht and
supersaturation. The data presented in Fig. 2 were thus averaged
L over more than 450 single results. The maximum deviatiorfaf a
& 5 given supersaturation depends on the nucleationttiramging from
"4 *+ 40% for longert up to two to three times for the shortestsed
el /& 2 here (where numbers of crystals are very low).

3/ ";f’ o One advantage of this technique is that a relatively wide range of
7 -‘{I | ¥ ‘5-""’ supersaturations is investigated in a single experiment, ensuring that

| differences in nucleation rates are not due to the inherently imperfect
reproducibility of the nucleation process.

supersaturation
nucleation

growth
(@)

time

supersaturation

2.2. HEWL solution preparation

(b) : Seikagaku 6x crystallized lysozyme was used without additional
time purification. 30 mg/ml protein was dissolved in a solution containing

3% (w/v) NaCl and 50 mM sodium acetate, pH = 4.5. This HEWL
solution is known to be metastable at 20 +°0G. The
thermodynamic supersaturation ign = ksT o, where k is
Boltzmann's constant, T the absolute temperaturesatebends on

(@) F_’rinc_iple of_the classical do_uble pulse teghnique. (b) A_ supersaturatioghe solute activities. Neglecting solution non-idealisy,may be

gradient is applied along the capillary tube during the nucleation stage. expressed as the logarithm of the ratio of the concentratiaver

the concentration at equilibrium,, én mg/ml. Thus, in this case=

In(30/ce). Data for ¢ as a function of temperature are taken from

gosenbergeet al, 1993; Ries-Kautt & Ducruix, 1992; Howased

al., 1988, Cacioppo & Pusey, 1991.

Figure 1

In the present work we have modified the double pulse techniqu
as follows (the principle is depicted schematically in Fig. 1b).
Instead of moving from one starting (nucleation) value for the
supgrsaturatlon to. an end (g.rOWth) value, we have produc;ed #3. Crystallization investigations with porcine trypsin
continuum of starting (nucleation) supersaturation levels, using a
temperature gradient. Thus, several measurements of nucleation In an analogous experiment, this time aimed only at determining
rates were performed at once, for different values of thean optimum range of supersaturation for crystallization, the glass
supersaturation. The supersaturation gradient is applied along Gapillary tube was filled with porcine pancreatic trypsin solution
(cylinder of) protein solution contained in a glass capillary tube (the(Sigma, Steinheim, Germany, cat. No. T-0134) and placed in a
"nucleation” area in Fig. 1b). At every point of the capillary tube thetemperature gradient, where it was held for a time long enough for
supersaturation is kept constant throughout the entire nucleation timeystals to nucleate and grow.
period,t, and in all experiments of a given series. Temperatures were The concentrations were chosen by preliminary screening around
kept fixed, at 6 C and 20 C, at the two ends of the capillary and published conditions (Christofet al, 1998), using the microbatch
thus a nearly linear temperature gradient was established along tiechnique. The chosen conditions were 20 mg/ml protein in 32%
tube. Good thermal insulation ensured that the temperature at ea¢dat) ammonium sulfate, 100 mM Tris, pH 8.4. Weeks after the start
point on the capillary remained virtually constant during each stagef the experiment, the capillary was removed from the gradient and
of the experiment, i.e. that each “slice” of crystallization solution examined under a standard stereoscope.
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3. Results and discussion of the stationary nucleation rates, the work for nucleus formation
andthe number n%of protein molecules in the critical nucleus have
3.1. Quantitative investigations with HEWL been estimated.

la. The workAy, was calculated according to the classical
Bproximation, on the basis of Folmer's expression for the
€épendence of the nucleation rate on the supersaturation (e.g. see
i sekovaet al, 1999; Nanev & Tsekova, 2000). Plotting linvs
;tAp/kBT)'z, the slope of the straight line yields a coefficient which
nables the calculation & (Fig. 3). The value obtained fd, is
.3x10™ erg. This figure is in good agreement with the values
qutained for small molecule crystals as well as the value previously
obtained for HEWL crystal nucleation (Tsekataal, 1999; Nanev

view.
. . Tsekova, 2000).
In agreement with general expectations, the number n n§‘ )

nucleated crystals increases exponentially with supersaturai
along the capillary. This was verified in all measurement runs, :
can be considered as an indication that our method worked reliably.

Crystal nucleation only took place in the parts of the capillary
where the supersaturation was greater than that corresponding to tﬁ
upper limit of the metastable zone. Heterogeneous nucleation L?
assumed: recent experiments, performed with the capillary i
vertical position, have shown that more than two thirds of th
(tetragonal) lysozyme crystals are sticking to the glass surfac
(Nanev et al, 2002). We have to keep in mind that the
heterogeneous crystal nucleation is easier from theoretical point

A fan of eightn - t curves is presented in Fig. 2, the numbef :
HEWL crystals per ch being plotted against the mean —
supersaturation of the corresponding capillary segment. Although w
sometimes observed crystals in 12-13 of the 18 segments, only eic -3
n - t curves are shown. The nucleation rates being too low for th
lowest supersaturations (i.e. from the nintht curve onwards), the
statistical error on the corresponding curves would be unacceptab
high. -4

: -5

0.10 0.15 0.20 0.25 (AplkHT)'z

Figure 3

200 —

Plot of Inl vs (Ap/ksT)™. The slope of the straight line are yieldiAg, for
the notations see tex{The circles are denoting points of insufficient
statistical accuracy.)

100 —

1b. Since the temperatut& does not change significantly (only
by about 4%) along the capillary during the nucleation stage, we are
working in a quasi-isothermal approximation. The so-called
nucleation theorem (Kashchiev, 1969 & 2000; see also Stoyanov,
1973; Milchevet al 1974a, 1974b; Milchev & Stoyanov, 1976;
Milchev, 1991) can be used. lts derivation does not rely on the
classical approximation and applies down to the smallest nuclei of
only a few molecules. According to this theorem, the numbesf
Figure 2 protein molecules in the critical nucleus is obtained from the plot of

A fan of n [number of crystals per square centimetey} [minutes] curves. Inl vs Ap/kgT (Fig. 4). T.hls plot has already being use.d.(e.g. Napev
The numbers on the curves are showing mean supersaturationss, for & Tsekova, 2000; Galkin & Vekilov, 2000) for determining the size

every corresponding segment in which the measurement has been done.  Of the critical nucleus:

t [min]

Then - t curves go through a maximum, at approx. 100-120 min.  N* = d(ksT In 1)/d(Aw)
A linear increase oh is observed for shorter times, whereas for The result,;n* = 3 moleculesjs in full agreement with earlier
!onger times the number of crystals (nuclei) falls drastically. Threg.oqits for nuéleation on a glass support (Nanev & Tsekova, 2000).
important features are addressed: o Small critical nuclei are typical for heterogeneous crystal nucleation.
1. The lineam - t dependence for nucleation timgtsorter than  op the other hand, however, dimers, trimers etc are present in
100-120 min, which enables the determination of the stationarpotein solutions. Does this mean that those trimers do not have the

nucleation rated, required bonding/structural properties of a crystalline state although
2. The distinct time lag, which depends on the supersaturation. they may be of sufficient size?
Due to this time lag, the vst curves do not start from the origin. 2. No nuclei appear at nucleation times shorter than a distinct

3. The substantial decreasesjrespeciallyfor nucleation times  npycleation time lage. We observed that is supersaturation-
longer than 150 min, which may be discussed as a case of Ostwalépendent. The higher the supersaturation, the shorter the time that
fipening. appears to be sufficient for the creation of at least one cluster of

Let us discuss these features in greater detail: critical size (i.e. a critical nucleus). Conversely, the critical

1. From the linear part of tha vs t curves the stationary supersaturation threshold for nucleus formation depends on the
nucleation ratek [nuclei/cnt sec] have been calculated. On the basisnucleation time, ranging fromp = 0.64x10" erg/molecule (for
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system, even under conditions ensuring steady state. One may have

thought that this explanation remains also valid in the case under

consideration, especially since the big protein molecules move more

i slowly. With a critical nucleus of only three protein molecules,
however, this explanation does not appear to be sufficient. An
additional explanation lies in the fact thats very sensitive to the

—a mechanism of monomer attachment to the nucleus: the difficulties in
steric accommodation of the protein molecules into the clusters may
thus play an important role. The time required to reach the size of a

=5 2;_00 p = Ap /KT critical .nucleus should . also bg added (for a comprehensive
discussion of the nucleation lag time, see Kashchiev, 2000, pp. 249-
270).

Another reason for the observed differences may be the high
volume fraction of protein in a solution at typical crystallization
Plot of Il vs Ap/ksT, which is yieldingn*, with I [nuclei/cnf sec], for the conditions, resulting in smaller intermolecular distances. The large
remaining notations see text. (Thiecles are denoting points of insufficient size of the macromolecules should also be kept in mind.
statistical accuracy.) 3. The decrease in the number of crystals grown to visible sizes

for nucleation times longer than 150 min may be explained by
t=120 min) toAn = 1.03x10° erg/molecule (for t=5 min). The Ostwald ripening. A coalescence of nuclei is less probable since
supersaturation dependence of the time lag has been determinHHder the mode_rate nL!cIeatlon rates chosen, the numbgr of critically
independently in every measurement, for each nucleation time. Th%ze_d_ crystals is relatively small ar_1d they are thus likely to be
capillary was scanned and the supersaturation below whicffufficiently far. from eaph other to avoid contact. .
nucleation did not take place during the given time was recorded. All Ostwald ripening is a well-known process connected with the
data (also for the ninth segment onwards) are included in Fig. 5, thefompetitive growth of ensembles of clusters. Due to the Gibbs-
inherent scatter being taken into account. Fdata from Fig. 2 can Thomson effect, smaller crystals have higher solubilities. Thl_Js,
be fitted to a linear plot, which is shown on the right-hand side of théarger crystals grow faster. As these crystals grow, the solution
curve in Fig. 5. In spite of the large data scatter, the remaininecomes protein-depleted and the supersaturation in the system

Figure 4

experimental results do not fit a straight line. drops. This leads to an increase in the critical cluster size, making
The direct measurement of is another advantage of our the smaller crystals sub-critical. The latter shrink and dissolve,
technique supplying the larger crystals with monomers for further growth.

Only the largest supercritical crystals thus survive. Theoretically the
process is completed only after the largest crystal has won the
competition: this may be the case here with the lowest

According to calculations performed within the framework of
the nucleation theory (Kashchiev, 1969 & 2000) the straightslire
(An)? shouldstart from the origin. This is obviously not the case, . —
sincet already diminishes for finité\p values. This result shows a supersatura}tlons in Fig. 2. . )
discrepancy in the time lag in the case of protein crystallization from Sqmethlng must be said h_ere_ about the accuracy of this
that predicted by the nucleation theory developed initially for Sma”expe_rlmental approach. By _conS|der|ng segments of capillary, and
molecule crystals. Let us discuss the possible reasons. defining the supersaturation in each of them to be constant_and_equ_al

to the mean supersaturation of the segment, an approximation is
introduced, which is minimized my making the segments as short as
is practicable. Since the supersaturation segments remain exactly the
same throughout the investigation, however, only the nucleation time
t changes. Moreover, by using the logarithm of the nucleation rate

t[min]

15y = the inaccuracy im, which is considerable due to its exponential
dependence on the supersaturation, become less important.
106 —| l Furthermore, by plotting Invs In(AkgT) any systematic error is

| eliminated. In conclusion, this experimental approach ensures
adequate accuracy, especially in view of the inherent data scatter due

Il to the statistical character of the nucleation process. Although

e perhaps a complication from the theoretical point of view, the use of

0 - a thermal gradient in this study offers practical advantages: it
0.50 0.78 1.00 Apx10" [srg/molecule | accelerates the measurement procedure, makes it easier and uses

limited amounts of protein.

50

3.2. Results of the investigation with porcine pancreatic trypsin

Figure 5

Plot of T vsAp is shown. Only the data obtained from the t curves can be APP'Ying th? same expgrimental approaqh with porcine
fitted to a straight line. (They are supplemented by other experimentapancreatic trypsin, semi-quantitative results on its nucleation and
results.) growth have been obtained. We found the most appropriate

temperature for the growth of relatively big crystals of this model

The physical explanation for the time lag in the case of smalbrotein. Large single crystals suitable for X-ray diffraction were only
molecule crystals relies on the fact that steady state is establishethserved in a small part of the capillary, corresponding to a narrow
after a given time. The nucleation process cannot become stationasypersaturation range. The solution at the side of the capillary
immediately after the conditions for steady state have been imposedorresponding to lower supersaturation remained clear. At higher
A certain time elapses before the establishment of the entire set slipersaturation, micro-crystals, clusters and finally precipitate
stationary populations of sub-critical and super-critical clusters in theppeared, in that order. It is thought that the solution that is subjected
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to supersaturation levels insufficient for nucleation may be acting aBeferences
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4. Conclusion
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