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Abstract

In this paper protein crystallization is rcegarded as a
process starting with phasc separation in a two-
component system. The nucleation time of a lysozyme
solution is mecasured by recording the NMR spectra of
crystallizing solutions as a function of time. It is found
that therc is an appreciable induction time before the
first nuclci appear in the solution and that this induction
time depends strongly on the degree of supersaturation
owing to the protein concentration at a given ionic
strength or owing to the tecmperature. From the
cxperimental data it is cvident that (at least for
lysozyme) crystallization under the prevailing experi-
mental conditions is a transicnt process with an
induction time and not a stcady-state process.

1. Introduction

The study of protcin-crystal growth usually concentrates
on practical aspects (Ducruix & Giegé. 1992; Giegé et al..
1995). A theorctical basis for protein-crystal growth is
much less developed than for small molecules (Chernov.
1997: Chernov & Komatsu, 1995; Kam er al, 1978:
Rosenberger, 1996 Wolde & Frenkel, 1997). Light
scattering (Kam et al.. 1978; Mikol et al.. 1989; Georgalis
et al., 1993; Rosenberger. 1996), fluorescence spectro-
scopy (Crosio & Jullicn, 1992), microscopy (Durbin &
Carlson. 1992: Puscy, 1993: McPherson et al.. 1995) and
small-angle X-ray scattering (Ducruix et al.. 1996:
Tardieu, 1997) arc the most commonly used techniques
for studying protein-crystal growth. In this paper we
present protein nucleation as a consequence of fluc-
tuations in the supersaturated solution, and report
measurements of the nucleation time of aqueous protein
solutions using NMR as a diagnostic tool.

2. Materials and methods

The protein preparation was crystalline hen cgg-white
lysozyme from Boehringer Mannheim. According to our
analysis, it contained 4% salt. 4% looscly bound watcr
and less than 1% protein impuritics. The lysozyme
solutions were prepared in (0.2 M Na acetate buffer, pH
4.7 and 7%(v/v) D,O. They were brought to super-
saturation by adding NaCl to a final concentration of
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6% (w/v). Expcerimental data reported in the literature
(Howard et al., 1988: Gripon et al., 1997) indicatc a
solubility of 4-6 mg ml™' for lysozyme in an aqueous
solution with 6% NaCl and pH 4.7 in the temperature
range 293-303 K. The effect of D,O on the solubility is
small (Gripon et al.. 1997). The solutions were centri-
fuged in a table-top centrifuge to remove solid particlest
and subscquently crystallized in a batch experiment in a
small-bore NMR tube with 0.5-0.8 ml of the lysozyme
solution. Spectra were collected at or ncar room
tempcrature in a 500 MHz instrument 45 min after
supersaturation was established and then registered
cvery 15 min; the integrated intensity of a peak necar
0 p.p.m. was followed as a function of time. The inte-
grated intensity is proportional to the concentration of
the compound in solution, according to the Beer-
Lambert absorption law.

3. Phase separation
3.1. The free-energy curve for a protein solution

The solution of the protein in a buffer-containing
water solution can bc regarded as a two-componcent
system: the solvent and the solute. In Fig. 1 the free-
encrgy curves for such a system at two different
temperatures are drawn. Fig. 2 shows a corresponding
phase diagram for a protein-water system (Wolde &
Frenkel, 1997; Haas & Drenth, 1998). Above the critical
temperature T, the free-energy curve of the liquid phase
has a simple minimum and separation into a liquid phase
¢ and a solid phase ¢ occurs. At lower tempera-
turcs, T < 7T,,. the free-cnergy curve of the liquid phasc
has two minima and the phasc diagram shows a meta-
stable liquid-liquid immiscibility region where the
solution is not stable and separates into two liquid
phases with concentrations ¢, and ¢,. The crystalline
phase is more stable than the concentrated liquid phasc
with concentration ¢;. and this fluid phasc ¢ is easily
converted to the crystalline phase (Taratuta et al., 1990:
Broide et al., 1991).

t The length of the centrifugation procedure may influence the
relative concentration of oligomers (Kashchicv, 1969) and have an
effect on the induction time. Such an effect was not observed in our
experiments.
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3.2. Supersaturation and the metastable state

A supersaturated solution with concentration ¢, < ¢,
in the unstable region betwecn ¢, and ¢, should separate
into two phases corresponding to the concentrations ¢
and ¢, (Fig. 1). In fact, from crystallization experiments,
we know that the supersaturated solution often has a
very long lifetime and must be regarded as a metastable
state (Feher & Kam, 1985). It may takc hours, days or
cven weeks before crystal growth sets in. The meta-
stability is a consequence of the concave shape of the
free-energy curve in the region of the supersaturated
solution with ¢ < ¢, (Fig. 1). Going further to the right
the curve passes an inflection point and becomes convex.
The inflection point is called the spinodal point and
corresponds to a concentration ¢,. The metastability of
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Fig. 1. Free energy G as a function of the protein concentration for the
liquid and crystalline phases of a two-component system for a
temperature (a) above and (b) below the critical temperature T,.
The saturated solution with concentration ¢, is in equilibrium with
the crystalline phase. For T < T, there is a metastable liquid-liquid
immiscibility region between the concentrations ¢, and ¢;; the
spinodal concentrations are indicated by cy,
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the supersaturated solution in this concave region with
¢ < ¢4, can be explained as follows. The concentration of
protcin in the solution is not constant throughout the
solution, as thermally induced local fluctuations in
concentration occur. These local-concentration fluctua-
tions can be obscrved by dynamic light scattering
(Huang et al., 1974; Guenoun et al., 1987). Suppose ¢ is
the average protein concentration and there is fluctua-
tion between ¢5w and chign (Fig. 3). The free encrgy of
such a fluctuating system is A, not B. The conclusion is
that fluctuations increase the free encrgy; this is unfa-
vourable and, thercfore, they are damped and the
system does not scparate into two phases. The fluctua-
tions in the solution are of a stochastic nature; fluctua-
tions appear and disappear continuously. It is only if a
fluctuation appears that is large enough to penetrate
into the convex region that nucleation sects in. In the
convex part of the frce-cnergy curve the system is no
longer metastable but unstable. In this region fluctua-
tions lower the free encrgy and phase scparation may sct
in spontaneously. Fluctuations with a large amplitude
are required for nucleation. These large-amplitude
fluctuations are responsible for many physical processes:
they occur only rarely and, as a consequence, arc diffi-
cult to detect experimentally. An accurate and quanti-
tative theoretical description of large-amplitude
fluctuations is difficult (Binder & Stauffer, 1976; Binder
et al., 1978; Dykman er al., 1992; Luchinski & McClin-
tock, 1997).

It is clear that if supersaturation is high and ¢, is closc
to the inflection point (Fig. 1), the chance of nucleation
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Fig. 2. Phase diagram of a protein-water system with a mectastable
liquid-liquid immiscibility region below the critical temperature 7,
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occurring is high. This can also be considered in the
following way. In concentration fluctuations with small
amplitude, the distance between the protein molccules is
relatively large and the attractive forces between them
arc relatively weak. Entropy is then the dominating
term. Chaos prevails and the protcin molecules diffusc
away. For concentration fluctuations with large ampli-
tude. in which the molecules become closer, the attrac-
tive forces dominate over the entropy and these large
fluctuations grow by an uphill diffusion (Fig. 4). and a
new phase begins to form. As a consequence an addi-
tional encrgy term, surface energy, starts to play arolc as
the new phasc develops. The attractive forces must not
only overcome the entropy but also the surface encrgy.

4. Nucleation

In the mechanism described above. the large concen-
tration fluctuations arc the origin of nucleation. The
just-formed nuclei do not yet have a crystalline order.
Support for this mechanism comes from experiments by
Taratuta et al. (1990) and Broide er al. (1991). They
obscrved a liquid-liquid phasc separation and not a
liquid-solid phasc separation for lysozyme and calf-lens
proteins when they worked carefully under very clean
conditions. However, the highly concentrated liquid
phasc is unstable with respect to the crystalline phase,
and aftcr a while crystals start to grow in this highly
concentrated phase.
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Fig. 3. Fluctuation of the protein concentration between ¢y and Cyign: ¢
is the average concentration. The free cnergy of the fluctuating
system (A) is higher than the free encrgy of the system without
fluctuations (B).
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Recent work by Wolde & Frenkel (1997) also
supports liquid-liquid phase scparation before crystal-
nuclei formation. They showed, using numerical simu-
lations, that the frce-energy barrier to crystal nucleation
is strongly reduced by the presence of a metastable
fluid—fluid critical point. It could be argued that the
potential for interaction between the protein moleculcs
as uscd by ten Wolde & Frenkel is not very realistic; for
cxample, it does not take into account the anisotropy of
the interactions and the non-spherical shape of the
molecules. However, the gencral form of the phase
diagram is not influenced by dctails of the intcraction
potential (Haas & Drenth, 1998). Asheric er al. (1996)
showed that data available for protein-water phase
diagrams can bc obtained with simple square-well
potentials. We expect that the general conclusions of ten
Wolde & Frenkel. i.e. the reduction of the energy barrier
for nuclcation by the presence of a metastable liquid-
liquid immiscibility region, will also be valid for more
realistic potentials.

In rcal experiments where protein crystals are grown
for X-ray diffraction purposes two coexisting liquid
phascs arc not usually observed, the crystals instcad
growing straight from the solution. We assume that (at
least for many proteins) every crystal originates from a
tiny drop of a highly concentrated liquid phase. If the
transformation process from the liquid to solid state
proceeds too fast. the molecules have no time to order
themselves properly and the system is quenched from
the disordered liquid state to the amorphous solid state.
We have assumed that sceds are absent in the solution.

5. NMR experiments

If protein crystallization starts from large-amplitude
fluctuations in concentration, the appearance of nuclei
and the beginning of crystal growth would be expected
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Fig. 4. Fluctuation of the protein concentration as a function of
position in spacc. Small-amplitude fluctuations disappear in time.
Large-amplitude fluctuations grow by an uphill diffusion and
become nucleation centres. The arrows indicate the direction of
protein transport.
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to be a stochastic process and to start at different times
under the same conditions. To investigate this cffect we
have applicd NMR as a diagnostic tool. Lysozyme was
crystallized in a batch experiment in an NMR instru-
ment and the integrated intensity of a peak ncar 0 p.p.m.
was followed as a function of time. The effect of the
magnetic ficld on the crystallization is small and can be
neglected (Sazaki er al, 1997. Ataka er al., 1997,
Wakayama et al., 1997).

A problem with lysozyme is that therc is no complcte
agreement about the state of lysozyme molecules in
solution. Experimental evidence for the existence of
aggrecgates, even in undersaturated solutions, has been
presented in the literature (Nadarajah er al, 1995;
Georgalis et al., 1993; Eberstein et al.. 1993; Tanaka et al.,
1996; Strom & Bennema, 1997a,b). On the other hand,
Muschol & Rosenberger (1996) claim that the crystal-
lizing particles are monomers and that the observation
of oligomers is due to non-idcality of the solutions. This
is supported by Ducruix er al. (1996) and Tardieu (1997)
on the basis of small-angle X-ray scattering cxperiments.
In the NMR experiments we only observe the appear-
ance or disappearance of monomeric lysozyme mole-
cules from the solution.

In Fig. 5 the integrated intensity ot the selected NMR
peak is plotted as a function of time. The curve stays
horizontal for 11.5h before it rather sharply bends
downwards. This change in the slope of the curve was
regarded as the onset of crystallization and the period
corresponding to the horizontal part as the induction
time.

In an initial series of experiments we found that the
induction time for crystallization strongly depends on
supersaturation (Table 1). Because we cxpected a
temperature effect on the induction time, in subsequent
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Fig. 5. The integrated intensity, on an arbitrary scale, of the peak near
0 p.p.m. in the NMR spectrum of lysozyme as a function of the time
in h. The protcin concentration was 25 mg ml . The temperature
was not stabilized and was estimated to be near 296 K. The solution
was brought to supersaturation at time zero.
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Table 1. Induction time as a function of the protein
concentration

Experiments were performed near room temperature (296 K). but the

temperature inside the NMR instrument was not stabilized.

Lysozyme concen-
tration (mg mi™")

Estimated super-
saturation c/cg,

Induction time (h)

20 3.6 >24
25 4.6 10.5
30 5.5 4

Table 2. Induction time as a function of temperature

The temperature within the NMR instrument was kept constant within
0.1 K.

Lysozyme concen-

Temperature (K)
tration (mg ml")

Induction time (h)

PA 292 7.7
25 294 8.2,8.9,9.7
25 296 1.2
25 298 16.1

experiments the temperature inside the NMR instru-
ment was kept constant within 0.1 K. Three further
measurements under cxactly identical conditions at
294 K and 25 mg ml~' gave induction times of 8.2, 8.9
and 9.7 h with an average value of 8.9 h (Table 2). The
variation is within the possible error and thc conclusion
is that the induction time is constant for the same
crystallization conditions. Next we measured induction
times at 292, 296 and 298 K (Tablc 2). We find that with
an increase in temperature the induction time becomes
longer, from 7.7 h at 292 K to 16.1 h at 298 K. This is
again a supersaturation-dependent ecffect. At higher
temperature the solubility of lysozyme is higher and the
supersaturation is lower.

We also measured an acetate peak for comparison.
This would be expected to stay constant, but this was not
the case. The intcnsity was found to change in the same
way as the protein pcak but to a much smaller degrec.
This could be due to an absorption of acctate by the
crystals, suppressing its visibility in the NMR. Another
explanation is that the magnetic field becomes less
1sotropic when crystals start to form in the NMR tube.
This would then also mean that part of the change in the
protein NMR spectrum is due to the formation of
crystals as such, and not completely to the disap-
pearance of monomeric lysozyme from the solution, but
this does not affect our conclusions.

A nucleus starts as a high concentration fluctuation,
the density of the concentrated region being higher than
the density of its surrounding rcgion. Gravity will pull
this high-density region downwards and a gravity-
induced flow will start to develop, at least on earth. In
microgravity this flow will be absent. This is a difference
in principle between crystal growth on carth and in
space, although the effect is expected to be small.
However, calculations by Georgalis et al. (1993) have
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shown that the cffect cannot always be neglected.
Wakayama er al. (1997) have observed some cffects from
increasing or decreasing the gravitational ficld on earth
by the application of an inhomogeneous magnetic field.
Itami et al. (1996) found that for a much heavier system,
a liquid Bi-Ga alloy, the amplitude of concentration
fluctuations differs betwcen microgravity and earth
gravity.

6. Discussion

We have described the formation of small crystalline
nuclei as a complex process, in which the first step is the
formation of small liquid droplets with a high protein
concentration as a result of a phase-separation process
in the solution. The phase separation starts only if
concentration fluctuations in the supersaturated solu-
tion are large enough to pass the spinodal point. The
appearance of the fluctuations is a stochastic process.
and it could be cxpected that the induction time (the
time-lag before crystallization begins, Fig.5) is a
consequence of the stochastic nature of the nucieation
process. In that case a variable length for the induction
time would be cxpected. even under the same experi-
mental conditions of temperature, concentration, pH
etc. However, from our NMR experiments it is clear that
this is not the case. The induction time is constant within
the experimental crror (data for 294 K in Table 2) and
monomeric lysozyme does not disappear from the
solution during the induction time. The explanation is
that the formation of nuclei is a transient process and
not a stcady-state process (Chernov, 1984; Binder &
Stauffcr, 1976; Fcher & Kam, 1985). In the classical
stcady-state nucleation theory a stationary distribution
of fluctuations in the supersaturated solution is assumed.
and this leads to a constant nucleation rate, i.e. a linear
increasc of the number of nuclei with time (Fig. 6).
However, in the experiment one starts with an unsatu-
rated solution, which is brought to supersaturation by

n(r)

Time

Fig. 6. Number of nuclei n(r) as a function of time in stcady-state (a)
and transicnt (b) nucleation. 7 is the induction time.
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changing the conditions. At the moment supersaturation
is reached, the distribution of the fluctuations still
corresponds to the distribution characteristic for the
original solution. It takes a certain time to transform this
distribution to onc corresponding to the supersaturated
solution and this is the induction time (Dunning, 1964:
Kawasaki & Ohta, 1983; Fcher & Kam. 1985). Only after
the induction time has elapsed does the formation of
nuclei procced according to the classical steady-state
nuclcation theory (Fig. 6).

The cxperiments (Tables 1 and 2) show that the
induction time depends strongly on the degree of
supersaturation. This is in agrcement with experiments
by Fcher & Kam (1985) who dctermined the crystal-
lization time (thce time elapsed before crystals start to
grow) for aqueous solutions of lysozyme, and notcd that
the crystallization time depends strongly on the degree
of supersaturation. The crystallization times reported by
Feher & Kam are approximally equal to the induction
times reported here.

The strong dependence of the induction time on the
degree of supersaturation is in accordance with theo-
retical considerations (Chernov, 1984. Binder &
Stauffer, 1976: Feher & Kam, 1985). This can casily be
understood if we compare the formation of concentra-
tion fluctuations with the formation of a critical nucleus
in classical nuclcation theory. This theory states that the
rate of nucleation is proportional to exp[—constant/
(In $)’] where S is the degrec of supcrsaturation:
S = ¢/cg (Mullin, 1961). For large concentration fluc-
tuations the same is truc but now § = ¢/c; (Fig. 1).

Many discussions on protein crystallization are based
on the classical steady-statc thcory of nucleation.
Howevcr, from the experimental data it is cvident that
(at least for lysozymc) crystallization under the
prevailing experimental conditions is a transicnt process
with an induction time. A thcory prescnting a quanti-
tative description of the induction timc for protein
crystallization should be able to cxplain how the
induction time depends on the conditions for crystal-
lization. Unfortunately, such a thcory has not yet been
devcloped. We shall expand our studics to the crystal-
lization of other proteins.

This work was initiated by SRON, the Spacc Research
Organization in the Netherlands and supported by the
European Union under contract CHRX-CT94-0690. We
are grateful to Henriette Rozeboom, Els Kroezinga and
Henk Druiven for superior technical assistance and to
Bauke Dijkstra for hospitality in his laboratory.

References

Asherie, N., Lomakin, A. & Benedek, G. B. (1996). Phys. Rev.
Letr. 77, 4832-4835.

Ataka, M., Katoh, E. & Wakayama, N. 1. (1997). J. Cryst.
Growth, 173, 592-596.



872

Binder, K., Billotet, C. & Mirold, P. (1978). Z. Phys. B, 30, 183
195.

Binder, K. & Stauffer, D. (1976). Adv. Phys. 25, 343-396.

Broide, M. L., Berland, C. R., Pande. J.. Ogun, O. O. &
Benedek, G. B. (1991). PNAS, 88, 566(0-5664.

Chernov, A. A. (1984). Modern Crystallography I1I: Crystal
Growth, Springer Series in Solid State Sciences, Vol. 36.
Berlin: Springer.

Chernov, A. A. (1997). J. Cryst. Growth, 174, 354-361.

Chernov, A. A. & Komatsu, H. (1995). Science and Technology
of Crystal Growth, edited by J. P. van Eerden & O. S. L.
Bruinsma, pp. 327-353. Dordrecht: Kluwer.

Crosio, M.-P. & Jullien, M. (1992). J. Cryst. Growth, 122, 71-79.

Ducruix, A. & Giegé, R. (1992). Crystallization of Nucleic
Acids and Proteins: a Practical Approach. Oxford: IRL
Press.

Ducruix, A.. Guilloteau, J. P, Ries-Kautt, M. & Tardieu, A.
(1996). J. Cryst. Growth, 168, 28-39.

Dunning, W. J. (1964). Nucleation, edited by A. C. Zettlemeyer,
p- 29. New York: Marcel Dckker.

Durbin. S. D. & Carlson, W. E. (1992). J. Cryst. Growth, 122,
71-79.

Dykman, M. 1., McClintock, P. V. E., Smelyanski, V. N., Stein,
N. D. & Stocks, N. G. (1992). Phys. Rev. Let. 68, 2718-2721.

Eberstein, W., Georgalis. Y. & Saenger, W. (1993). Eur.
Biophys. J. 22, 359-366.

Feher, G. & Kam. Z. (1985). Methods Enzymol. 114, 77-112.

Georgalis, Y., Zouni, A., Eberstein, W. & Sacnger, W. (1993). /.
Cryst. Growth, 126, 245-260.

Giegé. R., Drenth, J., Ducruix, A., McPherson, A. & Saenger.
W. (1995). Prog. Cryst. Growth Charact. 30, 237-281.

Gripon, C.. Legrand. L.. Rosenman, L., Vidal, O., Robert, M. C.
& Boué, F. (1997). J. Cryst. Growth, 177, 238-247.

Guenoun, P, Gastaud, R.. Perrot. F. & Beysens, D. (1987).
Phys. Rev. A, 36. 4876-4890.

Haas, C. & Drenth, J. (1998). J. Phys. Chem. B, 102, 4226-4232.

Howard. S. B., Twigg. P. ], Baird, J. K. & Meehan, E. J. (1988).
J. Cryst. Growth, 90, 94-104.

NUCLEATION IN PROTEIN CRYSTALLIZATION

Huang, J. S., Goldburg, W. 1. & Bjerkaas, A. W. (1974). Phys.
Rev. Lert. 32, 921-923.

Itami, T., Masaki, T., Kuribayasi, K., Sato, E., Hinada, M.,
Yamasita, M. & Kawasaki, K. (1996). J. Non-Cryst. Solids,
205/207, 375-378.

Kam, Z., Shore. H. B. & Feher, G. (1978). J. Mol. Biol. 123,
539-555.

Kashchicv, D. (1969). Surf. Sci. 18, 389-397.

Kawasaki. K. & Ohta, T. (1983). Physica A, 118, 175-190.

Luchinski, D. G. & McClintock, P. V. E. (1997). Nature
(London), 389, 463-466.

McPherson, A., Malkin, A. J. & Kuznetsov, Y. G. (1995).
Structure, 3, 759-768.

Mikol, V., Hirsch, E. & Gicgé, R. (1989). FEBS Lett. 258, 63—
66.

Mullin, J. W. (1961). Crystallization, p. 106. London: Butter-
worths.

Muschol, M. & Rosenberger. F. (1996). J. Cryst. Growth, 167,
738-747.

Nadarajah, A., Forsythe, E. L. & Pusey, M. (1995). J. Cryst.
Growth, 151, 163-172.

Pusey, M. L. (1993). Rev. Sci. Instrum. 64, 3121-3125.

Rosenberger, F. (1996). J. Cryst. Growth, 166, 40-54.

Sazaki, G., Yoshida. E., Komatsu, H., Nakada, T., Miyashita, S.
& Watanabe, K. (1997). J. Cryst. Growth, 173, 231-234.

Strom, C. S. & Bennema. P. (1997a). J. Cryst. Growth, 173,150~
158.

Strom, C. S. & Bennema, P. (1997b).J. Cryst. Growth,173,159-
166.

Tanaka, S., Yamamoto, M., Kawashima, K., Ito, K., Hayakawa,
R. & Ataka, M. (1996). J. Cryst. Growth, 168, 44-49.

Taratuta, V. G, Holschbach, A., Thurston. G. M.. Blankschtein,
D. & Benedek, G. B. (1990). J. Phys. Chem. 94, 2140-2144.

Tardieu, A. (1997). Workshop on New Trends in Macromole-
cular Crystallogenesis, Lisbon. Unpublished work.

Wakayama, N. 1., Ataka, M. & Abe, H. (1997). J. Cryst.
Growth, 178, 653-656.

Wolde, P. R. ten & Frenkel, D. (1997). Science, 277, 1975-1978.



