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First-order phase transitions of matter, such as condensation and
crystallization, proceed through the formation and subsequent
growth of `critical nuclei' of the new phase. The thermodynamics
and kinetics of the formation of these critical nuclei depend on
their structure, which is often assumed to be a compact, threedimensional arrangement of the constituent molecules or
atoms5,6. Recent molecular dynamics simulations have predicted
compact nucleus structures for matter made up of building blocks
with a spherical interaction ®eld7,8, whereas strongly anisotropic,
dipolar molecules may form nuclei consisting of single chains of
molecules9. Here we show, using direct atomic force microscopy
observations, that the near-critical-size clusters formed during
the crystallization of apoferritin, a quasi-spherical protein, and
which are representative of the critical nucleus of this system,
consist of planar arrays of one or two monomolecular layers that
contain 5±10 rods of up to 7 molecules each. We ®nd that these
clusters contain between 20 and 50 molecules each, and that the
arrangement of the constituent molecules is identical to that
found in apoferritin crystals. We anticipate that similarly unexpected critical nucleus structures may be quite common, particularly with anisotropic molecules, suggesting that advanced
nucleation theories should treat the critical nucleus structure as
a variable.
Protein crystallization is a convenient model for studies of
molecular structures and dynamics of nucleation: protein molecules' sizes (a few nanometres) and the typical timescales for growth
(a few seconds between sequential discrete growth events) are
within the reach of current surface characterization techniques.
The molecules of our model, apoferritin10, are quasi-spherical and
consist of 24 subunits arranged in pairs along the 12 walls of a quasirhombododecahedron11,12. Apoferritin crystals have a face-centred
cubic (f.c.c.) lattice, faceted by hexagonal [111] planes13,14.
We monitored large crystals for periods of several hours in the
range of supersaturations j from 0.5 to 1.6 (for experimental
procedures and de®nition of j, see Methods below), and detected
clusters landing on the top (111) crystal surfaces. Figures 1a and 2a,
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taken a few minutes after cluster landing, show examples representative of more than 15 such events. In all cases, the molecules in a
cluster are arranged in rows of 4±8 molecules, while 3±7 rows
assemble in planar domains with an additional 2±3 rows forming a
second layer. The cluster in Fig. 1 contains two domains linked by a
longer row of about 10 molecules. The centre-to-centre distance
between adjacent molecules in a row is 13 nm, equal to that along
the close-packed h110i direction in the crystal. Furthermore, one of
the molecular rows of the cluster in Fig. 2 generates a new (111)
layer that spreads on the crystal surface to meet the crystal's own
layer. Hence, these are clusters of apoferritin molecules, which,
unlike occurrences in other systems15,16, have the same arrangement
as in the crystal.
The quasi-planar cluster shape precludes the clusters being pieces
chopped off a large crystal. We conclude that the clusters form in the
solution bulk and then land on the monitored surface because: (1)
the clusters consist of (110) planes (Fig. 1f) rather than (111) planes,
typical of `two-dimensional' nuclei of new layers replicating the
(111) molecular arrangement of the crystal surface14. (2) The
molecular rows in the cluster in Fig. 1 are at an angle to the crystal's
h110i direction. (3) The cluster and the layer originating from it in
Fig. 2 are out of registry with the crystal's own layer causing a
boundary free of molecules or consisting of strained molecules. (4)
OftenÐsee for instance Fig. 1eÐthe clusters are pushed back into
the solution by the advancing crystal layers. (5) If trapped by the
crystal layers17, as in Fig. 2e and f, a mis®t boundary between the two
structures appears. Did the cluster structure change after landing,
under the in¯uence of the translationally symmetric force exerted
by the underlying crystal? It seems not: we would expect that in such
a case there would be an exact match and continuity between the
structures of the cluster and the underlying crystal, as observed
before15,18.
Figures 1 and 2 show that molecules attach to, and detach from,
the cluster between two frames. The attachment and detachment
frequencies are comparable, which is unusual for the supersaturated
conditions of the observation (we note the fast advancing long
straight steps in Fig. 1d and e, and Fig. 2e and f). Comparable rates
of molecular attachment and detachment, and bifurcation of their
subsequent evolution into either growth or dissolution were
observed for all clusters of such sizes seen in our experiments.
Estimating the average net frequency of molecular attachment in
Fig. 1, we get about 4 molecules/43 s < 0.1 s-1 for the approximately
20 possible attachment sites at the ends of the molecular rows, or
0.005 s-1 per attachment site. This frequency is more than an order
of magnitude lower than the net frequency of attachment to a
growth site on the surface of a large crystalÐ0.065 s-1 (ref. 14). The
ratio of the two rates indicates that the size of the cluster in Fig. 1 is
just above the critical size. The cluster in Fig. 2 loses one layer of 6
molecules in 896 s (compare Fig. 2a and d). Hence, its size must be
just below the critical for that supersaturation. We conclude that
these are near-critical-size clusters for the phase transformation
occurring in the system, crystallization of apoferritin. Their sizes
are, respectively, larger and smaller than the critical, and their
structure should be representative of the structure of the nucleus.
The size of the near-critical cluster in Fig. 2 at j = 1.6 decreases
from about 25 to about 20 molecules during the monitoring time.
This cluster is smaller than the one in Fig. 1 at j = 1.1 which contains
about 50±60 molecules. On the average, smaller near-critical
clusters were observed at higher supersaturations. Although we do
not have suf®cient statistics for a quantitative statement, these
observations agree with the predictions of the classical and
advanced treatments of nucleation1,2,19.
To eliminate possible effects of the large crystals on the nucleation
pathways, we viewed the glass bottom of the atomic force microscope (AFM) cell before the formation of any crystals at j between
0.5 and about 2.5. A disordered apoferritin layer with roughly
hexagonal molecular co-ordination covers the glass. We saw numer-
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ous clusters ranging from 2±3 to 50±70 molecules (we never saw
single molecules) that land on the apoferritin-covered glass, stay
adsorbed for 1 to 30 min and then dissolve or desorb. Typically,
smaller clusters had signi®cantly shorter residence times on the
surface. Hence, although the occurrence of smaller clusters
appeared higher, comparisons of the populations of large and

a

small clusters with theoretical predictions would be unjusti®ed.
We noted that: (1) in the smallest clusters the molecules occupy the
corners of a polygon. (2) Clusters of about 10±20 molecules consist
of two parallel molecular rows. (3) Two structures were possible for
clusters of 20 or more molecules: a few molecular rows in a plane, or
disordered aggregates. (4) Apoferritin molecules detached from the
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Figure 1 Near-critical-size cluster on the (111) face of an apoferritin crystal at
supersaturation j = 1.1. a±c, Molecules attach and detach from the cluster. Molecules
that are missing in the next frame are highlighted in blue, those that have appeared after
the previous frame was captured are highlighted in red. d, e, An advancing step pushes
the cluster back into the solution. The step velocity is 0.6 nm s-1, close to the fastest step
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Figure 2 A slowly dissolving cluster at j = 1.6. a±d, The top layer of the cluster is
gradually disappearing because more molecules detach than attach to the cluster. The
fraction of the top crystal layer originating from the cluster is out of registry with the
remaining part. e, f, A few steps belonging to the crystal surround the cluster. Note the
NATURE | VOL 406 | 3 AUGUST 2000 | www.nature.com

velocity previously recorded for this supersaturation with apoferritin crystals14. This
indicates that the selected AFM imaging mode did not affect the monitored processes.
f, Diagram of (111) and (110) planes and h110i molecular rows in a face-centred
cubic (f.c.c.) crystal lattice.

2112 s

mis®t between the molecules of the crystal and the molecules of the cluster. The direction
of scanning was changed between a and b. The consistency of the cluster structure is
evidence for the lack of AFM imaging artefacts.
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ordered clusters, while (5) the disordered ones were inactive. (6)
The larger ordered clusters were not seen at the high supersaturations. We conclude that the clusters in (1)±(4) above are the subcritical clusters that constitute the stages in the nucleation process
preceding those seen in Figs 1 and 2.
Figure 3 shows that the clusters that form in the solution may
develop into (111) faceted f.c.c. crystals. We see a microcrystal that
consists of three (111) layers of about 60 molecules in each. The
inclination of the microcrystals indicates that it was formed in the
solution bulk and later landed in our ®eld of view. Clusters similar
to those in Figs 1 and 2 can evolve to such a microcrystal by
accumulating several (110) layers until a (111) face is formed.
The nucleation pathway emerging from the above observations is
schematically summarized in Fig. 4. The (110) planarÐrather than
compact as in Fig. 4bÐstructure of the nucleus is surprising5,6. At
present, in analogy to the case of anisotropic dipolar molecules9, we
can only speculate that the slight anisotropy of the apoferritin
molecules, either directly, or after enhancement by the formation of
a two-member cluster, underlies the observed shape.
This nucleus structure may have important consequences for the
nucleation process. A planar cluster has a larger surface area than a
compact cluster with the same number of molecules n. As a result, a
larger contribution to the crystallization energy gain is needed to
compensate for the greater surface energy loss, and hence the
number of molecules in the critical cluster n* is greater. Because
the nucleation barrier DG*(n*) < n*Dm/2 (refs 5, 19±21), the higher
nucleation barriers lead to slower nucleation kinetics than predicted
by the classical theories based on compact spherical nuclei. Furthermore, the rough surface of the nuclei in Figs 1±3 may result in a
surface energy that is not a smooth and monotonic function of n.
This may result in unusual dependencies of the nucleation rate on
Dm.
To quantitatively characterize the nucleation process, we use the
fact (see Figs 3 and 4a), that the nucleus evolves into a crystal by
accumulating new layers. Following refs 22 and 23, we ®nd that the
contribution to the partial molecular surface free energy associated

a

with the equilibrium addition of a (110) layer consisting of ne ´ ne
molecules to a (110) cluster surface is 2f/ne. Here f is the free
energy of the intermolecular bond in the crystals (the entropic
components stem from the water molecules trapped in the crystal or
bound to the solute; S.-T.Y. et al., manuscript in preparation). For a
critical cluster in labile equilibrium with the solution, this excess free
energy is balanced by the supersaturation, that is, Dm = 2f/ne (the
Gibbs±Thomson equation22,23). Substituting f/kBT = 3.2 (ref. 14),
with Dm/kBT = 1.1 and 1.6, the values of ne are 6 and 4, respectively,
that is, approximately the cluster sizes in Figs 1 and 2. Hence, f is the
molecular-level equivalent to surface tension that governs
nucleation22.
Comparing the ne values with the respective n* values indicated
above, we ®nd that n* <ne2.3. Extrapolating to Dm/kBT = 3.8, at
which apoferritin crystals are typically grown13, we get ne < 1 or
2, n* < 3±4 (for structures of such clusters imaged by atomic
force microscopy at lower j values, see above). Assuming a preexponential factor for the nucleation rate law J0 < 1 cm-3 s-1 (for
lysozyme, J0 is between 1 and 10 cm-3 s-1; refs 24, 25) and using,
as above, DG* = n*Dm/2, we get for the nucleation rate J =
Joexp[-DG*(n*)/kBT] < 10-3 cm-3 s-1. In an overnight experiment
with a few hundred microlitres of solution, about 10 crystals should
nucleate. Accordingly, numerous experiments under these conditions produced between a few and about 100 crystals.
To compare the estimated f to previous results, we de®ne a
corresponding effective macroscopic surface energy g as nfreef/S.
Here nfree is the number of unsaturated bonds of a molecule on the
surface of a nucleus, and S is the surface area of a molecule. With nfree
being on average 7±8 for the clusters that expose two sides of many
molecules, (see Figs 1 and 2) we get g < 0.2 mJ m-2. Light-scattering
determinations of apoferritin nuclei sizes averaged over all body
angles26 at j = 0.92 yielded values of about 40 nm (or ,3.5
molecular dimensions, compatible with the cluster in Fig. 1).
Assuming a spherical nucleus shape, a value of g = 0.027 mJ m-2
was obtained26. As discussed above, for a spherical cluster nfree is
lower than for a ¯at cluster with the same ne. Hence, the surface
energy value resulting from this assumption is also lower. Similarly,
AFM studies of virus crystallization kinetics27 produced g-values
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Figure 3 Microcrystal at j = 1.1. a±c, The microcrystal slowly grows by attachment of
molecules to the side (110) faces, while a step belonging to the crystal moves rapidly to
incorporate it. d, Height pro®le along a line roughly from top left to bottom right in a shows
that the microcrystal is inclined with respect to the substrate by about 38. This
corresponds to one molecule trapped under the microcrystal close to its edge or to an
un®nished layer on its bottom surface.
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V

Figure 4 Schematic illustration of nucleation pathways. a, Nucleation via a planar critical
cluster. Stage I, single molecules in the solution; the lack of any signi®cant concentration
of dimers, trimers, and so on, has been shown by static and dynamic light scattering28,29.
Stage II, a few molecules at the corners of a polygon. Stage III, linear array. Stage IV, a
quasi-planar critical cluster with (110) orientation, similar to structures seen in Figs 1 and
2; molecules belonging to the second layer are shown in a lighter shade. Stage V,
microcrystal faceted by (111) planes; the (110) layers that stack up to form this crystal are
delineated by lighter and darker contours. b, Nucleation via a compact critical cluster5,6.
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higher by about the same factor than the evaluation based on light
scattering26.
M

Methods

Monitoring was performed in situ in the AFM ¯uid cell at 23.0 6 0.3 8C maintained by
stabilizing the room temperature. This temperature was higher by 0.5±1 8C than the
setting in the room. The insensitivity of apoferritin crystallization to temperature
variations13 justi®es this approach to temperature control. We used the less intrusive
tapping mode of the AFM and a tip with minimal force constant. The scanning parameters
were adjusted such that continuous imaging affected neither the surface structure, nor
the process dynamics. For veri®cation, we varied the scan sizes and the time elapsed
between image collections, and saw that neither the spatial nor the temporal characteristics of the monitored processes changed. Supersaturation j, de®ned as chemical
potential difference Dm (in kBT units) between the solution and a large crystal, was
calculated from the actual and equilibrium solution concentrations, C and Ce:
j [ Dm=kB T  ln C=Ce ). The effects on solution non-ideality on this determination of Dm
are minor for this system (S.-T.Y. et al., manuscript in preparation). This Ce = 23 6
3 mg cm-3 was determined as the value of C at which long steps stopped moving, before
retreating in solutions of C , Ce. The (111) surface provides a scale for determinations of
the dimensions of the clusters. The periodicity within a molecular row along a h110i
direction is 13 nm, and the layer thickness is 10.5 nm, in good agreement with the X-ray
structure11,12.
AFM, a surface characterization technique, can be applied to visualize clusters that
appear in the solution bulk only because they reach a surface and adsorb on it. The average
brownian diffusion time t to reach the substrate for a cluster formed within a x = 100 mm
thick layer can be evaluated from Einstein's relation x2 = 2Dt. A lower estimate for
cluster diffusivity D can be obtained from the diffusivity of single apoferritin molecules,
3.2 ´ 10-7 cm2 s-1 (refs 28, 29), using Stokes law and assuming that the cluster behaves
like a particle with seven molecules at an edge: D < 5 ´ 10-8 cm2 s-1. Substituting, t <
1,000 s < 15 min. Assuming sedimentation in the Earth's gravity ®eld30 would lead to
landing times longer by more than an order of magnitude.
We performed numerical simulations of combined buoyancy-driven convection and
solute diffusion, as in ref. 31, to evaluate the concentration nonuniformity due to the
crystal growth in the cell. We found that at the average rate of growth of the underlying
crystal , 0.1 nm s-1, apoferritin depletion at the interface is , 1%, and the characteristic
diffusion and convection velocities are, respectively, 0.3mm s-1 and , 1 mm s-1. The AFM
tip travel for scan widths of 0.5 mm and frequencies of about 3 s-1, and the ,20-kHz
tapping oscillation, could add solution ¯ow with similar velocities. None of those should
affect cluster evolution.
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The eastern equatorial Paci®c Ocean is the site of approximately
20±50% of new biological production in the global oceans1. This
region is also responsible for the greatest ef¯ux of CO2 from
oceans to the atmosphere2. New production, which ®xes carbon in
response to external inputs of nutrients as opposed to supply from
local nutrient recycling, is thought to modulate the CO2 release3.
But what controls new production in this region is less clear. Here
we present a quantitative reconstruction of biological production
in the surface ocean for this region over the past 130,000 years,
which shows that the equatorial Paci®c Ocean exhibits higherfrequency variations than the South Equatorial Current. Comparison of these records with palaeotemperature reconstructions
indicates that atmospherically driven mechanismsÐsuch as
aeolian ¯ux of iron or wind-driven changes in upwelling rate of
nutrient-rich watersÐare unlikely to have in¯uenced longer-term
rates of production in this region. Instead, biological production
appears to be governed by changes in ocean circulation and the
chemical composition of upwelled water.
Four core locations in the eastern equatorial Paci®c (EEP) were
selected for palaeoproductivity reconstruction with the main objectives of discovering the regional mode(s) of productivity variation
and testing for processes controlling that variation. The deep-sea
cores used were (Fig. 1): RC13-110 (0.108 N, 95.658 W; 3,231 m
water depth (w.d.); average sedimentation rate (a.s.r.), 2.4 cm kyr-1,
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