Crystallization Under Supervision

Following Protein Crystallization in Real-Time

The structure of a protein is directly
linked to its biological function. There-
fore, there is great interest in produc-
ing high-quality single crystals of pro-
teins that are needed for structure
determination by X-ray diffraction.
However, the molecular interactions
in protein solutions leading to crystal-
lization are not completely under-
stood, which is why crystal growth is
typically performed by trial-and-error
approaches in combination with “ex-
perience” [1].

Classical nucleation theory (CNT) states
that in a supersaturated solution, mole-
cules form a nucleus which has already
the density and structure of the final solid
[2-4]. Differences between experimental
findings and theoretical predictions sug-
gest that crystal nucleation from solution
does not necessarily follow the classical
route but more complex pathways via an
intermediate phase in the crystallization
of proteins, colloids, and biomineraliza-
tion [5-9]. The intermediate can consist of
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Fig. 1: Reentrant condensation phase diagram for BLG with CdCI2. Inset:
Samples with fixed protein and increasing salt concentration. Reprinted with
permission from [20]. Copyright 2015 American Chemical Society.
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small or large clusters (aggregates) or a
dense liquid phase [2,6-7,9-14].

In previous studies, divalent ions have
already been shown to be useful for the
growth of high quality crystals of insulin
and other protein complexes [15,16].
During our own research on globular
proteins in solution, we found that a rich
phase behavior, including crystallization,
can be induced by multivalent metal ions.
Upon adding the multivalent salt, samples
of many globular proteins show a distinct
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Fig. 2: Number and average length of crystals with time (20 mg/ml BLG, 15
mM CdCI2). Inset: Crystals observed by optical microscopy. Reprinted with
permission from [20]. Copyright 2015 American Chemical Society.



transition ¢* from a clear solution at low
salt concentrations (regime 1) to a turbid
sample with massive precipitates (regime
II). At further increased salt concentra-
tions, a second border c¢** is observed
above which samples become completely
clear again (reentrant effect, regime III)
[17,18]. In the presence of the divalent
ZnCl, or CdCl,, the solution becomes less
turbid in regime III, but not completely
clear even for very high salt concentra-
tions [19,20]. This partial transition to
clearer samples is called pseudo-c**. See
also Figure 1 on this behavior.

Materials and Methods

In this work, we dissolved the globular
protein B-lactoglobulin (BLG) from cow
milk which was successfully crystallized by
our method before [21,27] and the divalent
salt CdCl, in pure water. To gain deeper
understanding of the nucleation mecha-
nism, we have performed a real-time study
using small angle X-ray scattering (SAXS)
and optical microscopy. The temperature
was fixed to 20°C, Crystallization for trans-
mission optical microscopy was performed
between two narrow, hydrophobically
coated glass slides sealed by silicone.

SAXS measurements were performed at
the ESRF, Grenoble, France using a vertical
capillary holder. SAXS is a powerful meth-
od to probe structural features directly. The
detected scattered intensity is recorded as
a function of g, the momentum transfer,
and is dependent on the form factor and
the structure factor. The form factor gives
information about the shape of the average
particle, while the structure factor gives in-
formation about the interaction of the par-
ticles in solution with each other.

Experiments

Deep in the second regime, small crystals
were found, however they were of a poor
quality for X-ray diffraction experiments,
probably due to their fast growth. In the
first and third regime, no crystallization
was observed far away from ¢* and pseu-
do-c**. Therefore, we focused on condi-
tions close to the boundaries.
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Close to c* samples are clear (below
c*) or can be centrifuged, leaving a clear
supernatant. Crystals grow directly from
this clear solution, without any visible
phases other than the initial liquid and
the final crystal. Samples in the transi-
tion zone of pseudo-c** are slightly tur-
bid after preparation. Under the optical
microscope, large aggregates are visible.
Removing them by centrifuging signifi-
cantly reduces the number of crystals.

Initially, the crystals increase strongly
in number, leading to saturation, after
which crystals still grow significantly for
hours, but no new crystals are observed.
Both observations suggest that nucle-
ation starts in the aggregates or at their
surface, however, lowering the supersat-
uration by removing protein material by
centrifuging or due to crystallization, re-
spectively, also could explain this behav-
ior. Nucleation occurs at higher super-
saturations than growth [22]. This fact is
occasionally used to artificially separate
a nucleation regime from a growth re-
gime in order to obtain crystals with a
uniform size and potentially high quality
[22]. Figure 2 shows the number of crys-
tals N and the average crystal length
L=y{(A/N) with the visible area A in the

microscopy pictures as a function of

time. L. was observed to grow slower in
the beginning. However, it should be
stated that the resolution of optical mi-
croscopy is rather low and the method
much more error-prone than the later
shown scattering results.

SAXS was applied to characterize the
structural development of our samples.
Close to ¢*, measurement curves resem-
ble the form factor of the protein (dotted
line in Figure 3a). After some time,
Bragg peaks appear, revealing crystalli-
zation. No indication of structures other
than solution and crystal were found.

Close to pseudo-c**, measurement
curves deviate heavily from the form fac-
tor. This can be explained by the forma-
tion of aggregates. With increasing time, a
broad peak at intermediate g-values ap-
pears (see Fig. 3a). We assign it to a typical
length within aggregates. It increases in
intensity and Bragg peaks are observed.
Their intensity increases while the broad
peak shrinks, and finally disappears.

To quantify the relationship between
the aggregates (intermediate) and crys-
tals, we evaluate the area under the
broad peak and under the Bragg peaks
as a function of time (Fig. 3b). We ob-
serve two very interesting features:
First, the maximum amount of aggre-
gates coincides with a local maximum in
the crystallization rate. This is charac-
teristic for a two-step process, where
nucleation occurs within the intermedi-
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Fig. 3: Fig. modified from Ref [20]. a) Crystallization of BLG followed by real-time SAXS measurements.
The form factor of BLG is shown as dotted line. b) Analysis of the area under the Bragg peaks and un-
der the broad peak assigned to the intermediate. c) Rate equation model reproducing the experimen-
tal findings. Reprinted with permission from [20). Copyright 2015 American Chemical Society.

ate phase. Second, when most of the in-
termediate has been consumed, another
strong increase in the area under the
Bragg peaks is observable. This can be
interpreted as a fast growth process of
the crystals in contact with the liquid
phase which however is not as suitable
for the nucleation of new crystals as the
intermediate. The plateau in the area un-
der the Bragg peaks indicates that the ini-
tial crystal growth is slower than the final
one.

Similar behavior has been observed for
other samples close to pseudo-c**.

Model and Discussion

A rate equation model based on processes
with a clear physical meaning reproduces
the experimental kinetic features. Assum-
ing the formation of aggregates and the
formation of crystals as two parallel one-
step processes cannot explain the plateau
in the crystal fraction. A two-step process
of erystal nucleation from a previously
formed intermediate however reproduces
all features with very good agreement
with the data: First, the intermediates
form from the solution. Second, crystals
nucleate from and grow slowly in the in-

termediate (possibly due to slower diffu-
sion). Third, once the volume of the inter-
mediate phase per crystal falls below a
certain value due to consumption by nu-
cleation and growth, the crystals become
exposed to the solution. Finally, they grow
in the liquid phase until most of the free
proteins are consumed (see Fig. 3c.) We
propose a nucleation-dominated regime
which is followed by a growth-dominated
regime, where the number of crystals be-
comes nearly constant, in agreement with
the results from microscopy.

Our results indicate a decisive role of
the protein aggregates on nucleation and
a two-step nucleation process for protein
crystallization [20,26]. On a more general
level, our approach can help to induce
crystallization in proteins of unknown
structure that are subject of current bio-
chemical research. A similar method was
recently used for basic proteins and mul-
tivalent anions. In a system of a tyrosi-
nase isoform from Agaricus bisporus,
Mauracher et al. successfully added MgCl,
or Nag[TeW,0,;1*2211,0 (TEW) in order to
induce crystallization [23]. Hen egg-white
lysozyme was likewise crystallized in the
presence of TEW. The negatively charged
TEW molecules are part of the crystal lat-

Related Articles:
hitp://bit.ly/Crystallization

More Information on the ESRF
www.esrf.eu

G.1.T. Laboratory Journal 7-8/2015

tice and bind to positively charged pro-
tein sites [24]. We believe that the strate-
gy of manipulating protein interactions
with multivalent ions is very promising as
a route for crystallization, also for sys-
tems which otherwise appear to resist
crystallization.

Summary

Our results suggest that multivalent metal
salts can help to crystallize proteins. Uti-
lizing reentrant condensation, sign and
strength of protein-protein interactions in
a large number of systems can be modu-
lated [17,18,21,25]. The optimum condi-
tions for crystallization (weak attraction)
can be found close to the boundaries ¢*
and ¢** or in the vicinity of a liquid-liquid
phase separation region [19-21,25,26].
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Additional Information
This article is based on the results pub-
lished in Ref. [20].
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