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ABSTRACT: We present a systematic study using real-time small- - R
angle neutron scattering (SANS) and optical microscopy to follow o W d=~84A .

) - ) & 4 - d~62A
the protein crystallization process in the presence of a metastable ?'? - > 3 > > >
. . . Ae [ . . = i ; ‘
intermediate phase (MIP). Using bovine f-lactoglobulin (BLG) in Structure ‘M__ % 2 L Density M
the presence of the divalent salt CdCl, as a model system, we first . £ Density —_—
determine the experimental phase behavior in D,0O. The protein g‘? %‘9 3 s 5\ D,0 @? @"
solutions become turbid after crossing the first threshold salt & 5 ¥ NS N Ky & &
concentration ¢*, and upon further increasing the salt concen- Cluster P rysta

tration, the solutions become less turbid but not completely clear
again. Thus, the second border is called pseudo-c**. Near pseudo-
c**, crystallization follows a nonclassical process with a MIP, which is further explored with a focus on the structural evolution and
the growth kinetics of the MIP prior to crystal nucleation. Real-time SANS measurements show that a correlation peak develops
inside the MIP, and its peak position shifts to higher g-values with time, finally stabilizing at a characteristic length scale of dygp = 84
A. The area of this peak (proportional to the amount of MIP in the sample) increases with time first, reaches a maximum, and then
decreases quickly upon crystallization due to consumption by crystal growth. The evolution of the correlation peak indicates a
“preordering” nature of the MIP as precursors of crystal nucleation, which lowers the nucleation barrier for subsequent
crystallization. These results of structural evolution and the role of MIPs during a nonclassical crystallization process may be relevant
for other fields ranging from structural biology to pharmacy.

B INTRODUCTION

Crystallization, especially of proteins, is important not only for
structural biology, where high-quality crystals are required for

free energy minimum corresponding to this intermediate
phase.”’

In the nonclassical nucleation theory, the order parameters,
i.e., density and structure, are decoupled. In most studies, the

structure determination, but also in research areas like T N ) . } .
liquid precursors gain higher density prior to reaching their

pharmacological drug delivery, where protein crystals are
used for stability reasons while simultaneously allowing for a
controlled drug release in the body."” However, the molecular

9,10,13,32-35 .
final structure. Nevertheless, also the scenario of
preordered MIPs serving as a nucleation precursor was

interactions in protein solutions and their connections to the
crystallization process are not fully understood and crystal
growth is typically performed by screening several conditions
and optimizing those which result in protein crystals.”

The early stage of crystallization, i.e., the nucleation process,
is often interpreted following classical nucleation theory
(CNT).*> One of the main assumptions of CNT is that
molecules form nuclei in a supersaturated solution with the
exact density and structure of the crystals in the final stage.””®
Recent studies in protein and colloid crystallization as well as
biomineralization have shown nonclassical features in the early
stage of nucleation.*”>° Hence, according to the nonclassical
nucleation theory, a metastable intermediate phase (MIP)
(clusters or dense liquid phases) exists in between the initial
solution and the final crystalline state.””'*'>*' The free energy
landscapes of nonclassical pathways show an additional local

© 2021 American Chemical Society

7 ACS Publications

reported.”****” One example is the solid—solid transformation
from an initially formed polymorph toward a more stable
crystal structure, where the less stable crystals serve as

3841
preordered precursors.

Another example is the so-called
“oriented attachment” in crystallization, in which building
blocks (which might be crystalline or not) form independently
and then attach to the crystal surface in the required
orientation, forming mesocrystals in the case of crystalline

42—47
precursors.
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In solution crystallization, preordered precursors have been
observed for small molecules, colloids, as well as for protein
systems.” 7434731 Bor minerals such as calcium carbonate
(CaCOs;), a partial dehydration of the prenucleation clusters
was found to be crucial for liquid—liquid phase separation
(LLPS) and further solidification.®”*® A different nature of
additives (such as polyaspartic acid or magnesium) can lead to
different types of short-range order within the amorphous
precursors.” In a second step, water is expelled from these
precursors, resulting in long-range order.** In simple aromatics
(perylene diimides), cryogenic electron microscopy revealed
an initial densification of the precursors, which is followed by a
gradual evolution, involving further densification parallel to
optimizing molecular order and morphology.”’ Using cryo-
scanning transmission electron microscope (STEM) tomog-
raphy, also for proteins such as ferritin, a gradual increase in
both order and density from the surface of the precursor
toward their interior was recently reported.’” Despite the
progress in two-step nucleation theory, its application and our
understanding of the preordered precursors in terms of their
structural development as well as the exact role in crystal
nucleation are still elusive.””***?

We have previously shown that trivalent salts such as YCI; or
CeCly can induce a reentrant condensation (RC) phase
behavior in many acidic proteins like -lactoglobulin (BLG) or
human serum albumin (HSA).>*~% Interestingly, depending
on the position in the phase diagram, classical crystallization or
a nonclassical crystallization process have been ob-
served.”* %% In a previous study,”* the two-step nucleation
process of protein crystallization in solutions was investigated
by following the overall crystallization kinetics using real-time
optical microscopy and small-angle X-ray scattering
(SAXS).*>?° For BLG-salt (CdCl,) solutions in H,O at the
transition zone of pseudo-c**, small aggregates formed after
sample preparation. These protein aggregates were identified
as a metastable intermediate phase (MIP) during crystal-
lization. The experimental results together with a consistent
rate equation model provided solid evidence of two-step
nucleation in the early stage of crystallization.””*° However, a
detailed characterization of the MIP as a key ingredient in the
crystallization and its evolution during crystallization is still
missing.

In this work, we study BLG-CdCl,, which was previously
studied in H,O only, in heavy water (D,0). Establishing D,0
as a solvent responds to the fundamental interest in associating
the physical differences of D,O and H,O with differences in
the resulting biological assembly. Moreover, it permits
subsequent small-angle neutron scattering (SANS) experi-
ments to investigate the structural evolution of the MIP during
a two-step crystallization process, as well as subsequent
neutron spectroscopy investigations to explore the diffusive
protein dynamics in situ during the crystallization. In addition,
NMR studies may be aided as well by establishing D,O as a
solvent.”* In general, real-time scattering techniques provide
information on the ensemble average and structural
information with good statistics,”*2*®> which is in contrast
to the real-space real-time techniques where details of the local
domains of the system can be probed.””°*®” SANS has the
advantage of being a noninvasive method with a large
scattering volume. These are crucial aspects regarding the
crystallization of (biological) protein solutions in which the
crystal number density may be very small. Hence, this real-time
study not only provides direct evidence for a two-step
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nucleation process but also elucidates the role and the
structural signature of the MIP in the nonclassical process of
protein crystallization.

B EXPERIMENTAL SECTION

Materials and Sample Preparation. The protein f-lactoglobu-
lin (BLG) from bovine milk, D,O and the divalent salt CdCl, were
purchased from Sigma-Aldrich (now Merck). For BLG (product no.
L3908), a purity of >90%; for D,O (product no. 151882), a purity of
>99.9%; and for CdCl, (product no. 202908), a purity of >99% were
guaranteed. In all experiments of this study, D,O was used as a solvent
to obtain a good contrast in the neutron scattering experiments.

Stock solutions were prepared by dissolving the salt and protein
powder, respectively, in D,0. The protein concentration of the
protein stock solutions was determined by UV—vis absorption
measurements with an extinction coefficient of 0.96 mL-mg_1~cm_1
at a wavelength of 278 nm.®® For sample preparation, appropriate
amounts of D,0, protein stock solution, and salt stock solution were
mixed. In this work, the samples were prepared without additional
buffer since buffers can affect the phase behavior of proteins and the
solubility of salts. The pH values determined in H,O were all in a
range between 6 and 7. Using the relation pHp o = pHy o + 0.4,7°

the pH values were well above the isoelectric point of BLG of 5.2.”!
All experiments were performed at 20 +1 °C.

Optical Microscopy. Protein crystallization in real time was
followed with an optical microscope (Axio Scope.Al, Carl Zeiss AG)
in the bright-field mode. The samples were mixed in 1.5 mL plastic
tubes (Sarstedt, Germany), directly transferred into a Gene Frame (1
cm X 1 cm with a thickness of 0.25 mm and a volume of 25 uL from
Thermo Scientific, Germany) on a glass slide and subsequently
covered with a cover slide to prevent evaporation. Images were taken
by the microscope-included camera Axio-Cam ICcS (Carl Zeiss AG)
in time intervals according to the time scale of the investigated
crystallization process. Since we are interested in the evolution of the
sample, the focus area was kept constant to monitor the same spot for
a few days. The software ZEN Lite 2012 was used to conduct the
imaging as well as to measure the crystal lengths.

Small-Angle Neutron Scattering (SANS). SANS measurements
were carried out at beamline D11 at ILL, Grenoble, France.”” The
advantages of SANS are the negligible radiation damage and the large
scattering volume containing a large amount of sample material,
which ensure a good statistical average. The sample-to-detector
distance was set to 2 m, which covers a g-range from 0.03 to 0.33 A™"
at a wavelength of 6 A (A1/4 = 10%). Protein-salt solutions in D,0
were filled in rectangular quartz cells with a path length of 2 mm. The
beam size on the sample was 7 mm X 10 mm and the acquisition time
per run was 240 s. Runs were repeated in appropriate time intervals to
follow the crystallization process over a period of 3 days. H,O was
used as a secondary standard to calibrate the absolute scattering
intensity. Data were stored in NEXUS data format.”> The data
correction and absolute intensity calibration were obtained using the
software LAMP.”* A detailed data analysis was performed by
MATLAB and will be described in more detail in the Results and
Discussion section. Data can be accessed via refs 75 and 76.

B RESULTS AND DISCUSSION

Experimental Phase Diagram of BLG with CdCl, in
D,0. We first present the phase diagram established in this
context for the completely new system BLG with CdCl, in
D,O (see Figure 1) to obtain an overview of the phase
behavior, which will be comgared with the phase diagram in
H,0O in previous work.”>*® Samples of different protein
concentrations (c,) and salt concentrations (c,) were system-
atically prepared and probed for optical transmission. Depend-
ing on their grade of turbidity, they are assigned to regime I, II,
or I1I. In regime I, the protein-salt solutions are clear, since the
initially negatively charged proteins’° repel each other and are
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Figure 1. Experimental phase diagram of BLG with CdCl, in D,O at
21 °C. In regime I, the negatively charged proteins repel each other
and the protein-salt solutions are clear. At ¢, > c*, they turn turbid due
to the formation of aggregates (regime II). By further increasing c,
above pseudo-c**¥, the turbidity decreases again, but does not vanish
completely (regime III). In addition to the phase boundaries in D,0,
the phase boundaries in H,O determined in our previous work are
included as dashed lines.”* The yellow star indicates the region
selected for real-time SANS and optical microscopy experiments.

stable in solution. Upon increasing ¢, above c*, a first sharp
transition occurs from a clear to a turbid solution and one
enters a condensed regime, referred to as regime Il By
increasing ¢, even further, a second phase boundary referred to
as pseudo-c** is observed, above which the solutions become
gradually less turbid (regime III).>>*° This phase behavior is
denoted reentrant condensation (RC).”*® In contrast to what
is observed in the presence of trivalent ions, the transition from
regime II to III is not sharp and the solutions do not become
completely clear again in regime III. Therefore, the mean ¢, of
the last clear and first turbid or last turbid and first clearer
sample is referred to as ¢* or pseudo-c**, respectively. If not
smaller than the symbols, the blue error bars indicate the
standard deviations (see Figure 1).

For comparison, the phase boundaries in H,O determined in
our previous work™ are included (Figure 1, dashed lines).
Using D,0 instead of H,O, ¢* is slightly shifted toward lower
salt concentrations. This deviation becomes stronger for higher
protein concentrations and indicates that protein—protein
interactions are stronger and the system is more attractive.”’
However, a substantial broadening of regime II when H,O is
replaced by D,O, as reported recently for bovine and human
serum albumin solutions in the presence of trivalent ions, is not
observed for BLG.®>””

Crystallization was observed for samples in regime I In
agreement with our previous work, the resulting crystal
morphology and growth kinetics degend strongly on the
sample location in the phase diagram.”*">**? Figure 2 shows
representative crystal morphologies for the sample conditions
labeled in the phase diagram (a—d). Crystals grown close to c*
show elongated, bicapped prism morphologies, whereas
crystals grown at the pseudo-c** boundary are more roundish
and compact. Regarding crystallization kinetics in H,O, close
to c*, crystallization follows a classical one-step pathway.**~>°
Below pseudo-c**, in regime II, an intermediate phase is
observed before the crystals start to grow.”° Note that Cd**
cations were previously found to improve protein crystal size,
morphology, and diffraction quality.”®”® For this system,
however, all crystals are twin crystals and therefore the
structural elucidation is more challenging.

6973

Figure 2. Different crystal morphologies depending on the location in
the phase diagram as indicated in Figure 1: (a) 15 mg/mL BLG with
13 mM CdCl,, (b) 40 mg/mL BLG with 25 mM CdCl,, (c) 15 mg/
mL BLG with 1.5 mM CdCl,, and (d) 40 mg/mL BLG with 3 mM
CdCl,. All samples were prepared in D,O.

In the following, we focus on the characterization of crystal
growth within a MIP. Thus, samples in the region just below
pseudo-c** are selected as indicated by a yellow star in Figure
1.

Crystallization Followed by Optical Microscopy. We
now present the kinetics of nonclassical protein crystallization
using optical microscopy. Samples containing 30 mg/mL BLG
with 16, 17, and 18 mM CdCl, in D,0O (indicated by a yellow
star in Figure 1) were prepared and followed by optical
microscopy for several days. Directly after preparation, the
solutions appear turbid due to the formation of aggregates
developing a transient gel-like structure. The exact microscopic
structure of the aggregates could not be resolved by optical
microscopy due to the limited resolution. After roughly 1-2 h,
the first crystals become visible and continue to grow for
approximately 20 h. Simultaneously, the transient gel dissolves.
Figure 3 shows representative snapshots of a sample containing

Figure 3. Nonclassical crystallization of BLG close to pseudo-c**. A
representative sample containing 30 mg/mL BLG and 17 mM CdCl,
in D,0 at 21 °C. In the early stage, a transient gel-like structure forms,
which collapses due to consumption by crystal growth in the later
stage, as can be seen in a quartz cuvette used for SANS experiments.
Snapshots of the same sample are shown 2.5 and 23 h after
preparation (left).

30 mg/mL BLG and 17 mM CdCl, after 2.5 and 23 h.
Furthermore, it shows the transient gel formed directly after
preparation and the sedimented crystals in the final state (after
the transient gel has apparently been consumed by crystal
growth) within the quartz cuvettes, which were used for SANS
measurements.
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Figure 4. Optical microscopy images of 30 mg/mL BLG with CdCl,: (a—c) 16 mM CdCl,, (d—f) 17 mM CdCl,, and (g—i) 18 mM CdCl, in D,0
different times after preparation. (a) Directly, (b) 9.5 h, and (c) 23 h after preparation; (d) directly, (e) 11 h, and (f) 3 days after preparation; (g)

directly, (h) 7 h, and (i) 1 day after preparation.

In Figure 4, representative microscopy images of the real-
time data of the crystallization process of 30 mg/mL BLG with
16, 17, and 18 mM CdCl, in D,O are presented. As expected,
the final crystal morphology is highly similar for all conditions
studied in this region in the phase diagram (close to pseudo-
c**), i.e.,, roundish and compact (see Figures 2—4).

Crystal growth kinetics were determined from the real-time
microscopy images by measuring the crystal side-to-side
lengths at each time interval. Note that the isotropic shape
implies that the crystal volume scales approximately with the
cube of this length. The respective lengths are plotted in Figure
S as a function of time. The linear portion of the data sets was

20
® 16 mM
" 17 mM 1.1
.1 um/h
'§'15 ¢ 18 mM
= 1.0 um/h
<10
2
3 0.8 um/h
5
0
0 5 10 15 20 25
t[h]

Figure 5. Crystal length as a function of time for 30 mg/mL BLG
with 16, 17, and 18 mM CdCl, in D,0.

fitted to obtain the growth rates and the induction times t,. For
all samples, an initial linear growth followed by a saturation of
the length can be observed. The crystals for the 17 mM sample
grew the largest with a final size of roughly 20 ym and had the
fastest induction time (t, = 1.3 h). The induction times for 16
and 18 mM were 4.6 and 2.5 h, respectively, indicating that
nucleation occurred in all samples within $ h. The respective
growth rates are also shown in Figure 5. They denote that the
samples containing 16 and 17 mM CdCl, grew approximately
at the same speed, whereas the growth rate for the 18 mM
sample was reduced. A clear trend as it can be observed for the
system in H,O that the crystal size increases with ¢ is absent
(see Figure S2). In comparison to H,O, the induction time is
longer, and the growth rate and the final crystal size are
significantly reduced.
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Crystallization Followed by Real-Time SANS. The
same sample conditions (30 mg/mL BLG with 16, 17, and 18
mM CdCl, in D,0) were studied by real-time SANS to obtain
further kinetic information of the crystallization process. Since
the neutron beam is much larger than an X-ray beam or the
field of view in optical microscopy, we could ensure an
excellent statistical average of the sample. Figure 6 shows the
SANS intensities I as a function of scattering vector q and time
t for each sample, respectively. Directly after preparation, the
scattering intensity at very low g-values (< 0.05 A™") is strongly
increased due to the formation of amorphous aggregates. A
broad correlation peak at g ~ 0.175 A™' is visible,
corresponding to a particle—particle distance of 36 A, which
is the width of a BLG dimer.”” An intermediate structural
feature at g ~ 0.075 A™" starts to develop from the beginning,
corresponding to a particle—particle correlation distance of
dyip ~ 84 A. We identify this as the characteristic structural
feature of the MIP, i.e,, a local ordering of the proteins within
the MIP. The MIP signal reaches a maximum in intensity after
roughly 5 h and then decreases. Simultaneously to the decrease
of MIP scattering, Bragg peaks appear at g & 0.1, 0.12, and 0.2
A~" and the intensity at very low g-values decreases again. The
positions of the Bragg peaks are consistent with our previous
SAXS measurements of the system in H,O, suggesting a similar
unit cell.*

To identify possible correlations between the structural
changes at different g-values and to clarify their role regarding
crystallization, a two-phase analysis, originally known from the
concept of crystallinity from semicrystalline polymer systems,”"
was applied. In the first step, all curves I(g, t) were normalized
by the first curve I(q, t = 0), which reveals the newly
developing structures more clearly (see Figure 7a). In the
second step, the overall background signal was considered by
subtracting an appropriate linear background from the
normalized data. The background was determined for each
single curve separately by a linear fit through I(q = 0.05 A™},
t)/1(q=0.05S A", t=0) and I(g =0.11 A7, £)/I(q = 0.11 A™",
t = 0), respectively (indicated in Figure 7a by purple arrows).
This interval enclosed by two local minima contains both the
signal of the MIP and a Bragg peak and can therefore be used
to determine the amount of the respective phases (MIP and
crystals) within the samples at a given time. Since the g-region
of the MIP overlaps with the first Bragg peak, we fitted the
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Figure 6. Nonclassical crystallization of BLG close to pseudo-c** followed by real-time SANS: (a, d) 30 mg/mL BLG with 16 mM, (b, e) 17 mM,
and (c, f) 18 mM CdCl, in D,O at 20 °C. For each sample, SANS intensities I(g, t) are plotted in two-dimensional (2D) and three-dimensional
(3D) perspective. Note that the color code in 3D corresponds to the intensity, the color code in 2D illustrates the temporal evolution.
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Figure 7. (a) Normalized SANS intensities I(g, t)/I(g, t = 0) of 30
mg/mL BLG with 17 mM CdCl,. Normalization of the data reveals
the newly developing structures more clearly. The interval for
subsequent analysis is indicated by purple arrows. (b) Fits of
background-corrected normalized SANS data in the low-g region: a
sum of two Gaussians (red) with fixed center and width is used to
separate the signal of the MIP (blue) and the first Bragg peak (green).

interval enclosed by a sum of two Gaussians, fixed in center
and width. One Gaussian is fitted to the broad correlation peak
apparently corresponding to the MIP and the second Gaussian
is fitted to the first Bragg peak representing the crystals in the
sample. To clarify this step of analysis, the normalized
background-corrected data with fits at selected points of time
are shown for 30 mg/mL BLG with 17 mM CdCl, in Figure
7b. Note that we did not perform any data analysis of particle
shape or size employing form factors, but instead we focus on
the distinct scattering features of correlation and Bragg peaks.
Using this method, we can minimize the effect of
sedimentation on the results, because sedimentation only
causes an overall shift of the scattering curves toward higher
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intensities due to the increase of the amount of material
irradiated by the beam, which illuminates the bottom part of
the cuvette. Since the analysis uses the area of well-defined
peaks (correlation and Bragg peak) with an appropriate linear
background correction, an overall upward shift of scattering
profiles will not influence the analysis outcome. In addition,
the illuminated area is big enough, and the medium viscosity is
high enough that such sedimentation effects are minor.

Furthermore, the signal of the Bragg peak feature at g & 0.2
A™" was evaluated in a model-free way. As a first step, a linear
background through the intensity minima at g, = 0.176 A™'
and g, = 0.217 A™" was subtracted from all normalized curves.
In the second step, the normalized subtracted intensities were
summed in the interval between the local minima for each time
point. In the last step, the calculated sums were normalized by
the maximum sum to obtain Ay, 4'(¢). The temporal evolution
of the Bragg peak feature obtained by this method was similar
to the ones presented (see Figure S1).

With the method discussed above, we derive a measure A of
the signal of the MIP (Ayp) and the first Bragg peak (Ap,g,)
by calculating the area under the respective Gaussian functions
as a function of time. A(#) thus provides information on crystal
growth and the evolution of the MIP. Subsequently, we
calculated the first time derivative of the Bragg peak signal
(d/dt)Apypqq from the green guide to the eye in Figure 8 to
compare the crystal growth rate with the evolution of the MIP.
The results are presented in Figure 8 for 16, 17, and 18 mM
CdClL,

In Figure 8, one can see that the MIP starts to form directly
after preparation, and 1-2 h later, the Bragg peaks start to
grow, indicating the formation of crystals. The MIP passes a
maximum after roughly S h and levels off again within the next
20 h. Simultaneously, crystal growth saturates. Both saturations
are a clear sign against sedimentation of material into the
beam. The analysis reveals that the crystal growth rates are at
their respective maxima when a large amount of the MIP is
available. It also reveals that the maximum of Ayp is slightly
delayed (~1—2 h) with respect to the maximum of (d/dt)
Apragy Suggesting that crystals already start to form as soon as
some amount of MIP is developed. We note that for the
sample with the longest measurement time, we observed a
second growth stage of the Bragg signal after 35 h, being
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when the Bragg peak was observed by SANS (see Figure 8). The black dashed line at d = 84 A indicates a similar final distance within the MIP for
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the right y-axis.

consistent with our previous studies in H,O using SAXS. >

However, similar to the data in H,O, no second growth step
can be seen in the microscopy data either (see Figures S and
S3).

We note that the rate of crystallization strongly depends on
the respective batch of protein since BLG has a purity of only
90%. While the general phase behavior (RC) is observed for
every batch, the phase transition boundaries and the
crystallization speed vary. Investigating a similar condition
(33 mg/mL BLG and 17 mM CdCl, in D,0), measured with a
different batch of protein on a different beamtime, resulted in a
fast crystallization that was completed within 2 h (see Figure
S2). In this case, the data analysis shows also a clear two-step
crystal growth. In combination with Figure 8 and the previous
studies in H,0,”””° we conclude that the second growth stage
is a relevant feature and is caused by crystal growth within the
dilute phase after all MIP is consumed and not only by crystals
sedimenting into the beam. It is worth noting that the second
growth stage (of the SANS signal) may only improve the
crystal quality but not its size,”> which would explain the
absence of this growth stage in the microscopy data.

Finally, we analyze the structure of the MIP as a function of
time. For this purpose, a Gaussian was fitted to the MIP
correlation peak of the SANS data shown in Figure 6. The g-
values of the respective maxima (q*) were transformed into
real space distances by d* = 27/q*. These values are plotted in
Figure 9a. It is clearly visible that the proteins within the MIP
are initially correlated within a range of 105—110 A. With time,
the average distance between the particles in the MIP
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decreases to 84 A, where it saturates for all ¢, investigated.
Note that d* is the average distance, but the correlation peak
has a certain width, hence, shorter and longer distances are also
present within the MIP and fully evolved domains may already
serve as crystal precursors. Similarly, in a Lennard-Jones system
at moderate supercooling, a local order parameter distribution
was found.*’ Since d* changes with time, the MIP is assumed
to be protein aggregates with a certain flexibility. To compare
the development of the MIP with the overall amount of MIP
and crystals, all three parameters are plotted for 30 mg/mL
BLG with 17 mM CdCl, in Figure 9b. Here, the maximum
amount of dense phase present in the sample is close to the
saturation time of d*. Hence, when the maximum amount of
MIP is present, the average distance between the proteins is at
its final stage and a maximum amount of preordered precursor
is available for crystallization. Roughly at this time, the
crystallization rate is the highest, indicating the important role
of a fully developed MIP as a preordered precursor. Based on
the SANS analysis, we expect the MIP to be locally preordered
domains. Hence, we conclude that in our system, first, the
order changes within the clusters (see Figure 9) and
subsequently the density. However, the MIP does not
necessarily already have the similar structure as the final crystal.

B DISCUSSION ON THE ROLE AND THE
DEVELOPMENT OF THE MIP

We discuss the significance of the preordered MIP observed in
this work in comparison with other protein systems. In the
BLG-CdCl, system, gel-like aggregates are formed in the

https://doi.org/10.1021/acs.cgd.1c00908
Cryst. Growth Des. 2021, 21, 6971-6980


https://pubs.acs.org/doi/suppl/10.1021/acs.cgd.1c00908/suppl_file/cg1c00908_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acs.cgd.1c00908/suppl_file/cg1c00908_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acs.cgd.1c00908/suppl_file/cg1c00908_si_001.pdf
https://pubs.acs.org/doi/10.1021/acs.cgd.1c00908?fig=fig8&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.cgd.1c00908?fig=fig8&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.cgd.1c00908?fig=fig8&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.cgd.1c00908?fig=fig8&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.cgd.1c00908?fig=fig9&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.cgd.1c00908?fig=fig9&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.cgd.1c00908?fig=fig9&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.cgd.1c00908?fig=fig9&ref=pdf
pubs.acs.org/crystal?ref=pdf
https://doi.org/10.1021/acs.cgd.1c00908?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

Crystal Growth & Design

pubs.acs.org/crystal

condensed regime II instead of LLPS.>>*° The metastable

aggregates develop a correlation peak at g ~ 0.075 A™' in
SANS and SAXS measurements, which is close to the first
Bragg peak at ¢ = 0.1 A™', indicating the preordered nature of
this MIP. In our previous work on the system HSA with CeCl;,
a metastable LLPS with respect to crystallization was found.”
Thus, dense liquid droplets were identified as metastable
intermediates between solution and crystals.”> However, these
droplets seem to act only as a reservoir rather than precursors
and no structural feature such as a correlation peak was
observed in SAXS/SANS data.°” In BLG with ZnCl,
solutions,”*** amorphous aggregates form initially in regime
II, but they relax into a dense liquid state. Crystals appear at
the interface of the dense phase and grow into the surrounding
dilute phase.”* Neither the initial amorphous aggregates nor
the dense liquid phase show such a correlation peak in
scattering profiles. Interestingly, for BLG with YCL,*’ a
correlation peak was observed at g ~ 0.03 A™' in comparison
with the first Bragg peak at q¢ = 0.92 A™.** This correlation
peak was attributed to a local order of protein clusters caused
by the fine balance between the bridging effect of metal ions
and the electrostatic repulsion due to the accumulated net
charges close to ¢** 53 Hence, it seems that the correlation
peak observed here (and in H,0°**) is indeed a sign of
preordering within the MIP, which cannot be seen for
conditions close to c¢*, which are believed to follow a one-
step crystallization pathway.”**

Similar preordering has been reported for ferritin crystal-
lization in the presence of Cd**.”> There, the preordered
protein aggregates have an interparticle distance of less than
1.3 times the distance in the crystal and the crystalline order
evolution is accomganied with the shortening of the
interparticle distance.”” This phenomenon has been observed
also in mineralization processes and dehydration is proposed
to be the driver of this change of distance.”>**** In our system,
the first Bragg peak corresponds to an interparticle distance of
62 A and if we multiply it by 1.3, the nearest neighbors should
be within a distance of roughly 80 A. If water is expelled from
the crystal during the final stage,” but is still present within the
preordered MIP, the determined saturation interparticle
distance of d = 84 A within the MIP can be interpreted as
the distance of nearest neighbors. Since d* decreases from
initially ~#110 A to the final value of dy;p = 84 A, the number
of nearest neighbors increases in this process as well, or, in
other words, a densification occurs parallel to the structural
changes. Based on these discussions, the crystallization
pathway revealed in this work is illustrated in Figure 10.
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Figure 10. Schematic pathway of protein crystallization from a
metastable intermediate phase revealed in this work. The BLG
monomers are drawn in green (PDB entry 4LZU, visualized by
Mol*°?). The oxygen atoms of D,O are colored blue, whereas the
deuterium atoms are colored red. For clarity, Cd** ions are not drawn.
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Directly after preparation, randomly oriented clusters form.
They undergo a preordering and a first densification in parallel,
until an interparticle distance of d = 84 A within the MIP is
reached. As a second step, D,O is expelled and therefore the
density increases again, resulting in the final crystal with an
interparticle distance of d = 62 A. This ~20 A difference
between MIP and crystal is believed to correspond to the
release of roughly two layers of water from each protein
involved, since the first hydration layer of a protein was found
to be 3—5 A thick while the overall hydration layer can be up
to 8 A.*>7 We note that in this study heavy water (D,0) and
not H,O was used as a solvent, which might influence the
hydration slightly.

Another feature of the MIP is the mobility of molecules
within the aggregates. Since the solutions investigated are
extremely viscous and gel-like after preparation (see Figure 3),
a certain degree of mobility of molecules is assumed to be
needed for crystallization. In an extreme case of glass, it was
found that the rigidity of the network plays a crucial role in
phase transitions (and therefore nucleation).*” Nucleation is
believed to occur in so-called “active centers”, namely, the
dynamic regions of the network, which are able to spatially
rearrange and move within the rigid network.*” Below a certain
threshold, the sizes of these dynamic regions are too small for
nucleation.*” Ordering occurs first in these dynamic regions,
followed by an increasing density (lowering of entropy).”””* A
recent study on protein crystallization using time-resolved
liquid-cell TEM demonstrated that proteins in the lattice are
mobile throughout the crystal structure in the early stage of
crystallization.”' The intermolecular bonds or contacts can
break and reform rapidly,”’ supporting the hypothesis of
flexible and dynamic intermediates. Our previous work on the
crystallization of BLG in the presence of YCl; showed that the
protein clusters have not only a precrystalline structure but also
an internal flexibility, which enables local reorientation within
the clusters.”* In consistency with this work, the temporal
evolution of the ordering indicates that, although a local order
exists, proteins are supposed to be still flexible within the MIP
and can rearrange themselves, which is crucial for these
aggregates being nucleation precursors.

Bl CONCLUSIONS

In summary, we demonstrate that the combination of real-time
SANS and optical microscopy can be used to reveal new
insights into the kinetics of protein crystallization. Based on
our findings, we suggest the following nonclassical crystal-
lization mechanism: directly after preparation, the proteins
form big amorphous aggregates. Within these aggregates, a
preordered structure starts to develop (MIP) on a length scale
slightly larger than the crystal unit cell. Since preordering
lowers the nucleation barrier of the protein molecules, crystals
start to nucleate within the MIP. Potentially, D,O is expelled in
the final stage as closing densification. During nucleation, the
MIP is consumed. The crystals may grow further upon
consuming a fraction of the proteins of the solution until a final
equilibrium between solution and crystals is reached. These
findings of a preordered precursor pave the way for
understanding the crystallization pathway and the temporal
role of a MIP during crystallization in aqueous protein
solutions. This is not only relevant from a fundamental point of
view but also has a huge impact on structural biology and
potentially many other fields like biopharmaceutical formula-
tion.
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