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ABSTRACT: The process of protein crystallization from aqueous protein
solutions is still insufficiently understood. During macroscopic crystal
formation, occurring often on time scales from a few hours to several days,
protein dynamics evolves on the molecular level. Here, we present a proof of
concept and a framework to observe this evolving diffusive dynamics on the
pico- to nanosecond time scale, associated with cluster or precursor formation
that ultimately results in emerging crystals. We investigated the model system
of the protein f-lactoglobulin in D,O in the presence of ZnCl,, which induces
crystallization by electrostatic bridges. First, the structural changes occurring
during crystallization were followed by small-angle neutron scattering.
Furthermore, we employed neutron backscattering and spin—echo spectrosco-
py to measure the ensemble-averaged self- and collective diftusion on

nanosecond time scales of protein solutions with a kinetic time resolution on
the order of 15 min. The experiments provide information on the increasing number fraction of immobilized proteins as well as
on the diffusive motion of unbound proteins in an increasingly depleted phase. Simultaneously, information on the internal

dynamics of the proteins is obtained.

1. INTRODUCTION

Protein crystallization is of great interest due to its crucial role
in the determination of protein structures in crystallography as
well as for applications such as drug design.' Despite its
importance, a fundamental understanding of the mechanisms
underlying protein crystallization is still missing.”® Under
suitable conditions, protein crystals can grow from aqueous
protein solutions. For instance, crystallization of negatively
charged proteins from solution can be triggered by the
presence of divalent salts such as ZnCl, or CdCL,** or trivalent
salts (YCL,).° Appropriate conditions can induce a liquid—
liquid phase separation in the system,”® which might promote
crystallization via two-step nucleation pathways.” Generally,
crystal growth resulting in macroscopic crystals proceeds on
different time scales® and may take several days.

The process of crystallization has been investigated employ-
ing various techniques such as differential scanning calorim-
etry,g_ll atomic force microscopy,lz_14 transmission electron
microscopy,' '® optical microscopy,”'®'” dynamic light
scattering,”'>'® Fourier transform infrared spectroscopy,'”’
small-angle X-ray scattering (SAXS),”"® small-angle neutron
scattering (SANS),” and simulations.”"** Notably, small-angle
scattering can provide information on the proteins in solution,
on the crystal structure, and on protein—protein interactions
during the crystallization.” The phase diagram and therefore
also the crystallization process can be influenced by several
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parameters such as concentrations of both the proteins and
cosolvents,”>** temperature,”>*® vibrations,”” surfaces of the
sample containers,”**’ solvents and additives'®**™** and
electric or magnetic fields.”* Furthermore, different purification
methods or different batches of the protein in question may
result in different crystallization behaviors.

While phenomenological observations and kinetic studies of
the structure itself revealing both classical and nonclassical
crystallization pathways®'”****~% are relatively frequent, only
a few studies are available on the molecular-level crystallization
dynamics.”’ Studies of the diffusive dynamics of dissolved
proteins and the formation of protein clusters in solution**™**
are more common. The lack of dynamical characterization is
particularly puzzling, as diffusive motions are affecting
assembly in essential ways, i.e., in the case of diffusion-limited
aggregation or release from frustrated local configurations.

Here, we make a proof of concept and a first step toward
establishing a framework to observe and analyze the ensemble-
averaged pico- to nanosecond time scale diffusive dynamics in
protein solutions during crystallization in order to provide a
complementary view on the process and inspire further
theoretical work on the microscopic processes and dynamics.
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As a model system, we investigate aqueous (D,0) solutions of
protonated bovine f-lactoglobulin (BLG) in the presence of
ZnCl,.

BLG, as the major protein in the whey of ruminant species,
is also interesting for applications in the food industry."”>°

A study of the dynamics of the proteins throughout the
nucleation and crystallization process can contribute to a
complete overall picture. Having verified that the crystal-
lization process appears on suitable time scales using SANS
and optical observation, we use quasi-elastic neutron back-
scattering spectroscopy (QENS) to access the self-dynamics of
the proteins in the scattering vector range of 0.2 At < q <
1.9 A7 exploiting the prevailing incoherent scattering from
their hydrogen atoms.”’ Moreover, using neutron spin—echo
(NSE) spectroscopy, we access smaller q values (g = 0.082—
0.1 A7'), where the coherent scattering dominates and
therefore enables an investigation of the collective dynamics
of the proteins. Before crystallization, the collective dynamics
observed at the Bragg peak (g = 0.082 A™')* provides
information on the coordinated relaxation of concentration
fluctuations with wavelengths comparable to the distances in
the crystalline state. While the amount of proteins in the crystal
increases, the signal at this g becomes dominated by the
motion of the proteins in the crystalline state, whereas the off-
peak scattering is essentially only originating from the proteins
in solution throughout the process.

These neutron spectroscopy techniques thus access the
evolution of the dynamics of individual proteins from their free
diffusion in the supersaturated solution to their rearrangements
during crystallization on different time and length scales. It is
important to note that neutron scattering as a noninvasive
technique is not influenced by sample turbidity (such as light
scattering) and also does not lead to radiation damage, which
can be a problem for X-ray scattering techniques.

Generally, we note that, although we did everything possible
to ensure reproducible conditions, a complex kinetics experi-
ment with nucleation events such as the presented one on
different instruments cannot be expected to be 100%
reproducible. Importantly, these neutron spectroscopic studies
became only possible in the kinetic mode by significant
improvements of the instrumentation in recent years.

This article focuses on the development of the experimental
technique and on the data analysis and interpretation and
displays a first step for exploiting systematically the dynamics
throughout the crystallization process.

We emphasize that in this context certain aspects of the
analysis are necessarily oversimplified, but that we believe that
this helps to make the key features better visible.

2. MATERIALS AND METHODS

2.1. Sample Preparation. Bovine f-lactoglobulin (BLG, purity of
90%, L3908), ZnCl, (purity >99.995%, 429430), and D,0O were
purchased from Sigma-Aldrich, now Merck, and used without further
purification. A BLG stock solution was prepared by dissolving 200 mg
of protein powder in 1 mL of D,O (nominal concentration ¢, =
200 mg/mL). The BLG stock solution was mixed with appropriate
amounts of D,0 and a 100 mM ZnCl, stock solution (in D,0) to
obtain a sample with a protein concentration ¢, = 100 mg/mL and a
salt concentration of ¢, = 35 mM. After the components were mixed,
the sample was vortexed to obtain a turbid, but macroscopically
homogeneous, solution. Photographs of the noncrystallized and
crystallized sample are shown in the Supporting Information in Figure
SI.
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2.2. Small-Angle Neutron Scattering. Time-dependent SANS
was performed at beamline D11°*°% at the Institut Laue-Langevin
(ILL), Grenoble, France. A freshly prepared sample was stored at 8
°C until first crystals were visible and then measured in a time series
at room temperature. Neutrons with a wavelength of 4 = 6 A with
AA/A = 9% were used to measure for 2 min per run at a sample-to-
detector distance of 2 m (with an incident beam collimation distance
of 5.5 m) covering a g-range from 0.03 A™' < g < 0.33 A™". The
scattering vector is defined by

_ 4z sin 0
2 (1)

with a scattering angle 26. A rectangular neutron beam of 10 mm
height and 7 mm width was used to illuminate the samples which
were filled into Hellma quartz cuvettes of 1 mm path length. The
scattering intensity was recorded with a *He MWPC CERCA detector
with 256 X 256 pixels of 3.75 mm X 3.75 mm size. The two-
dimensional scattering data were corrected pixel by pixel according to
standard routines and then azimuthally averaged to obtain one-
dimensional scattering curves as presented in Figure 1. For the data

—4.12h

—6.73 h
10.68 h
26.78 h
30.13 h

—32h

off peak

0.1

Figure 1. SANS measurements of two different samples with the same
concentration. The black dotted line shows the SANS profile of a
noncrystallizing sample prepared at room temperature. Solid lines
show the time dependence of a second sample which was followed
after macroscopic crystals were already visible in the cuvette which
was stored at 8 °C. The red and blue dotted vertical lines represent
the g-values at which the NSE measurements were performed. All
SANS measurements were performed at 20 °C. These data represent
the best time resolution currently available for this sample condition,
evidencing the course of crystallization on time scales of several hours.

reduction, the LAMP software available at the ILL was employed.
Light water (H,O, 1 mm path-length) served as a secondary intensity
calibration standard. Data were put on absolute scale by using the
differential scattering cross section of H,0O (0.983 cm™ for A = 6 A).

2.3. Quasi-Elastic Neutron Backscattering. For the quasi-
elastic neutron backscattering (QENS) measurements, the sample was
filled into a double-walled aluminum cylinder (23 mm outer diameter,
0.15 mm gap, i.e. difference between inner and outer radius), sealed
against a vacuum and inserted into the instrument at T = 7 °C for the
measurement.”* The experiment was carried out using the cold
neutron backscattering spectrometer IN16B at the ILL.>® The sample
was inserted into a standard orange cryofurnace mounted inside the
evacuated secondary spectrometer chamber. The instrument was used
with unpolished Si(111) crystal monochromator and analyzers and a
vertically position-sensitive multidetector (PSD) consisting of 16 *He
detector tubes covering a scattering vector range of 0.57 A™' <
q < 1.94 A7'. In addition, two small-angle detectors with a slightly
lower energy resolution (due to a small angular deviation from
backscattering) were placed at ¢ = 0.19 A™' and 0.29 A™". An energy
transfer range of —30 ueV < Aiw < 30 peV was detectable in the so-
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called inverse geometry by Doppler-shifting the incident mono-
chromatic neutrons using an AEROLAS Doppler drive operating with
a sinusoidal velocity profile with an amplitude of 75 mm and
maximum velocity of 4.5 m/s. The flux at the samg)le was optimized
by a phase space transformer (PST) chopper disk,* carrying graphite
mosaic crystals at its circumference and spinning at 7100 rpm during
the experiment, corresponding to a crystal velocity of 243 m/s.

During the entire backscattering experiment, we recorded 15 min
frames at full energy range. By using a running average, the raw data
were binned to obtain spectra which were collected over 3 h with a
time resolution of 15 min. Data reduction and fits were carried out
using MATLAB R2017a (The MathWorks, Inc.). We normalized the
measured intensities by the incident neutron flux and detector
efficiency obtained from the vanadium measurement, and we
subtracted an empty can signal from the protein solution spectra.
Since the spectra collected are based on counting events, its errors are
given by Poisson statistics.

2.4. Neutron Spin—Echo Spectroscopy. A sample with
identical concentrations was prepared and measured using the
neutron spin—echo spectrometer IN11 at the ILL.°**” The sample
was filled into a 1 mm quartz cuvette and measured at T =7 °C with a
wavelength of 4 = 8 A iterating between the scattering angles 6° and
7.3°%, covering the scattering vectors gp,, = 0.082 A™" and q4 =
0.1 A™'. Measurements were only performed at these scattering
vectors to focus on the time dependence of the crystal growth.

Since the sample did not crystallize homogeneously over the entire
cuvette, the sample was partially shielded with cadmium (around 41 h
after the sample preparation) to focus on the crystal growth once
crystals were visible by eye. The resolution functions of the
instrument were determined for the different experimental conditions
using the elastic scattering of graphite, measured with the exact same
Cd-mask as the protein sample. Each Fourier time point was
measured for 45—90 s, resulting in a time resolution of around 80 min
per scattering angle g. The data were normalized by the instrument
resolution function and further analyzed with MATLAB.

3. RESULTS AND DISCUSSION

3.1. Structural Characterization. SANS measurements
were performed to investigate the time the sample needs to
crystallize and to determine Bragg peak positions. Figure 1
shows the time-dependent scattering signal of the sample. A
sample prepared and measured at room temperature did not
crystallize and served as a noncrystallizing reference (black
dotted line). By decreasing the temperature to T = 8 °C,
crystal growth could be triggered in a second sample. Once
crystals were visible, they continued growing at room
temperature and were measured by SANS. During the
crystallization process, the overall scattering intensity decreases
owing to the decrease of protein clusters in solution. Upon
crystal formation Bragg peaks appear, which are used for the
dynamic measurements later, whose intensity increases as the
crystallization process evolves.

3.2. Model of the Scattering Function for Back-
scattering describing the Self Diffusion. When hydro-
genated proteins are measured in deuterated solvents, the
incoherent scattering from hydrogen dominates in the g-range
investigated with IN16B. In contrast to the coherent scattering
containing structural information investigated in the previous
section, the short-time self-diffusion is investigated with
incoherent QENS.>®

In a crystallizing sample, at least two protein populations
contribute to the scattering function: immobile proteins inside
and mobile ones outside of the crystals. Besides, salt-
induced”>**>” as well as crowding-induced"*” oligomeric
populations may be present. While the global diffusion of
proteins in crystals (as well as those in very large aggregates,
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diffusing so slowly that the energy transfers cannot be detected
with the given energy resolution, see section 3.3) should be
negligible, we expect the “free” proteins to be well observable
within the accessible time scale. Moreover, internal motions
contribute to the recorded scattering function as well. In
principle, internal dynamics could be different in crystals and
in solution. Although a change of fast vibrational dynamics was
observed by Raman spectroscopy upon lysozyme crystalliza-
tion,(’0 nuclear magnetic resonance (NMR) studies suggest
that differences on a pico- to nanosecond time scale are absent
or very limited.””*> Hence, in order to keep the model as
simple and robust as possible, i.e., to reduce the number of free
parameters, we model the scattering function S(g, @) as a sum
of the contributions from nondiffusing proteins in crystals or
large aggregates and diffusing proteins in solution with the
same internal dynamics:

S(‘l; w) = R(q) w) ® {/5(‘1)
[AlAo(q)d(@) + (1 — Ag(q))Lr(w)]
+ (1 - Ac)[AO(q)Ly(w) + (1 = Ay(9)

Ly+l—'(a))]]+ﬂDzo£yDZO(w)}‘ (2)
q denotes the scattering vector and A is the energy transfer.
We note that the assumption of identical internal dynamics of
proteins in crystals and in solution may lead to systematic
errors. In contrast, allowing for (slightly) different dynamics as
well as considering additional contributions from protein
clusters would render the fit ill-posed. We therefore prefer a
simplified model. In eq 2, A. and (1 — A_) denote the fraction
of nondiffusing and diffusing proteins, respectively, and §(w) is

a delta function accounting for immobile proteins. £; , denote

Lorentzian functions accounting for diffusive (global and
internal) dynamics with the index to this symbol denoting the
respective half-width at half-maximum. In particular, the line
width ¥ accounts for the averaged global diffusion of
monomeric and dimeric proteins as well as of small protein
clusters in solution, whereas I" describes the average internal
dynamics. f(q) is a scaling factor, while the so-called elastic
incoherent structure factor (EISF) Ay(q) provides information
on the geometry of confinement of atoms within the protein.63
Finally, the term ﬂDZO'EyDZO(w) accounts for the contribution

of D,O and is fixed during the fit, as explained in ref 64 and
R(q, @) represents the resolution function of IN16B
determined from the spectrum of a vanadium standard
(width ~ 0.9 peV full width at half-maximum). In the fit
algorithm, R(q, @) is described analytically by a sum of two
Gaussian functions, and the convolution R(gq, ®) ® {..} is
carried out analytically, yielding R(q, ®) ® §(w) = R(q, w)
and Voigt functions consisting of R(q, @) and £, .

In a first step, the parameters (q), Ao(q), 7, and T are fitted
g-wise, while A_ is set as a global, g-independent parameter.
The errors of the fit results represent the 95% confidence
bounds of the fit based on the inverse Jacobian matrix. Two
examples of a fitted spectrum (first and last spectrum of the
time dependent measurement) are shown in the insets of
Figure 2 with the main figure showing the time dependence of
the scattering signal at g = 1.48 A™'. Already in the raw data, a
reduction of the overall spectral width and an increase of the
elastic contribution with time are visible. The widths y
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Figure 2. Time dependence of the backscattering signal at
q = 1.48 A", The increase of the elastic contribution with time can
already be seen in the raw data. The two insets show fits (red line) at
the same q = 1.48 A™" for the first (left) and last (right) collected
spectra. Brown, yellow, purple, and green lines represent contributions
of immobile proteins, global and internal diffusion and D,O
contribution, respectively. During the whole measurement, the sample
was kept at T = 280 K.

obtained from a fit of eq 2 are plotted as a function of ¢* in
Figure 3.

Figure 3. Lorentzian line width y (symbols) vs g* characterizing the
global diffusion obtained from the fits of eq 2 to the backscattering
spectra at four different times t after sample preparation. The fits with
eq 3 (lines) describe a jump-diffusion. At t = 1.5 and 10 h, y deviates
slightly from a straight line, which would indicate free Brownian
diffusion, whereas at longer times the deviation from y o g* is much
more pronounced, and a jump-diffusion-like behavior is clearly
recognizable.

The red triangles in Figure 3 corresponding to the sample
1.5 h after preparation deviate slightly from a straight line
(shown as black dotted line). We use a well-established
formula to fit this apparent signature in g, as described by the
Singwi and Sjolander jump-diffusion model®®

qu

7/ = ——
1 + Dq" 3)

where D is the jump-diffusion coefficient and 7 denotes the
residence time in the trapped state. The trend obtained from
eq 3 becomes even more pronounced at longer times, as
noticeable from the flattening of y at higher g. Three reasons
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may explain the deviations of y at low g-values. First, because
of the design of the instrument, the first two detectors have a
broader energy resolution than the other 16 detectors. Second,
the lowest detector covers the Bragg peak visible in Figure 1. In
the presence of crystals, the scattering signal at this detector
therefore contains significant coherent contributions which are
not accounted for in the model. Third, at low g, quasi-elastic
broadenings are very small and close to the energy resolution
and, as shown in section 3.3, at longer times the contribution
of diffusing proteins decreases, such that even small
inaccuracies in the analytical description of R(q, ®) may
have a large influence on the fitting parameters.

Having verified that the g dependence of y can be described
by eq 3, we impose this g-dependence in eq 2 on D and 7 to
reduce their errors. Hence, we now fit S(g, ) with A, D, and
7 as global parameters with the two latter parameters
describing the global diffusion according to eq 3. This slightly
different procedure does not significantly change the values of
any parameter (see Supporting Information, Figure S3 and
Figure S4) but, as expected, increases the accuracy of A, D,
and 7.

As shown in the Supporting Information in Figure S5, the
global diffusion coefficient exceeds the dilute limit, i.e., the
theoretical diffusion coefficient at infinite dilution calculated
based on the protein structure (see Figure SS in the
Supporting Information) or the value extrapolated based on

2
values determined by PEG-NMR (D = 4.82 %,66 rescaled to

T = 7 °C according to the Stokes—Einstein relation). Since the
internal dynamics is assumed to be the same for proteins in
solution and in the crystals, it should not change during the
transition from a solvated protein to a crystal. The parameters
should therefore also remain constant over time. Fixing the
internal dynamics based on the first binned QENS spectrum
leads to an apparent global diffusion coefficient which
approaches the dilute limit but does not exceed it. This
indicates that the Lorentzian function describing the global
dynamics can no longer be unambiguously separated from the
one describing the internal dynamics on the limited energy
range investigated if all parameters have to be determined by
the fit.

The results of this third fit with g-global fit parameters and
fixed internal dynamics will be shown and discussed in the
following sections.

3.3. Fraction of Immobilized Proteins. The coefficient
A.in eq 2 describes the fraction of nondiffusing proteins on the
time scale accessible (up to a few nanoseconds) such as
crystals and big aggregates and precursors. In fact, after
opening the sample holder many crystals were found.
However, the opening was possible only several hours after
the experiment because of radiation protection regulations.
The system might thus have first developed amorphous
aggregates, which eventually crystallized (as it happens for
nonclassical crystallization*™®).

Figure 4 shows A_ as a function of time. The model indicates
that ~10% of the proteins in the sample are immobile in the
first analyzed spectra, although they are not part of crystals,
pointing to cluster formation immediately after the sample
preparation, which is also supported by the turbidity of the
sample after sample preparation (see Figure S1 in the
Supporting Information). After about 7 h, the fraction of
nondiffusing proteins starts to increase, first slowly, then more
quickly, going up to ~65%. Hence, because of the
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Figure 4. Fraction of immobile proteins A. as a function of time
obtained from the QENS spectra applying fits based on eq 2 with
fixed internal dynamics.

20

crystallization process, the volume fraction of proteins in
solution
¢free = (1 - IAC)CPS/(1 + CPS) (4)

decreases to ¢ =~ 0.025, corresponding to a free protein

. free __ @ ~ mg .
concentration of G = 5os, 34mL, calculated with a
. L
specific volume of § = 0.75 ™=
8

Given the experimental data, it cannot yet be determined if
the clusters observed at the beginning are precursors of the
crystallites or if they serve as protein reservoirs which
redissolve again during the crystallization process.”

Applying eq 2 to pure protein solutions, A, as well as 7 are
zero within the error bars as expected (see Supporting
Information, Figure S6). Other protein systems with

concentrations up to ¢, = 500 —% have already been
mL

P
investigated previously,* still showing quasi-elastic contribu-
tions and no significant elastic contribution.

3.4. Global Diffusion. As explained in section 3.2, eq 3 is
imposed on the global fit of S(g, @) and the internal dynamics
is fixed based on the first run. The obtained diffusion
coefficients D and residence times 7 are plotted as a function
of time in Figure 5, panels a and b, respectively. The two
trends are very similar to the one of A_: for about 10 h, D and 7
remain almost constant and then increase up to D ~ § A?/ns
and 7 ~ 0.3 ns, respectively. More systematic measurements at
different sample conditions are necessary to confirm and to
extract reliable information on the time dependence of D and
of 7, such as the small peak between 7 and 10 h and the
shoulder at ~14 h, respectively, and to link them to the
crystallization progress.

Several effects influence the global diffusion. First, since the
amount of proteins bound in crystals increases, the volume
fraction of proteins, which diffuse freely in solution, decreases
over time. As shown in several previous studies, this effective
dilution leads to an increasing diffusion coefficient up to the

dilute limit*******" (D = 5.95 ‘:—Z) With increasing global

diffusion coefficients, the separation of internal and global
diffusion becomes difficult due to the limited dynamic range of
the instrument. To obtain reasonable values, this cross-talk in
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20

Figure S. Time dependence of the parameters characterizing the
averaged global dynamics from the proteins in solution determined
from the global fits of eq 2 with fixed internal dynamics and eq 3
describing the global diffusion as a function of time. Figure Sa displays
the global short-time self-diffusion coefficient D as a function of time.
For long times, the observed diffusion coefficient approaches the
dilute limit of monomers (see also Figure SS). Figure Sb shows the
time dependence of the residence time 7.

the fit is reduced by fixing the width for the internal dynamics.
Second, the presence of multivalent ions in solution can lead to
a salt-dependent slowing down of the apparent diffusion
coefficient.***” Since the concentration of salt ions in the
solution could not be measured during the experiment and the
influence of ZnCl, on the short-time self-diffusion of BLG has
not been studied systematically, the fraction of immobile
proteins, A, cannot be quantitatively linked to the diffusion
coefficient in a straightforward fashion. Nevertheless, although
a quantitative connection cannot be established, the general
trend can be compared directly. Different plots using different
axes are displayed in the Supporting Information in Figure S2.
We note that the jump-diffusion process observed might also
be linked to low statistics in contributions of the scattering
function due to the low protein concentration in solution.
3.5. Geometry of Confined Motions. Figure 6 shows the
g-dependence of the EISF obtained from the fits with A as the
only g-independent parameter for different times. Clearly, the
EISF does not change much throughout the process, which
gives an a posteriori justification for the same internal dynamics
assumed for the two populations. The g-dependence of the
EISF is described using a model containing a fraction p of
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Figure 6. Time dependence of the EISF Ay(q) as a function of g
describing the dynamics on a molecular length scale as obtained from
the QENS spectra by fitting eq 2 with free internal dynamics.
Although a significant fraction of the proteins arrange into immobile
assemblies, the EISF does not change significantly, which validates a
posteriori the assumption that the internal dynamics does not change
significantly between the different global arrangements. The time
dependence of the different fit parameters (red: p ; blue: @) of the
EISF from eq 7 are shown in the inset. Within the errors, the
parameters are constant in time.

nondiffusive contributions, three-site jump-diffusion processes
A;_i(q) as well as diffusion in an impermeable sphere
Ao (q) P47 £ h time-step:

sphlq or each time-step:

1+ 2j (qa,,)

3 3 (8)
2
i (gR
ASPh = 3]1(q )
R (6)

Ag=p+ (1 = p)[PA;_; + (1 — D)A,] (7)
with the nth order spherical Bessel function j, and the jump
distance of H atoms in methyl groups a, = 1.715 A. While
Figure 6 displays the g dependence of the EISF, the inset
shows the time dependence of the fit parameters p and ® of
eq 7. The parameters agree within the error bars with the
values of pure BLG solutions.”” This observation also supports
the assumption that the geometry of the confined motions and
the internal dynamics is, to a good approximation, independent
of whether the proteins are in solution or parts of aggregates or
crystals.

3.6. Model for the Scattering Function in NSE. Similar
to SANS, neutron spin—echo measurements can access the
coherent scattering containing structural information. At
different scattering vectors, the kinetics of different compo-
nents involved in the crystallization process can be followed.”
The dynamics of the same components during the
crystallization process can be investigated via NSE measure-
ments sampling the same scattering vectors. The red and blue
vertical dashed lines in Figure 1 represent the g-values at which
the NSE measurements are performed.

We emphasize that in the beginning, in the absence of
crystals, the same information about the dynamics is obtained
from the scattering functions collected at the different g-values.
Only in the presence of crystals, the scattering function
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measured at gp.,, and at g.g contains different dynamical
contributions.

Selected examples of the intermediate scattering function
F(q, t) measured with NSE on and off the Bragg peak are
shown in Figure 7. Clearly, the intermediate scattering function

1F . . * 5 = & =
8057 E ITH
0.8 F
® (prge = 008247
To.6 20
g 35.33 h
I —4467h
04 dop— 014"
3.67h
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107" 10° 10° 102
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Figure 7. Examples of the intermediate scattering functions measured
at IN11 from BLG ¢, = 100 % and ¢, = 35 mM. Red circles and blue
squares show data measured on and off the Bragg peak, respectively.

The time steps are coded by the brightness of the points as shown in
the legend. Solid lines show the fit results.

on-peak (g = 0.082 A™') flattens while crystals grow,
indicating that the average diffusion on this length scale
decreases, while off-peak (g = 0.1 A™'), the dynamics
becomes faster, consistent with the results from backscattering.

As a simple model, we assume only two different
contributions to the scattering function. By describing the
off-peak intermediate scattering function via

F(q, t) = exp[-D{(g)q’] (8)

we describe mainly the collective diffusion of the fraction of
proteins, which are in either monomeric state or in clusters.
Hence, in eq 8, Di(q) denotes the collective diffusion
coefficient of free proteins in solution. At gg,g, instead, the
intermediate scattering function is

F(q, ) = A exp[=D:(q)q’] + (1 = A.) exp[~D:(q)q’]

)
where Df(q) denotes again the collective diffusion coefficient
of proteins in solution, Di(q) is the diffusion coefficient of
crystallizing or crystallized proteins, and A, is the fraction of
proteins in crystals. If we furthermore assume that Df(q) = Df
is a g-independent parameter, we can first fit eq 8 at g, and
then use D! in eq 9, leaving A, and D{ as free parameters. The
fits with eqs 8 and 9 are shown in Figure 7. The data thus seem
to be consistent with this simple model.

3.7. Collective Dynamics Studied at Different q. We
note that differences at the Bragg peak position were visible
only several hours after crystals were observable by eye. If only
few crystals are present at the beginning of the process, discrete
Bragg reflections are visible. The powder average might
therefore not be fulfilled at the beginning of the crystallization
process. Since the detector of INI11A only covers a small
fraction of the total solid angle, Bragg reflections might have
been initially positioned outside of the detector area of IN11A
and then moved into the detection range.
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Figure 8. Results of the analysis of the neutron spin—echo data based
on eq 8 and 9 shown in Figure 7. (a) The time dependence of the
fraction of proteins within the crystals and of the diffusion coeflicient
of the dissolved proteins in solution agrees qualitatively with the
results obtained from the QENS analysis shown in Figures 4 and S.
(b) The obtained diffusion coefficients off-peak and on-peak are
shown in blue circles and red squares, respectively. While the diffusion
coefficient of the proteins in solution observed with NSE increases
similarly to the one observed with QENS (see Figure Sa), no
dynamics could be extracted from the proteins in the crystals.

Figure 8a,b shows A, and D, as functions of time obtained
from fitting eq 8 and eq 9 to data measured off-peak at q.¢ =
0.1 A~ and on peak (qugg =0.08 A™"), respectively. Similar to
the self-diffusion coefficient, the collective diffusion coefficient
Df also increases in parallel with A, which is consistent with a
depletion effect. This observation also confirms that off-peak
we obtain essentially only the signal from proteins in solution.
Figure 8b also shows the collective diffusion coefficient D (red
squares). We do not see any additional dynamics on the length
scale of the Bragg peak within the time scales studied. With
longer time scales as well as with more scattering vectors
measured, a better separation between the different contribu-
tions would be possible. Given the negligible values of Dg, the
model can be simplified using an apparent flat background
within the correlation times presently accessible. Future NSE
measurements with higher Fourier times might access the
corresponding diffusive dynamics, which would then be
described by the second exponential function.

4. CONCLUSIONS

We have presented a proof of concept and an analytical
framework to investigate the process of protein crystallization
in solution, proceeding on a time scale of several hours, by
measuring the short-time diffusive dynamics of proteins in
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solution and in aggregates and crystals on different time scales
such as on the nanosecond time scale with QENS and on
longer time scales with NSE. By combining neutron spin—echo
and backscattering spectroscopy, we access both the collective
dynamics on the Bragg peak and the dynamics in the liquid
phase at other scattering vectors. Because of the high scattering
vector, corresponding to a nanometer observation length scale,
and the absence of polarization analysis, backscattering
accesses the self-diffusion of the proteins via their prevailing
incoherent scattering. Notably, both experiments corroborate
an onset of a slowly and continuously growing fraction of
proteins that are immobile during the experimental observation
or coherence time of a few nanoseconds in the backscattering
experiment and a few tens of nanoseconds in the neutron
spin—echo experiment. This immobility may be associated
with emerging protein aggregates or later with crystallites
forming in the sample. In parallel, a decreasing protein
monomer concentration in the depleted phase manifests itself
by monomer diffusion coeflicients that increase as crystal-
lization proceeds. This increase of the observable monomer
center-of-mass diffusion can be partially explained by the
decrease of the crowding effect by the freely diffusing proteins.
Measuring more scattering vectors with NSE and up to higher
energy transfers with QENS will allow in future studies to
separate additional contributions such as those from aggregates
and will thus reveal more information about the crystallization
pathways and the dynamical properties of the different species
involved. The backscattering experiment simultaneously
accesses the superimposed internal diffusive motions within
the proteins. These motions seem to be nearly unaffected by
the crystallization within the precision currently achievable, but
may be further studied with improved setups. Our framework
opens the perspective to systematically study the dynamics of
protein crystallization of numerous protein solution samples.
Given the time-dependent changes of the sample, the statistics
of the scattering data is flux-limited. Accessing several
scattering vectors simultaneously using future NSE instruments
and using future neutron sources with higher peak neutron
fluxes or measuring slower crystallizing samples will offer
access to the dynamics of the proteins in the different phases of
the (multistep-) crystallization processes with higher accuracy.
Future wide-angle NSE instruments may also permit the study
of the formation of single large crystals. The influence of
different protein and salt concentrations on the kinetic changes
of the diffusion can be systematically investigated in future
studies. Such systematic studies will contribute to a better
fundamental understanding of crystallization pathways, which
will help to address the bottleneck of obtaining diffraction-
quality crystals for applications in structural biology.
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