Volume 293, number 1,2,3, 84-88 FEBS 10514
€ 1991 Federation of European Biochemical Societies 00145793/91/83.50

December 1991

Dynamic light scattering studies of the aggregation of lysozyme under
rystallization conditions
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The intensity autocorrelation functions of light scattered by lysozyme solutions under pre-crystalization conditions in NaCl-containing media were

recorded at scattering angles from 20° to 90°. The measurements, conducted on (reshly prepared protein solutions supersaturated more than 3-fold,

indicate the simultaneous presence of two scatterer populations which can be assigned Lo individual protein molecules and to large particles. When

solutions are undersaturated, or slightly supersaturated, light scattering only reveals the presence of the small scatterers. In the supersaturated

medium, where aggregates were detected, lysozyme crystals grew in a time-span of 1-3 days after the scattering experiments. These results are
correlated with the nucleation step during protein crystallization.

Dynamic light scattering; Protein; Lysozyme; Supersaturation; Apgregation; Crystallization

1. INTRODUCTION

The preparation of high quality crystals of biological
macromolecules remains very often a limiting factor for
the study of their three-dimensional structure by
crystallographic methods, This fact relies in part on the
lack of precise understanding of the physical chemistry
of crystal growth, and particularly of the early aggrega-
tion and/or nucleation stage of the macromolecules. In
the last years, dynamic light scattering (DLS) has be-
come a popular method to approach this problem [I-
10] because it is a sensitive technique to evaluate macro-
molecular interactions and detect formation of aggre-
gates in solution [11,12]. Following these lines DLS has
already been used, either as a diagnostic tool for the
search of solvent conditions in which crystallization can
occur [5,10] or for monitoring crystallization in super-
saturated macromolecular solutions [4]. In ihe latter
case hen egg white lysozyme was the model protein,
supersaturation was induced by temperature, and the
intensity autocorrelation function (ICF) of light
scattered at 90° was recorded from the ‘onset of super-
saturation up to the growth of tetragonal lysozyme crys-

Abbreviations: DLS, dynamic light scatiering; ICF, intensity autocor-
relation function.
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tals of noticeable size. It was found that the average
diffusion coefficient of the protein in solution decreases
to a minimum (i.e. the apparent size of the scatterers
increases) as supersaturation proceeds, and increases up
to its initial value as crystal growth takes place. Here.
novel DLS experiments were performed on various ly-
sozyme solutions whose compositions correspond to
different parts of the crystal/solution phase diagram of
the protein. The aggregation and/or nucleation state of
the protein at the early stages of crystallization was
evaluated by exploring scattering angles between 20 and
90° in the temperature range 5-20°C. Under conditions
where crystallization takes places over a reasunable
duration (1-3 days), DLS data on freshly prepared
protein solutions indicate the presence of two scatterer
populations corresponding to individual protein mo-
lecules and large aggregates. These results will be dis-
cussed within the framework of our present knowledge
on the mechanism of protein crystal growth.

2. MATERIALS AND METHODS

2.1. Light scattering measurements

The beam provided by an argon ion laser (model Spectra Physics
2000; A = 488 nm, 600 mV) was focused on the center of the cell
containing the protein solution. Scattered light was collected at angles
between 20 and 90°, More details on the instrumentation are given in
[13]. For the best azcuracy on measurements at small angles, cells with
a large diameter (i.d. 88 mm) werc used (to accommodate 1 ml
samples) instead of the small cells employed for the conventional
diagnostic measurements (performed at 90° on 80 ul samples) [5]. The
digital autccorrelation function g,(r) was derived by a BI 30 or BI 80
correlator (Brookhaven Instruments, USA) and analyzed using the
cumulant method [14] with:
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In this equation < I > is the average dscay rate, ¢ the time. v the
variance that measures the deviation to a single exponential profile for
a single relaxation process, and 4 and B constants, In order to obtain
both < I' > and v, it was verified that B values coincide with the
baseline calculated from gy(ec). Also the prusence of any potential
scatterer distribution was searched by using different sample times to
measure the autocorrelation function. The translational diffusion
coefficient D of the scatterers was deduced from the average decay rate
using the relation, D = < I" > / 2K ?, where K is the scattering wave-
vector given by K = (4zniA)sin(6/2), where A is the wavelength, » the
refractive index and @ the scattering angle.

For a bimodal distribution of scatterers, the autocorrelation func-
tion can be written:

g0) = [de= " + A2 F + B

where A, and < I';> represent the amplitude and the decay rate of cach
contribution. When < I';> and < I',> are very different (as is the case
here with < I";> / < I'y> = 100) they can be measured separately. For
very long sample times (< I';>1—es), the contribution attributed to
small scale motions is constant and the cumulant analysis described
above can be used to determine 2< I',>. For very short sample times
(< I'>1—0). where the contribution of the long scale motion is back-
ground, a cumulant analysis was used to fil the square root of the
autocorrelation function |~ g.(1) — gx(=), and 1o extract < I';> and
A,. For more details, see [12].

Assuming that scatterers are rigid spherical particles, the apparent
hydrodynamic radius of the particles was calculated using the Stokes-
Einstein relationship R, = k;7/6 anD, where k, is the Boltzmann
censtant,  the viscosity of the solvent and D the translationa! diffu-
sion coefficient.

2.2. Preparation of solutions and crystallization procedure

Hen egg white lysozyme from Sigma (Cat. No. L-6876, lot No.
46F-80601) was dissolved in double-deionized water at 200 mg/ml and
dialyzed at 20°C against 40 mM sodijum acetate at pH 4.6. The solu-
tion was centrifuged (13000 rpm, 10 min at 20°C) and the protein
concentralion of the supernatant determined spectrophotometrically
using the extinction coefficient 0.38 Ay ,o/mg/ml/cm. Dilutions (1 ml)
containing 3, 10 or 20 mg/ml and 2, 3, 4 or 5% (w/v) NaCl and 40 mM
sodium acelate at pH 4.6, were pipetted in light scattering cells and
centrifuged (5000 rpm, | h) to clarify solutions from dust particles.
Cells were placed in the thermostated bath of the DLS spectrophotom-
eter and DLS measurements were performed 30 min after temperature
was set. Supersaturation was induced by decreasing temperature by
steps of 2°C/40 min. After measurements, samples were kept at the
final temperature for up to 3 days o allow crystallization to occur, For
instance. a sample containing 20 mg/m! lysozyme and 4% (w/v) NaCl
crystallized in about 24 h at 10°C.

3. RESULTS AND DISCUSSION

We recall that crystal solubility curves in protein
phase diagrams delineate regions of super- and under-
saturation in which crystals are stable or in which they
dissolve, respectively. The supersaturated region can
further be divided into a zone of moderate to low super-
saturation in which nucleation and hence crystal growth
can occur (in time ranges going from minutes to
months) and a zone of much higher supersaturation in
which proteins form amorphous precipitates. Such
phase diagrams depend upon protein and crystallizing
agent concentrations, and the boundaries between the
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Fig. 1. Sample composition of the hen egg white lysozyme solutions
used in DLS experiments and their location in a two-dimensional
crystal/solution phase diagram of the protein. The variable parameters
in the diagram are the initial concentrations of lysozyme and of NaCl
(for pH values comprised between 4 and 5) (adapted from [17,26]). The
6 samples containing 4 different NaCl concentrations with a constant
protein concentration (samples 1-4) or 3 different initial lysozyine
concentrations with a constant the salt concentration (samples 4-6)
are indicated. Solid lines represent the solubility limit at following
temperatures: 5°C (from [26]) and 20°C (from [17]). The dashed line
schematizes the boundary between the supersaturated region in which
crystals are stable, and the region of amorphous precipitation, at 20°C
(adapted from [27)).

different regions can be varied by many parame:ers
including temperature (e.g. [15,16] and Fig. 1).

For a better understanding of the behaviour of ly-
sozyme in the pre-crystallization regime, 6 solvent con-
ditions at the boundary between super- and undersat-
urated regions in the protein phase diagram were inves-
tigated by DLS (Fig. 1). At 20°C, these conditions are
such that samples are located either in the supersat-
urated region but close enough to the solubility curve
so that neither nucleation or crystal growth is obtained
in the 3-day period in which the experiments were car-
ried cut (samples 1, 2 and 3, with supersaturations up
to 3 as calculated from data taken in [17]), or in the
solubility domain where the protein soluticn is under-
saturated (samples 4, 5 and 6). For all these solutions
(at 20°C), the ICF was well described by a cumulant fit
with a variance lower than 0.1 (i.e. a low polydispersity)
in the whole range of scattering angles. As an example,
the ICF for sample 4 in which lysozyme is slightly un-
dersaturated, is displayed in Fig. 2A.

By lowering temperature (e.g. from 20 to 5°C), the
samples with higher NaCl and lysozyme content (sam-
ples 1-4) enter deeply inside the supersaturated region
(supersaturations up to 16). Under those conditions
each ICF clearly exhibits a two-exponential decay as
seen in Fig. 2B for sample 4.

The effect of the scattering wave-vector on the shape
of ICFs provides information on the nature of relaxa-
tion processes. For instance, a linear K* dependence of
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Fig. 2. Plotof the ICF of an(a) undersaturated and (b) supersaturated
lysozyme solution as & function of time. Data correspond to the ICF
of light scattered at 30° by sample 4: (a) at 20°C; (b) at 6°C.

1 10

the average decay rate < I'> is indicative of a diffusive
process [12]. Therefore the variation of < I'> / K” rela-
tive to the two decay processes was investigated as a
function of K7 Fig. 3 shows that experimental data can
be fitted with two horizontal lines, demonstrating that
concentration fluctuations decay according to two
diffusive processes. Furthermore, the amplitude relative
to the slow mode increases considerably when X, in
other words the scattering angle, decreases (results not
shown).

The temperature at which the transition between the
regime where the ICF can be satisfactorily described by
a single cumulant fit and the regime characterized by a
two-exponential decay was estimated on samples con-
taining 20 mg/ml lysozyme and variable amounts of
NaCl. ICF measurements were performed at low scat-
tering angle (30°C) since the amplitude of the slow
mode is higher at low K. As indicated in Fig. 4a, the
transition curve divides the NaCl vs. temperature dia-
gram into two regions where the ICFs exhibit either two
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Fig. 3. Plot of <I"> / K° vs. K* of the two decay processes observed
in an ICF of a supersaturated lysozyme solution. Data were obtained
with sample 4 at 6°C as in Fig. 2b.

or one decay. This reflects the onset of an aggregation
process occurring below a given temperature which is
a function of the protein and crystallizing agent concen-
trations. This transition differs from the crystal/solution
transition curve (Fig. 2b) in that the slow mode is only
detected at higher NaCl concentrations for a given tem-
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Fig. 4. Diagram of the crystallizing agent (NaCl) concentration vs.
temperature for the transition (a) between one decay and two decays
in ICFs and (b) between soluble and crystalline lysozyme for protein
solutions with an initial concentration of 20 mg/m! a1 pH 4.6. DLS
data (a) were obtained with samples 1-4; they are represented by
crossed error bars (temperature  1°C; NaCl concentration +595). It
shouid be recailed that the limits of detection ufthe slow decay mode
are dependent upon experimental DLS conditions, so that the location
of the DLS data in the diagram may change but probably without
altering the trend of the transition curve.
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perature. Interestingly, the two curves come closer to
each other when temperature is lowered.

In summary, the present study gives evidence for the
existence of two types of scatterers in Lysozyme solu-
tions under pre-crystallization conditions. This assump-
tion is supported by the K? dependence of the decay
rates. The apparent hydrodynamic radii of both types
of particles calculated for sample 1 at 6°C are R, = 25
A and R,; = 2700 A (under the assumption discussed
in section 2), The value for R, is equal to that of indi-
vidual protein monomers within the limits of experi-
mental error (the radius calculated from the X-ray

structure of the protein is 17 A [18)). The value for Ry

is much larger and would correspond to clusters of
thousands of monomers. The apparent discrepancy be-
tween these data and those from former measurements
done at a 90° angle that revealed only one type of
scatterers with a small hydrodynamic radius {4] is ex-
plained by the very faint contribution of the large size
particles to the ICF at 90°C.

How can these results be related to the conclusions
arising from former studies aimed to approach the
problem of protein nucleation and how dec they corre-
late with the current crystallization theories? For small
molecules it is admitted that growth proceeds from sta-
ble nuclei having reached a critical size [19-22]. This size
has been estimated by theoretical calculations, but up
until now methodological difficulties hampered experi-
mental verifications. Early cstimates of the critical ra-
dius of chymotrypsinogen nuclei [23] were one order of
magnitude lower than the apparent hydrodynamic ra-
dius R, found for the large aggregates of lysozyme. For
other proteins, the interpretation of DLS measurements
done at 90° has led to the proposal that much smaller
particles (i.e, trimers of canavalin [6] and hexamers of
insulin [9]) might be the primary aggregates in the
course of their crystallization. This variability in the size
of the putative nuclei of macromolecules is not in disa-
greement with data obtained with inorganic or small
organic molecules, Indeed, calculated numbers of mole-
cules in stable nuclei range from less than ten molecules
to several thousand (e.g. [19-22]).

For proteins, it is presently not proven with certainty
whether the aggregates observed under supersaturated
conditions are nuclei, pre- or post-nucleation states,
dead-end products or particles unrelated to crystalliza-
tion, In the present case of lysozyme a body of observa-
tions strongly supports the idea that the aggregates seen
by light scattering are involved in the crystallization
process. Indeced in all cases where a slow mode was
detected in ICF, macroscopic crystals were obtained in
1-3 days. Furthermore, recent DLS measurements con-
ducted in the presence of ammonium sulphate in which
lysozyme does not crystallize {24], have shown only one
decay in the ICF corresponding to scatterers larger than
monomers but smaller than the above aggregates [25].
Preliminary results have also indicated that the size of
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the aggregates in NaCl containing solvents increases
with time [25].

In this context, the existence of an intermediary re-
gion in the phase diagram, located between the ICF
transition curve and the transition curve separating
soluble and crystalline lysozyme, must be emphasized
(see Fig. 4). This region is characterized by a low super-
saturation (below 4) and the occurrence of a single
decay in the ICFs. Also no macroscopic crystals were
observed after 3 days under the experimental conditions
defined in this intermediary region. This suggests the
absence of signiiicant nucleation and consequently it is
tempting to postulate that the ICF transition curve de-
lineates the supersaturation threshold (about 4-7 with
lysozyme under the conditions investigated here) which
must be overcome to achieve nucleation. If so, it can be
assumed that the scatterers characterized by the slow
decay rate are related to the nucleation process and that
DLS could be a useful tool to define experimentally the
metastable zone in which nucleation occurs in the phase
diagram. From a more general point of view, biological
macromolecules could be appropriate models for ap-
proaching yet unsolved phenomena in crystal growth,
in particular nucleation, because their large size will
favour experimentation dedicated to verify theories es-
tablished for small molecules.
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