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ABSTRACT The aggregation processes

leading to crystallization and precipita-
tion of canavalin have been investi-
gated by dynamic light scattering (DLS)
in photon correlation spectroscopy
(PCS) mode. The sizes of aggregates
formed under various conditions of pH,
salt concentration, and protein concen-

trations were deduced from the corre-

lation functions generated by the fluc-
tuating intensity of light scattered by the
solutions of the protein. Results
obtained indicate that the barrier to
crystallization of canavalin is the forma-
tion of the trimer, a species that has
been characterized by x-ray crystallo-
graphic studies (McPherson, A. 1980.
J. Biol. Chem. 255:10472-10480). The
dimensions of the trimer in solution are

in good agreement with those obtained
both from the crystal (McPherson, A.

1980. J. Biol. Chem. 255:10472-
10480) and from a low angle x-ray

scattering study in solution (Plietz, P.,
P. Damaschun, J. J. Muller, and B.
Schlener. 1983. FEBS [Fed. Eur. Bio-
chem. Soc.]Lett. 162:43-46). Further-
more, under conditions known to lead
to the formation of rhombohedral crys-
tals of canavalin, a limiting size is
reached at high concentrations of
canavalin. The size measured corre-

sponds to an aggregate of trimers
making a unit rhombohedral cell con-

sistent with x-ray crystallographic data
(McPherson, A. 1980. J. Biol. Chem.
255:10472-10480). Presumably, such
aggregates are the nuclei from which
crystal growth proceeds.

The present study was undertaken
primarily to test the potential of DLS
(PCS) as a tool for rapid, routine

screening to determine the ultimate
fate of protein solutions (i.e., crystalli-
zation or amorphous precipitation) at
an early stage, therefore eliminating the
need for long-term visual observation.
Achieving this goal would constitute a

major advance in the practive of pro-

tein crystallization. Delays imposed by
visual observation would be consider-
ably reduced, and a more systematic
approach could be adopted to select
experimental conditions.

Our findings with canavalin demon-
strate that DLS(PCS) is, indeed, a

selective and sensitive probe of pre-

crystallization conditions. Other advan-
tages of this technique include the facts
that it is noninvasive, nondestructive,
universal, and does not require calibra-
tion.

INTRODUCTION

The selection of optimal conditions for the crystallization
of proteins has been and still remains a rather time-
consuming process as the current state-of-the-art relies
mostly on empirical rules and recipes. Despite the high
potential for understanding functions through structure,
very few, except for those with a long experience, would
welcome, with enthusiasm, the task of crystallizing a

protein.
"Trial and error ... art rather than science . .. most

protein crystals are still grown by brute force .. . proce-
dures require investigations of large numbers of experi-
mental conditions in hopes of finding the combination
that produces usable crystals...." These are statements
most often associated with protein crystallization (1). The
present state of protein crystallization is a consequence of
a lack of fundamental studies capable of providing guide-
lines for a systematic approach. Because crystallization is
now the major obstacle to the determination of the
three-dimensional structure of macromolecules, scientists

in this field are increasingly expressing the necessity for
overcoming this impasse that has long plagued protein
crystallization (1-4).

Despite the realization of the important need for funda-
mental studies on protein crystallization, experimental
studies have been slow in coming. Approximately 10 years

ago, for example, it was suggested that protein concentra-
tion dependence of the size distribution of small aggre-

gates makes it possible to approach the problem of
nucleation in a systematic way (5). The authors tested
this hypothesis by applying the technique of quasielastic
light scattering (QLS) using lysozyme as a model protein.
Given the indicated potential of this technique, it is
surprising that only a very limited interest has been shown
in its use (6,7).

Since the appearance of the initial reports, the tech-
nique of QLS has evolved and benefited from technologi-
cal advances and software implementations. Spectrum
analyzers have been largely replaced by correlators.
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Dynamic range problems, resulting from the coexistence
of aggregates of significantly different sizes, have been
overcome by the construction of multicorrelators.

Herein is reported a study of the precrystallization
conditions of a major protein of the jack bean, canavalin,
by dynamic light scattering (DLS) using photon correla-
tion spectroscopy. This study demonstrates that measure-

ment of aggregate sizes in the early stages of crystalliza-
tion (prenucleation) carries information about the
ultimate fate of the protein solution.

MATERIALS AND METHODS

Chemicals
Canavalin was isolated from jack bean meal according to a procedure
previously described (8). The jack bean (Canavalis ensiformis) was
obtained from Sigma Chemical Co., St. Louis, MO; sodium phosphate,
ammonium hydroxide (NH40H), and phosphoric acid (H3P04) were
obtained from Mallinckrodt Inc., St. Louis, MO; sodium chloride
(NaCI) and potassium phosphate were obtained from Fisher Scientific
Co., Pittsburgh, PA. All chemicals were used as obtained without
further purification. Water was doubly distilled.

Sample preparation
A concentrated solution of canavalin was prepared by dissolving cana-
valin in a minimum amount of buffer; undissolved material was taken
into solution by adding a few drops of a 2 M NH40H solution. This
usually brought the solution to pH -9. The resulting solution was
centrifuged to clarify it of any remaining undissolved material. This
stock solution was then dialyzed against a 50-mM, pH-7 phosphate
buffer containing the desired concentration of NaCl. At high NaCl
concentrations, the buffer was kept at a pH slightly higher than 7 to
prevent precipitation during dialysis. The dialyzed solution was filtered
twice through 0.2-um filters. Dilute samples were prepared from the
stock solution using appropriate amounts of stock and buffer that was
also prefiltered. pH adjustments were made with 2 M solutions of
NH40H and H3P04.

Dust was avoided as much as possible. Cleaned pipettes, vials,
syringes, etc. were covered when stored. The interiors of vial caps were
made of Teflon.

Crystallization conditions for canavalin are known from the literature
(9). Rhombohedral crystals are formed when canavalin is incubated in
50 mM phosphate buffer, pH 7, containing 0.7% of NaCl. At 2% NaCl,
canavalin does not crystallize but an amorphous precipitate is formed.
At a higher concentration (4% NaCI), canavalin forms needlelike
crystals. Therefore, to study the aggregation under crystallizing condi-
tions or precipitating conditions, the concentration of NaCI was main-
tained at 0.7 or 2%, respectively.

Measurements and
instrumentation
Absorbance measurements were made on a model 8450 spectrophotom-
eter (Hewlett-Packard Co., Palo Alto, CA). To determine the concen-

tration of canavalin, solutions were diluted to yield absorbance measure-

ments between 0.2 and 0.6. The concentration was calculated using
E' = 6.8 (8, 10).

pH measurements were made on a PHM26 model pH meter. The
meter was calibrated with Fisher buffers pH 4 and 7 or 7 and 1Oat 22°C,
depending on the pH region of interest.
Aged solutions were observed under a 10 x W.F microscope

(Bausch & Lomb Inc., Rochester, NY) to determine whether crystals or

amorphous precipitates were formed.
Light scattering measurements were made in photon correlation

mode. With this technique, the diffusion coefficient of the scatterer is
calculated from the correlation function generated by the fluctuating
intensity of the light scattered. Fluctuations in intensity are a result of
Brownian motion of particles and this motion depends on particle size
and shape as well as temperature and viscosity of the solution. The
theory, techniques, and applications of photon correlation spectroscopy
have been extensively reviewed in the literature (11-14), however, they
will be briefly discussed here for the sake of completeness.

Correlation is a comparison process between two signals in time, i.e.,
it is a time domain function. It provides a measure of similarity. The
correlation function between two signals VI (t) and V2 (t) is mathemati-
cally expressed by

+ T/2

GC2(T) = Lim J T/2 VI (t) V2(t + r) dt,'T- o Tol/2
(1)

Where G,2(T) refers to the cross-correlation between two signals for a

relative time offset of T. It is determined by multiplying one signal,
VI (t), with the other signal shifted in time, V2(t + r), and then taking
the integral of the product. Thus, correlation involves multiplication,
time shifting (or delay), and integration.
The process of correlation between a signal and a delayed version of

itself is known as autocorrelation, and may be expressed by:

GC l(T) -= +T2 VI (t) VI (t + T) dt. (2)

In a digital system of signal processing, the time scale and amplitude
functions are quantitized. The integrals are changed into summations.
Therefore the discrete autocorrelation function at delay time xT is
defined as:

k

G(xT) = V(1). V(t + xT).
x I

(3)

This is the type of correlation used herein to analyze the intensity
fluctuations of light scattered.
Jakeman and Pike (15) have shown that the photon autocorrelation

function from a system of monodisperse, compact particles is given by a

single exponential decay:

C(T) = n2[1 + b exp (- 2Fr], (4)
where F is the decay rate, n2 is proportional to the square of the total
intensity, and b is an experimental constant. The decay rate is related to
the diffusion coefficient of the scatterer through the equation

F = Dq2, (5)

where D is the diffusion coefficient and q is the scattering vector. q can

be calculated from the equation

q = 4 -nsin -,

X 2
(6 )

where X is the wavelength, n the refractive index, and a the scattering
angle.

By fitting the measured function to a single exponential, D can be
found. Having done this, the Stokes-Einstein equation can be used to

126 Biophysical Journal Volume 57 JanuaryVolume 57 January 1990126 Biophysical Journal



calculate the radius of the particles. The Stokes-Einstein equation is

kTkT ~~~~~~(7)
61rv?Rh

where k is the Boltzman constant, T is the temperature, q is the viscosity,
and Rh is the hydrodynamic radius.
When there exists a distribution in size, the correlation function

deviates from a pure exponential decay. For narrow spreads in size, the
technique of cumulants analysis is applied to derive useful information
about size and distribution width. In the cumulants analysis method,
half the logarithm of the normalized correlation function is expressed as

a power series expansion in r (16):

In T~1) -r. (8)
2 G(o(X) j, J(8

The first and second cumulants are

ki = r (9)

k2 = r _ r. (10)
The mean translational diffusion is deduced from the first cumulant
using the relation

D=k1/q2. (11)

D is then used to calculate the effective mean hydrodynamic radius Rh
through the Stokes-Einstein relation.
The width of the distribution is given by the magnitude of the second

cumulant through the variance (10) and is referred to as the polydisper-
sity

Vk12 (F2 -2)1/2 (12)

Thus, the variance provides a measure of the width of the distribution of
decay rates normalized by the mean.

Measurements were made on a Malvern 4700C submicro particle
analyzer system (Malvern Instruments Inc., Southborough, MA). It
was equipped with an eight-bit correlator capable of variable time
expansion (VTE). Up to eight different sample times can be pro-
grammed for each measurement. This feature is required for handling
samples of broad particle size distribution. The correlator uses cumu-

lants analysis to deconvolute the correlation function. A 16-bit IBM-
compatible processor with 256K memory handles all normal computing
tasks.
The light source was a model 2020 argon laser (Spectra-Physics Inc.,

Mountain View, CA). The 488-A line was employed in single line
operation mode, with powers ranging from -200 to 400 mW.

All sizes reported herein are the Z mean from the cumulants
analysis.

RESULTS

Aggregation of canavalin in the
presence of 0.7% wt/vol NaCI
Rhombohedral crystals are formed when canavalin is
incubated in a 50-mM, pH-7 phosphate buffer containing
0.7% NaCl. Thus, the concentration of NaCl was fixed at
0.7% wt/vol and the effects of protein concentration and

pH on the average size of the aggregates were examined.
Fig. I depicts the dependence of the average hydrody-
namic diameter of the aggregates on the concentration of
canavalin at pH 7 (curve a). Curve b is the change in
polydispersity. Curve a can be divided into three distinct
domains of concentrations and sizes. The first one (which
is referred to as domain A) covers the range of concentra-
tions 0.05-0.12%. It is a linear curve with a slope of 32 A
ml/mg. The average diameters measured in this domain
range from 14 to 36 A. The second domain (domain B) is
characterized by a linear curve as well, but of higher slope
(180 A ml/mg). In this domain, sizes range from 44 to
214 A reached at a concentration of 0.20% wt/vol of
protein. Above this concentration, a distinctively different
domain is formed that is mainly characterized by a high
polydispersity. The measured average diameters range
between 200 and 290 A, and there is no clear trend to the
change in diameter. The curve seems to have leveled off
but with a large dispersion of the data points.

Solutions were allowed to equilibrate and were then
observed under the microscope. All canavalin samples
comprising domain A data remained clear (last observa-
tion made 104 d after preparation). Domain B samples
became turbid and masses of deformed aggregates were

observed under the microscope. Crystals were formed in
domain C sample solutions by the third day after prepara-
tion. The behavior observed as the concentration of
canavalin is increased indicates that the aggregates char-
acteristic of the various concentration domains are of
different nature and sizes. In domain A, the highest
average diameter measured was 36 A, which suggests
that only the monomers exist in solution. Canavalin is a

globular trimer with a diameter of 75 A (Fig. 2 a) (17).
The monomers of canavalin, as revealed by x-ray crystal-
lographic studies, are of ellipsoidal form with minor and
major axes of 35 and 50 A, respectively (Fig. 2 b) (17).
Using a modified Stokes-Einstein relation for a prolate

300-

200 -

0
E

U2 100'

-0.5 >,

-0.4 "

-0.3 a

-0.2
I.

-0.1

FIGURE i Concentration dependence of the measured, average hydro-
dynamic diameter (curve a) and the polydispersity (curve b) of cana-
valin species at pH 7 and 0.7% NaCI.
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FIGURE 2 Computer-generated drawings of the trimer (a) and monomer (b) of canavalin.

ellipsoid (18) and the x-ray data for the monomer of
canavalin, a diffusion coefficient of 1.23 10-6 cm2/s was

calculated for our experimental conditions (temperature,
298 K; viscosity, 0.8905 Cp). According to the Stokes-
Einstein relation, the equivalent spherical particle (i.e., of
same diffusion coefficient), will have a hydrodynamic
diameter of 40 A under the same experimental conditions.
Because the algorithm always assumes a spherical par-
ticle and utilizes the diffusion coefficient to calculate the
hydrodynamic radius (or equivalent hydrodynamic radius
in cases of nonspherical particles), 36 and 40 A are,
respectively, the experimental and calculated equivalent
hydrodynamic diameters of the canavalin monomer.

These values can be considered equal within the limits of
experimental error. Furthermore, the Stokes-Einstein
relation assumes that interactions between macromole-
cules have negligible effects both on the diffusion coeffi-
cients of individual aggregates and on the mean value of
the diffusion coefficient. The effects of concentration on

the diffusion coefficient are minimal if the macromole-
cules interact as hard spheres (19-23) and if the electro-
static interactions among particles are eliminated. The
latter condition is fulfilled by adding neutral electrolyte to
the system in a quantity sufficient to screen the electro-
static field (-0.4 M) (19). The use of non-neutral electro-
lyte and the ellipsoidal shape of canavalin monomer are

ample factors to account for the measured mean equiva-
lent diameter of 36 A for the canavalin monomer.

Also noteworthy in domain A is the change in polydis-

persity. It increases with concentration, then appears to
plateau where monomers predominate in solution. A
constant polydispersity, which marks the width of the
distribution, indicates the existence of the same aggregate
distribution, because our distribution was characterized
by only two parameters, the mean and the variance.
As the second domain (B) begins to form, a sharp

increase of the polydispersity simultaneously occurs.

Once the measured average diameter exceeds 44 A, a

second but sharper increase in diameter of the aggregates
is observed. In this region, the monomers are clearly
forming a new type (or new types) of aggregates of
increased size. The increased slope of the linear curve

produced by data in this domain reflects stronger associa-
tive interactions between the aggregating entities. The
upper region of this domain (concentration 0.3%) coin-
cides with a measured mean diameter of 238 A. It is
interesting to note that this size approximates the
expected diameter of an aggregate of eight canavalin
trimers, placed at each lattice point of a rhombohedral
cell as shown in Fig. 3 a. The maximum diameter joins
opposite oligomers (Fig. 3 b) located along the threefold
axis of symmetry. According to x-ray data (17) this
diameter measures 234 A, a value that compares well
with the 238 A measured by DLS(PCS) in the present
study at 0.3% canavalin concentration. Crystals were

formed in all samples of concentration higher than 0.3%.
This observation suggests that formation of the aggregate
previously described is essential for crystal growth to
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FIGURE 3 Computer-generated drawing of a canavalin aggregate formed at high concentrations of canavalin under conditions of pH 7 and 0.7%
NaCl. (a) Rhombohedral unit cell fully occupied by eight canavalin trimers. (b) Rhombohedral unit cell with occupation of two opposite lattice points
along the threefold axis of symmetry.

occur. It is, therefore, very likely that such aggregates are

the nucleating centers in canavalin crystallization. Defi-
nition of the nuclei in a crystallizing system and knowl-
edge of nuclei formation time and formation conditions
could be very useful when attempting to grow large
crystals. It is known that conditions which favor forma-
tion of nuclei result in an early cessation of growth (5).
Thus, if alteration of conditions between nucleation and
crystal growth can be achieved, both stages in crystalliza-
tion would proceed optimally.

In domain C, the polydispersity is virtually constant
and highest. Therefore, we conclude that there occurs a

leveling effect on size in this domain, and the variation of
observed mean diameter is a result of the large variance in
the measurement. In fact, the average variance of 0.492
in this domain corresponds to a standard deviation of 7 A
which is comparable (within experimental error) to the
deviation (+ 18 A) from the mean of the values of
diameters measured in domain C (255 A).
The next step in our investigation was a study of the

effect of pH on the nature of the canavalin aggregation
processes. For this purpose, the concentration of cana-

valin was fixed at a level known to induce crystallization
at pH 7. The average hydrodynamic diameter of the
aggregate species in solution changes dramatically with
the pH. Results obtained for solutions containing 0.5%
wt/vol of canavalin are shown in Fig. 4. This curve of the
dependence of hydrodynamic diameter on pH bears a

striking resemblance to an acid-base titration curve with

an inflection point around pH 7.2. This similarity sug-
gests a sharp and highly cooperative transition that
modulates the nature of the species formed. Secondly, the
occurrence of two limiting diameters at the low and high
pH extremes indicates the existence of two species in the
intermediate region.

Here again, the titration curve is characterized by
domains which correspond to the different fates of cana-

valin in solution. Crystals formed in all samples of pH <7
for which the average hydrodynamic diameters measured
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FIGURE 4 pH dependence of the measured average hydrodynamic
diameter of canavalin species at 0.7% NaCl for a 0.5% wt/vol solution of
canavalin.
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were 73-81 A. Amorphous aggregates were observed in
all samples at pH >7.2. The mean hydrodynamic diame-
ter obtained for the species in these solutions was 36 A
and constant for all the pH range >7.2. The numbers 81
and 36 A correspond respectively to the hydrodynamic
diameters of canavalin as a trimer and as a monomer.

Thus, the behavior described above indicates that the
barrier to crystallization of canavalin is set by the forma-
tion of the trimer, which depends on the concentration of
canavalin, the pH of the solution and the concentration of
NaCl. At high pH, the monomeric state predominates.
The published procedure used to prepare single crystals of
canavalin for x-ray analysis consists in slowly decreasing
the pH of the solution from -9 to pH 7 using the
microevaporation technique (9). This method assures a

slow induction of crystallization and growth which favors
the formation of large crystals suitable for x-ray diffrac-
tion studies. Our results semiquantitatively affirm the
validity of this approach. We speculate that when aggre-

gation of monomers occurs too rapidly, formation of the
trimers needed for crystallization does not occur. The
clear discontinuity between the crystallization and pre-
cipitation regions demonstrates unambiguously the use-

fulness of such measurements in the selection of optimal
conditions for the crystallization of proteins.

Aggregation of canavalin in the
presence of 2% NaCI
Canavalin does not crystallize when the concentration of
NaCl is increased to 2%, rather deformed masses are

observed under the microscope in mature solutions. The
behavior of canavalin under these conditions was investi-
gated to delineate differences in aggregation processes
leading to crystallization from those leading to precipita-
tion. Experiments similar to those of the preceding section
were repeated but under conditions of 2% NaCl. Fig. 5
shows the dependence of the average hydrodynamic
diameter on the concentration of canavalin at pH 7 and
2% NaCl. Similar to previous results, there is an increase
in the size of the aggregate as the concentration is
increased. However, the incremental increase in size with
increasing concentration is much smaller. Furthermore,
the curve defining this dependence is a monotonic linear
progression, at least up to 0.8% wt/vol canavalin, with a

much smaller slope compared to those of domains A and
B in Fig. 1. The absence of any discontinuity in concentra-
tion dependence implies that the nature of the "inter-
faces" remain the same and aggregate growth is the only
happenstance. The low slope is indicative of weaker
interactions and is consistent with an earlier interpreta-
tion. The fact that this slope is less than that associated
with the monomer, may be indicative of the formation of
an entity different from the monomer. It is therefore,
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FIGURE 5 Concentration dependence of the measured average hydro-
dynamic diameter of canavalin species at pH 7 and 2% NaCl.

likely that the structure of aggregates which lead to
amorphous precipitation have no resemblance to those
which form crystals.

It has been suggested that amorphous precipitation can

be approximated by a linear chain to which monomers

can be added only at the ends (5). Thus, the incremental
energy difference on adding a monomer is independent of
the size of the aggregate. The results presented here
support this assumption in that the incremental growth of
the aggregate is constant throughout the range of concen-
trations examined. The formation of a crystal, however, is
thought to proceed by addition of "monomers" in three
dimensions. Before the aggregate reaches a critical size,
from which point it grows spontaneously, it must over-

come an energy barrier (5). Our results do not agree well
with this pathway. Rather, for the canavalin system,
formation of the trimer appears to be the limiting step in
crystallization.
The effect of pH under conditions leading to amor-

phous precipitation further establishes that there is a

substantial difference between processes leading to crys-

tallization and to amorphous precipitation. The pH
dependence at 2% NaCl is shown in Fig. 6 for 1% wt/vol
solution of canavalin. Only a small increase in the hydro-
dynamic diameter is observed when the pH is lowered.
Here again, no indication of monomer formation exists.
The limiting average hydrodynamic diameter at the high
pH is 13 A, a value too small to represent any of the
known species of canavalin (monomer or trimer). Note
that this diameter is deduced from the Stokes-Einstein
equation using the diffusion coefficient extracted from
the correlation function. Therefore, a calculated small
diameter may simply mean that the motional behavior of
species existing in solution generates a correlation func-
tion with a short relaxation time. The measured diffusion
coefficient calculated from the correlation function must
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FIGURE 6 pH dependence of the measured average hydrodynamic
diameter of canavalin species at 2% NaCI for a 1% wt/vol solution of
canavalin.

be due either to the small size of particles or to high
mobility (25). We speculate that the large diffusion
coefficient found may be due here to the mobility of
canavalin peptide chains in solution. The monomer of
canavalin contains tightly associated peptide fragments of
24,000 and 12,000 plus 13,000 referred to as A, and A3 +
A4, respectively (8). This nomenclature is based on the
fashion in which the canavalin precursor is proteolytically
cleaved to crystallize canavalin (8). Results obtained here
suggest that these peptide fragments are dissociated and
are the aggregating entities under conditions which lead
to precipitation of canavalin.

CONCLUSIONS

The primary aim of this work is to explore the potential of
DLS to differentiate between solutions that ultimately
will crystallize from those that ultimately will form
amorphous precipitate. This preliminary investigation on
canavalin has, we believe, demonstrated the usefulness of
DLS for that purpose. These results indicate that DLS
studies such as those carried out for canavalin can define
conditions which favor protein aggregation on a crystalli-
zation pathway. In the case of canavalin, we conclude that
formation of the trimer is essential to crystallization. The
concentration dependence of aggregate size revealed that
much stronger associative interactions hold aggregating
species in aggregates on their path to crystallization as
compared to aggregates on their path to precipitation.

Extensive studies of the effects of salt concentration,
temperature, and pH can be used to characterize the
thermodynamics of the processes leading to crystalliza-
tion (25-29). One must realize, of course, that the DLS
results obtained depend on calculated distributions of
species which may not correspond to the real sample
distribution even when the average values are accurate.

However, in cases where the composition of the popula-
tion distribution and the individual hydrodynamic diame-
ters are known, a rigorous thermodynamic interpretation
can be afforded. An example in the canavalin system is
illustrated by the dependence of the measured hydrody-
namic size on the pH. The observed behavior suggests
that the sample consists of two species in the region of
change, the one formed exclusively at the low pH with 81
A average diameter and the other formed exclusively at
the high pH with 36 A average diameter. Work is in
progress to characterize the thermodynamics of the
aggregation of canavalin in solution by DLS. We are also
investigating conditions under which canavalin crystal-
lizes in other crystallographic unit cells. Canavalin has
been successfully crystallized in several unit cells (17),
having hexagonal, orthorhombic, rhombohedral, and
cubic symmetry. Presumably the aggregates leading to
the different crystal forms differ in size and shape and
should be detected as such by DLS(PSC).
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