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Abstract
Static and dynamic light scattering are discussed as particularly useful tools for studying various aspects of protein crystal
growth. Speciﬁc applications for prenucleation assays as well as for monitoring postnucleation growth processes are presented.
Protein–protein interactions determined by light scattering, which serve as a predictor for favorable crystallization conditions as well
as for protein solubility behavior, are detailed. Several precautions regarding the practical aspects of light scattering and interpretation of data are also discussed.
Ó 2003 Elsevier Science (USA). All rights reserved.
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1. Introduction
The term ‘‘protein crystallogenesis’’ has been used to
describe the various aspects of the conversion of individual protein molecules in solution to a macroscopic
crystal suitable for diﬀraction studies which ultimately
lead to a three-dimensional structure for the protein. In a
general sense, the entire process can be divided into a
protein crystal growth (PCG) stage followed by a protein
crystal analysis (PCA) stage. This natural division has
fostered distinct research communities with diﬀerent
motives regarding protein crystallogenesis. The PCG-ers
include researchers who strive to understand the basic
physicochemical aspects of PCG, such as ‘‘how’’ do
protein crystals grow (nucleation and postnucleation kinetics) as well as ‘‘why’’ do speciﬁc solution conditions
lead to crystallization and others not (thermodynamics of
protein–protein interactions). On the other hand, many
PCA-ers, especially those in the commercial sector, admittedly discount the ‘‘how’’ and ‘‘why’’ in favor of highthroughput screening technologies that may produce
‘‘hits’’ in a relatively short time while consuming minimum protein. This approach is understandable from an
economic standpoint and in view of the fact that most
*
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proteins ever crystallized were done so using a screening
method. However, the human proteome dictated by
about 30 000 genes will yield an avalanche of 100 000 to
300 000 proteins (Kempner and Felder, 2002), most with
unknown structure and function. Many of these ‘‘new’’
proteins will defy crystallization using traditional trialand-error screening methods, so it will be incumbent upon
researchers to develop a diﬀerent, more fundamental,
strategy that will improve the probability of successful
crystallization. This paper describes light scattering as an
analytical diagnostic that has proven useful for understanding particular fundamental aspects of PCG. Speciﬁcally, static light scattering (SLS) and dynamic light
scattering (DLS) will be presented as tools that PCG-ers
can utilize as a predictor and monitor during both
prenucleation and postnucleation growth studies. Although not a review for every application of SLS and DLS
for PCG, it is hoped that this summary will provide the
reader a useful starting point for further inquiry.
2. Methods
2.1. Static light scattering
The basic SLS experiment measures the average
intensity of light scattered by a protein solution of
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deﬁned concentration in excess of that scattered by
background sources (solvent, crystallizing agents, stray
light, etc.). A complete description of the SLS experiment and theory is given by Kratochvil (1987). Several
versions of SLS instrumentation are commercially
available (see individual Websites). Alternatively, with
current technology for solid-state lasers and detectors,
the motivated researcher can easily assemble an adequate apparatus.
As the term implies, SLS (also referred to as classical
or Rayleigh light scattering) can be used to obtain the
so-called ÔstaticÕ parameters of the protein such as
weight-average molecular weight, second virial coeﬃcient, and sometimes the radius of gyration. The
working equation appropriate for most protein molecules is
Kc
1
¼
þ 2Bc þ    ;
R90 Mw

ð1Þ

where K is an optical constant given by
K¼

4p2 n2 ðdn=dcÞ
N A k4

2

ð2Þ

and n is the refractive index of the solvent, dn=dc is the
refractive index increment for the protein/solvent pair
(ml  g1 ), NA is AvogadroÕs number (mol1 ), k is the
wavelength of the incident vertically polarized light in
vacuum (cm), R90 is the excess Rayleigh factor at a
scattering angle of 90° (cm1 ), c is the concentration of
the protein (g  ml1 ), Mw is the weight-average molecular weight of the protein (g  mol1 ), and B is the second
virial coeﬃcient (mol  ml  g2 ). In order to determine
the absolute R90 values for the protein solutions, the SLS
instrument can be calibrated using toluene, which has an
established R90 value of 14:06  106 cm1 at 633 nm.
Eq. (1) indicates that a plot of Kc=R90 versus c allows the
determination of Mw (usually independently known for a
carefully puriﬁed protein) and B, discussed below. Note
that the radius of gyration, RG , is not normally determined by SLS since most protein molecules are smaller
than k=20 (30 nm), and there is no measurable angular
dependence of the scattered light intensity, a requirement for RG measurement.
For PCG studies, clariﬁcation of small sample volumes (610 ll) by ﬁltration is important to minimize
protein consumption. A low swept volume (0.8 ll)
ﬁlter housing (Upchurch, A318) combined with 0.2- or
0.1-lm, pore size membrane ﬁlters (Nuclepore, 13 mm,
polycarbonate) is usually adequate for dust removal by
a single-pass ﬁltration. To the novice, this step may seem
insigniﬁcant compared to the eﬀort expended to isolate
and purify the protein; however, frustration will undoubtedly be the reward to those with a casual hand.
The old adage that ‘‘light scatterers die a dusty death’’
has been realized by more than one practitioner of this
art.
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2.2. Dynamic light scattering
Since its introduction in the 1960s, DLS (also referred
to as quasi-elastic light scattering or photon correlation
spectroscopy) has become the more popular (if not
trendy) of the light scattering methods. DLS is more
forgiving since ﬂuctuations about the average intensity
are measured rather than the absolute average intensity
as required for SLS. Experimental and theoretical aspects of DLS are well documented (Berne and Pecora,
1976; Brown, 1993; Cummins and Pike, 1973, 1976;
Degiorgio et al., 1980; Earnshaw and Steer, 1983;
Johnson and Gabriel, 1994; Schmitz, 1990). The scattered intensity ﬂuctuations are primarily due to the
random diﬀusive motion of the protein molecules into
and out of a focused laser beam. One way to mathematically describe the time variation of such a random
physical process is via a correlation function, and for
DLS the appropriate form for the experimental intensity
correlation function, CðsÞ is (Cummins, 1983)
h
i
2
CðsÞ ¼ B 1 þ aðC 0 ðsÞÞ ;
ð3Þ
where B is the background, a is a constant which depends on the spatial coherence of the detected scattered
light, and C 0 ðsÞ is called the normalized scattered electric
ﬁeld correlation function. For a singly diﬀusing protein
species,
C 0 ðsÞ ¼ eCs ;

ð4Þ

where C is the decay constant which contains the protein
molecular information via C ¼ DðcÞq2 , DðcÞ being the
concentration-dependent translational diﬀusion coeﬃcient of the protein and q the scattering vector given by
4pn
h
sin ;
ð5Þ
k
2
where h is the scattering angle, usually 90°. Larger values for DðcÞ indicate smaller particle size and cause the
correlation function to decay rapidly, whereas smaller
values for DðcÞ correspond to larger particles and result
in a slowly decaying function. Since globular proteins
are often assumed to be spherical in shape, the Stokes–
Einstein relation can be used to estimate the apparent
hydrodynamic radius, Rh (app) of the protein molecule
by
q¼

Rh ðappÞ ¼

kT
;
6pgDðcÞ

ð6Þ

where k is the Boltzmann constant, T is the absolute
temperature, and g is the solution viscosity. Thus,
analysis of CðsÞ from DLS provides an appealing way of
estimating the apparent size of the protein solute.
The diﬀusion coeﬃcient has a protein concentration
dependence usually described by (Altenberger and
Deutch, 1973; Anderson and Reed, 1976; Hess and
Klein, 1976; Phillies, 1975)
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DðcÞ ¼ D0 ð1 þ kD c þ   Þ;

ð7Þ

where D0 is the inﬁnite dilution value for DðcÞ and kD is
called the diﬀusion virial coeﬃcient. The true equivalent
spherical hydrodynamic radius of the protein molecules
can be estimated using D0 in
Rh ¼

kT
:
6pgD0

ð8Þ

range C to C þ dC. The problem then becomes devising
a way of extracting the distribution f ðCÞ from the experimentally measured CðsÞ. Solving for the distribution
of CÕs gives the distribution of DðcÞÕs, which is then used
to estimate the distribution in Rh (app)Õs. A general review of various methods used to analyze CðsÞ from DLS
has been given by Chu (1983). One approach that is
often used for analyzing CðsÞ is the method of moments
or cumulants (Koppel, 1972), for which Eq. (4) is
modiﬁed to give
l2 2 l3 3
s  s þ ;
2!
3!

3. Prenucleation assays

ln C 0 ðsÞ ¼ hCis þ

3.1. State of aggregation of the protein stock

where hCi is the average decay constant and the coeﬃcients in the series are called cumulants. A quantity that
is often used to specify the degree of polydispersity
(referred to as the ‘‘poly’’ value) is the normalized var2
iance deﬁned as l2 =hCi . For a carefully prepared monomeric protein solution (Case (I)), the measured poly
should be 6 0.01, and the PCG-er can be reasonably
sure that the protein sample has essentially no size heterogeneity. For solutions described by cases (II) and
(III) above, the poly may typically be 0.05–0.5, depending on the extent of size heterogeneity. Although
the poly is quite sensitive to the presence of size heterogeneity, its value is nondescriptive of the species actually present in solution.
An alternative approach for estimating size heterogeneity is to analyze CðsÞ using one or more of a host of
particle size distribution (PSD) algorithms developed
speciﬁcally for DLS applications (Goldin, 1991; Stepenek, 1993). Commercial DLS apparatus will generally
oﬀer at least one version of a PSD analysis as part of the
operating software. Typical outputs of PSD analysis
include the relative abundance (number, weight, and
intensity averages) of diﬀerent protein species as a
function of particle size (nm). In addition, a ‘‘variance’’
(analogous to poly) is reported as a measure of sample
size heterogeneity.
For the primary purpose of using DLS to improve
PCG experiments, it is not necessary to employ overly
sophisticated data reduction schemes. As an assay for
the presence of size heterogeneity in the protein sample,
the cumulants method of data analysis, which gives an
average value for the diﬀusion coeﬃcient and a measure
of the variance of the distribution, is most often adequate.

It has been established (Bhamidi et al., 1999; Skouri
et al., 1995; Thibault et al., 1992; Thomas et al., 1998a,b;
Veesler et al., 1994) that both charge heterogeneity and
size heterogeneity are detrimental to PCG experiments.
A common way to assay for protein purity is SDS (sodium dodecyl sulfate)–PAGE (polyacrylamide gel electrophoresis). The method is quite sensitive for detecting
charge heterogeneity in a protein sample, which is usually interpreted as due to the presence of proteins different from the target protein. However, since SDS
denatures the protein molecules, information about the
size heterogeneity of the target protein is lost. DLS
provides an attractive alternative for quickly assaying a
protein solution for size heterogeneity. Three cases which
commonly occur for protein solutions are (I) the protein
in its pure monomeric state (or whatever its natural
single-sized state may be), (II) the protein monomer accompanied by lower order oligomers (dimers, trimers,
etc.), and (III) the protein monomer with a relatively low
concentration of signiﬁcantly higher order protein aggregates. Case (I) presents the least complicated analysis
for CðsÞ, which from Eqs. (3) and (4) becomes
CðsÞ ¼ B½1 þ ae2Cs :

ð9Þ

One way of obtaining DðcÞ from CðsÞ is by linear regression on


CðsÞ  B
ln
¼ ln a  2Cs;
ð10Þ
B
from which the slope gives C and thus DðcÞ, which is
subsequently used to estimate Rh (app) via Eq. (6).
Cases (II) and (III) are both described as solutions
that are polydispersed (sometimes the term paucidispersed is used when a few discrete molecular-sized
species are present). The expression for C 0 ðsÞ in Eq. (4)
must be modiﬁed to account for the distribution of
diﬀerent species,
Z 1
C 0 ðsÞ ¼
f ðCÞeCs dC;
ð11Þ
0

where f ðCÞdC represents the fraction of the scattered
light intensity due to protein species having C in the

ð12Þ

3.2. Precautions
Using PSD results from batch DLS experiments to
report absolute states of protein aggregation is risky and
should be done with caution. For solutions of type (III)
described above, the diﬀerence in diﬀusion coeﬃcients of
the protein monomer and large aggregates is often great
enough that a reasonable estimate of size distribution is
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obtainable. As a rule of thumb, the size diﬀerence between two species needs to be about a factor of 5 or
greater to obtain reliable resolution of PSD by batch
DLS. For solutions of type (II), PSD analysis by DLS is
insuﬃciently accurate to resolve lower order oligomerization by batch experiments. This shortcoming of DLS
is often not a major issue for PCG since it is the mere
presence of aggregates that is desirable to know rather
than their actual size distribution. If quantitative resolution of type (II) solutions is required, then the best
way is to couple SLS and DLS as online detectors with
analytical size-exclusion chromatography (Casay, 1986;
Helfrich and Jones, 1999; Jones, 2002). This approach
resolves the diﬀerent-sized protein species before light
scattering detection, simplifying data analysis.
When performing prenucleation studies by DLS, it is
important to ascertain whether there is a contribution to
CðsÞ by components of the solvent. Some crystallizing
agents such as PEGs and higher concentrations (1.5–
2.5 M) of ammonium sulfate and sodium potassium
tartrate, for example, will by themselves give a well-deﬁned decay constant, Cs . When protein monomer is
dissolved in such a solution, the resulting CðsÞ has the
form (Dubin, 1970)
CðsÞ ¼ hIs i2 e2Cs s þ 2hIs ihIp ieðCs þCp Þs þ hIp i2 e2Cp s
ðIÞ

þ constant;

ðIIÞ

ðIIIÞ

ð13Þ

where hIs i and hIp i are the total intensities of light
scattered by solvent components and protein monomer,
respectively. In addition to the individual contributions
from the solvent components (I) and protein monomer
(III), there is a cross term (II) due to self-beating in
homodyne detection employed by DLS. Analysis of the
CðsÞ by cumulants analysis gives an Rh (app) that is a
weighted average of the three contributions and a poly
value that can easily be misinterpreted as due to a
nonmonomeric state of the protein. PSD analysis of
CðsÞ, in our experience, often gives a too-small Rh (app)
value due to solvent components and a too-large
Rh (app) value corresponding to the protein which, once
again, can be misinterpreted as an indication of protein
aggregation. One approach to avoid this ambiguity is
to independently measure the CðsÞ from the solvent
alone to obtain a value for Cs and then ﬁt the protein
solution CðsÞ according to Eq. (13) with Cs held constant. Fig. 1 shows the results of such an approach for
equine serum albumin (ESA) monomer with ammonium sulfate (AS) as the crystallizing agent. The
Rh (app) values determined via Eqs. (13) and (6) as a
function of AS concentration clearly show that a nearmonomeric state of the ESA is preserved, whereas PSD
analysis indicates aggregation. It is always judicious to
check the CðsÞ from solvent components when performing DLS measurements.
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Fig. 1. Rh (app) versus AS concentration for ESA in 0.1 M NaAc buﬀer,
pH 5.6, 22 °C using two methods of data analysis.

3.3. Protein–protein interactions and the crystallization
slot
It is well established both experimentally and theoretically (Bonnete et al., 1999; Ducruix et al., 1996;
George et al., 1997; George and Wilson, 1994; Malfois
et al., 1996; Neal et al., 1998; Neal et al., 1999; Rosenbaum et al., 1996) that a range of values of the second
virial coeﬃcient, B, in Eq. (1) is correlated with solution
conditions that are favorable to crystallization. The
‘‘crystallization slot,’’ shown in Fig. 2, corresponds to B
values in the range of about 1  104 to 8  104
(mol  ml  g2 ) and indicates protein–protein interactions that are slightly to moderately attractive. PCG

Fig. 2. The crystallization slot representing solution conditions, as
described by B, favorable for crystallization.
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experiments conducted in solution conditions at more
negative B values have a greater risk of forming an
amorphous solid phase because of correspondingly
stronger protein–protein attractions. On the other hand,
experiments at more positive values, at which the net
protein–protein interactions are repulsive, typically require protein concentrations that are impractically high
to cause phase separation of any kind. The crystallization slot can be used as an eﬀective guide by PCG-ers to
direct changes in a particular solution parameter (pH,
temperature, crystallization agent concentration, etc.)
that will increase the probability of a successful crystallization trial. An example of utilizing the crystallization slot for thaumatin I is shown in Fig. 3. The slot is
superimposed on a plot of B versus crystallization agent

Fig. 3. B versus NaK tartrate concentration for thaumatin I in 0.05 M
ADA buﬀer, pH 6.5, 22 °C, with crystallization slot overlay.

(NaK tartrate) concentration and deﬁnes a range of
NaK tartrate concentrations appropriate for crystallization at the speciﬁed temperature and other solution
conditions. For thaumatin I and other proteins, it has
been found that conducting PCG experiments at the less
negative end of the crystallization slot typically results in
fewer, larger crystals while experiments at the more
negative end of the slot give a larger number of smaller
crystals, as shown in Fig. 4. It is important to point out
that conducting PCG experiments under conditions that
correspond to the crystallization slot does not guarantee
a successful crystallization trial. However, working under conditions outside the slot most assuredly reduces
the probability of a desirable outcome.
A promising application of the crystallization slot is
its utilization for crystallizing membrane-bound proteins. A report by Hitscherich et al. (2000) showed that
tetragonal and trigonal crystals of OmpF porin (a bacterial outer membrane protein) formed within a narrow
range of B values that was within the crystallization slot
for soluble proteins. The implication of this work is that
eﬀorts to crystallize membrane proteins should be directed toward placing the protein–detergent complexes
within the crystallization slot as deﬁned by the second
virial coeﬃcient. Loll et al. (2002) performed B measurements on protein-free detergent micelles and found
that the B behavior is a good predictor for the behavior
of the protein–detergent complexes under similar solution conditions.
The direct and most often reported way of determining B values to compare with the crystallization slot
is by SLS using Eq. (1), in which scattered intensity
versus protein concentration data are collected. Alternative methods for predicting crystallization from light
scattering experiments have been investigated and involve measuring the diﬀusion coeﬃcient by DLS versus
protein concentration. One approach (Feher and Kam,

Fig. 4. Thaumatin I crystals grown in 0.5 M ADA buﬀer, pH 6.5, 22 °C, with 0.75 (left) and 1.0 M (right) NaK tartrate as crystallizing agent and with
B ¼ 1:8  104 and 5:7  104 ðmol  ml  g2 Þ, respectively.
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1985; Kam et al., 1978) used lysozyme to develop a
thermodynamic model which distinguished between
praggs and craggs (Wilson, 1990), which are amorphous
aggregates that ultimately grow to form a precipitate
and highly structured aggregates that eventually form
nucleation centers for crystal growth, respectively. Details of the method are beyond the scope of this paper,
but the main requirement was to measure the diﬀusion
coeﬃcient of the protein in the presence of a crystallizing
agent as a function of protein concentration. A set of socalled dilution curves was generated by calculating a
mean value for DðcÞ for a particular size distribution of
protein aggregates. The experimental dilution curve was
compared to the calculated set of dilution curves and a
judgment made as to whether the aggregates formed in a
particular solution condition were praggs or craggs.
Other researchers have attempted to correlate B with
the diﬀusion virial coeﬃcient, kD (see Eq. (7)) by measuring DðcÞ as a function of c for proteins in various
crystallizing agents (Chiang, 1994; Zukoski et al., 2002).
Theoretical considerations (Cummins and Pike, 1973)
show that kD comprises a thermodynamic term, which
incorporates B, and a concentration-dependent frictional coeﬃcient term. It is the interplay between these
two terms that determines the overall concentration
dependence of D in monodisperse protein solutions, and
although B and kD are certainly correlated, a general
analytical model allowing accurate values of B to be
extracted from kD has not been presented.
3.4. Precaution
The value for kD in Eq. (7) can be positive, negative,
or near zero, depending on the particular properties of
the protein solution. For proteins dissolved in a crystallizing agent, kD is usually negative so that when the
DLS correlation function is analyzed either by cumulants or by PSD algorithms, the Rh (app) presented will
be larger than anticipated for the protein monomer
(because DðcÞ is considerably smaller than D0 ). The
larger Rh (app) can be misinterpreted as unequivocal
evidence of aggregation of the protein, when, in fact, it is
not.
3.5. Protein–protein interactions and solubility behavior
Protein solutions used to measure B values by SLS
are typically well undersaturated, usually having concentrations in the 1–5 mg/ml range. However, results
presented by Muschol and Rosenberger (1995) for lysozyme with NaCl as the crystallizing agent showed that
the slope of the Kc=R versus c plot (from which B is
determined) was essentially constant for undersaturated
solutions (<10 mg/ml) to well beyond saturation
(>60 mg/ml). This ﬁnding implied that the protein–
protein pair potentials manifest in undersaturated (even
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dilute) protein solutions extend into supersaturation
regions. Subsequent studies (Rosenbaum and Zukoski,
1996) showed that the lysozyme phase boundary could
be constructed using an adhesive hard sphere potential
along with B values to model protein interactions. Experimental data correlating B with about 25 solubility (s)
values for lysozyme in various crystallizing agents along
with additional data for ovalbumin, for ESA, and for
lysozyme in H2 O and D2 O have been reported (Demoruelle et al., 2002; George et al., 1997; Gripon et al.,
1997; Guo et al., 1999). The empirical correlation between B (a dilute solution parameter) and s (a phase
transition parameter) was initially met with considerable
consternation by some in the PCG and PCA communities. After all, solubility depends on the binding energy
between closely spaced protein molecules having very
speciﬁc mutual orientations in the crystal lattice. By
contrast, the second virial coeﬃcient is a statistical average of interactions between two protein molecules in
the liquid phase accounting for all relative separation
distances and orientations, with each conﬁguration
weighted by a Boltzmann factor. Nevertheless, the experimental data demanded that a simple theoretical relation between B and s must exist, and subsequent
publications (Haas et al., 1999; Ruppert et al., 2001)
provided the theoretical basis for the direct link between
B and s. Major ﬁndings of these studies were that protein interactions were strongly anisotropic and that
crystallization conditions had little eﬀect on the interaction distance or the anisotropy between the protein
molecules.
The correlation between B and s oﬀers PCG-ers a
distinct advantage for determining the solubility behavior of proteins. From the practical standpoint of
setting up PCG trials, it is desirable to know how a
proteinÕs solubility depends on a particular solution
parameter. For example, for any rational PCG approach, it is important to know if and to what extent the
proteinÕs solubility has normal, retrograde, or no temperature dependence. In other cases, knowledge of the
dependence of s on solution pH, ionic strength, type and
concentration of crystallization agent, etc., will allow
systematic PCG trials to be conducted. Since it is impractical to try and determine absolute values for s by
equilibrium crystallization studies as a function of so
many solution variables, the measurement of B by SLS
provides a realistic alternative for obtaining the s behavior. One example demonstrating such an application
is shown in Fig. 5, in which the temperature dependencies of B, and thus the same trends for s, are shown
for lysozyme, ESA, and thaumatin I in their respective
crystallizing agents. Lysozyme is found to have a strong
normal sðT Þ, ESA has a moderate retrograde sðT Þ, and
thaumatin I shows almost no sðT Þ for the solution
conditions tested. If absolute values for the protein
solubility are required, then at least one (preferably two)
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(nuclei) will form which will sustain their growth and
ultimately form crystals, if r is high enough. The reported applications of light scattering, primarily DLS,
to study nucleation and postnucleation growth of proteins are numerous, each with its own unique ﬁndings
and recommendations. See, for example, Kadima et al.
(1990), Skouri et al. (1991), Wessel and Ricka (1998),
Georgalis and Saenger (1999), Tanaka et al. (1999),
Habel et al. (2001), Juarez-Martinez et al. (2001), Saridakis et al. (2002), and Vekilov et al. (2002). Two speciﬁc applications in which SLS or DLS have been used
as monitors of the process are discussed below.
4.1. Determination of a critical size aggregate

Fig. 5. B versus temperature for ESA in 0.1 M NaAc buﬀer, pH 5.6,
with 0.5 M AS; thaumatin I in 0.05 M ADA buﬀer, pH 6.5, with 0.5 M
NaK tartrate; and lysozyme in 0.1 M NaAc buﬀer, pH 4.2, with 2%
NaCl (w/v), showing retrograde sðT Þ, approximately no sðT Þ, and
normal sðT Þ, respectively.

absolute measurement of B and s for identical solution
conditions must be made to establish the scale between
the two parameters. Then, using the analytical expression relating B and s (Haas et al., 1999), a measured
value for B can be used to calculate the corresponding
value for s under essentially any solution condition desired.

4. Nucleation and postnucleation assays
In a typical PCG experiment, protein monomer is
exposed to a crystallizing agent(s) using one of many
techniques (Ducruix and Giege, 1992; McPherson, 1999;
Unge, 1999). At this point, the supersaturation, r ¼ c=s,
becomes the important thermodynamic parameter. If
r 6 1, then the protein solution will usually be stable for
an extended period of time. If r > 1 by initial preparation in a batch experiment, by a slow equilibration
process (vapor diﬀusion, liquid–liquid diﬀusion, etc.), by
a sting method (very spatially localized changes in T ,
pH, etc.), or by some other novel design, then after an
induction period the conversion of protein monomer to
protein aggregates will occur. The process can be represented as
f
kj;k

Aj þ Ak ¢ Ajþk ðj; k ¼ 1; 2; 3Þ;
b
kjþk

Kj;k ¼

f
Kj;k
b
Kjþk

;

ð14Þ

f
where Aj is an aggregate consisting of j monomers, kj;k
b
and kjþk are the forward and backward rate constants,
and Kj;k is the equilibrium constant for the formation of
an ordered aggregate (cragg) Ajþk . With time, as the
craggs form and dissociate, a critical-sized one or more

With a proper choice of r, aggregation of the protein
can be induced as depicted by Eq. (14). A general approach for using DLS to study the process is to prepare
protein solutions with variable r and then perform DLS
measurements to determine Rh (app) as a function of
time. At low supersaturation conditions (metastable
region), aggregation occurs, but no nuclei are formed so
that crystallization does not proceed, even over long
periods of time. The critical solution supersaturation
necessary to obtain crystals varies with the protein. For
higher supersaturation conditions, under which, after an
induction period, aggregation eventually leads to crystals, PSD analysis of the time-dependent DLS data allows an estimate for the critical size aggregate, Rc (app).
It has been found that Rc (app) depends on the value for
r (Malkin and McPherson, 1994), i.e., for pumpkin seed
globulin Rc ðappÞ  45 nm at r ¼ 1:3 and 64 nm at
r ¼ 1:2 and for apoferritin Rc ðappÞ  39 nm at r ¼ 2:5
and 51 nm at r ¼ 2:1. These results also allowed estimates of the interfacial free energies between a nucleus
and a bulk solution. A similar study on lysozyme (Mikol
et al., 1989) showed that for a particular value of r the
Rc (app) was about 3.2 nm, indicating that only a few
lysozyme molecules composed the nucleus.
4.2. Automated dynamic control of PCG
Both SLS and DLS have good sensitivity (albeit low
resolution) for the appearance of craggs in a supersaturated protein solution, and this feature has led researchers to devise PCG apparatus incorporating light
scattering monitors. The general approach is to detect
changes in the light-scattering signal (increase in average
intensity or intensity spikes for SLS, increase in Rh (app)
and poly for DLS) as a function of time after the PCG
trial has begun. Such changes are interpreted as the onset
of aggregation/nucleation. It is paradoxical that in order
to have measurable changes in the SLS or DLS signal,
one has to create in solution an undesirable situation,
i.e., enough aggregates/nuclei to cause such a change. If
the intent is to produce a very few single large crystals,
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then all but a very few of the nuclei must be quickly
dissociated before postnucleation growth occurs. This is
best done by lowering r, which can be accomplished by
quickly adjusting a particular solution parameter. Operationally, the dynamically controlled protein crystal
growth (DCPCG) apparatus detects aggregation/nucleation by light scattering and then automatically imposes
a change in T, for example, that lowers r enough that
most craggs/nuclei dissociate. The few (it is hoped) remaining nuclei then proceed to grow, preferably under
near constant r conditions (Schall et al., 1996).
Several applications of DCPCG have been reported.
A single optical ﬁber was used to deliver a laser beam
directly into an 40-ll droplet in a hanging-drop vapordiﬀusion apparatus (Casay and Wilson, 1992). SLS and
DLS were utilized to monitor the onset of aggregation
of lysozyme, and T changes were used to reverse the
process. Another device (Ansari et al., 1996) comprised
two monomode optical ﬁbers and two GRIN microlenses (one for laser beam delivery and one for detection
of scattered light) to provide a compact and noninvasive
backscatter (161.5°) probe for performing DLS measurements on several variations of a hanging-drop vapor-diﬀusion apparatus. In addition, the device was
demonstrated as a DCPCG monitor for the prenucleation, nucleation, and postnucleation growth stages using temperature as a control parameter for lysozyme. A
rather sophisticated DCPCG apparatus envisioned for
microgravity studies using SLS as a monitor and either
temperature or water evaporation rate as a control parameter has been reported by Bray et al. (1998).
The initial successes reported for DCPCG were predominately using temperature as a control parameter for
lysozyme, and it was conjectured that this would be a
general method for most other proteins as well. As indicated in Fig. 5, the BðT Þ and sðT Þ is quite large for
lysozyme with NaCl as crystallizing agent, but this behavior is more of an exception than the norm. While
many proteins may have some sðT Þ dependence in particular crystallization agents, very few have large enough
sðT Þ to make them good candidates for DCPCG. Another practical diﬃculty with DCPCG for some proteins
is that once nuclei are formed, they are diﬃcult to dissociate even when r is lowered because the kinetics of
dissociation are so slow. Thus, the successful application
of DCPCG for a particular protein depends on ﬁnding a
solution control parameter (T , pH, etc.) that can be used
to vary r enough so that formation and disassociation
of the protein nuclei can truly be controlled on a useful
time scale.

5. Conclusions
Static and dynamic light scattering have been presented as analytical tools that have broad application in
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the arena of protein crystal growth. Recent studies from
both SLS and DLS have had a major impact on uncovering the fundamentals of thermodynamic and kinetic aspects of PCG. Advances in technology have
resulted in commercially available instrumentation that
makes light scattering feasible even for researchers with
limited or no experience in the ﬁeld. As with any analytical method, especially for light scattering, it is prudent to learn the true capabilities of a method and to not
rely on ‘‘black box’’ results that can be overinterpreted.
As PCG experiments evolve to microchip formats, the
innovative researcher will undoubtedly ﬁnd new ways
to incorporate light scattering as a noninvasive
diagnostic.
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