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Kinetic Analysis of Protein Crystal Nucleation in Gel Matrix
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ABSTRACT The effect of agarose on nucleation of hen egg white lysozyme crystal was examined quantitatively using a
temperature-jumping technique. For the first time, to our knowledge, the inhibition of agarose during the nucleation of lysozyme
was quantified in two respects: a), the effect of increasing interfacial nucleation barrier, described by the so-called interfacial
correlation parameter f(m); and b), the ratio of diffusion to interfacial kinetics obtained from dynamic surface tension mea-
surements. It follows from a dynamic surface tension analysis that the agarose network inhibits the nucleation of lysozyme by
means of an enhancement of the repulsion and interfacial structure mismatch between foreign bodies and lysozyme crystals,
slowing down the diffusion process of the protein molecules and clusters toward the crystal-fluid interface and inhibiting the
rearrangement of protein molecules at the interface. Our results, based on ultraviolet-visible spectroscopy, also show no
evidence of the supersaturation enhancement effect in protein agarose gels. The effects of nucleation suppression and
transport limitation in gels result in bigger, fewer, and perhaps better quality protein crystals. The understandings obtained in

this study will improve our knowledge in controlling the crystallization of proteins and other biomolecules.

INTRODUCTION

The difficulty of growing protein crystals of suitable size
and high quality for x-ray crystallography is an impediment
to molecular structure determination of proteins, which is
necessary to explore biofunctionalities: drug design, disease
treatment, controlled drug delivery, and so forth (1-3). To
lower the percentage of growth defects and to control the
nucleation effectively, gel crystallization is a technique cur-
rently used in crystallization of small and large macromole-
cules. Recently, gel crystallization has been used to mimic
the conditions occurring in a microgravity environment, as
the gravity-induced convection is suppressed in gel media (4).

Among the typical gel precursors used for protein crys-
tallization, such as agarose, silica, acrylamide, or sephadex,
agarose gels are the most widely used hydrogels. This is
because agarose is a repetitive, essentially uncharged, marine
polysaccharide, stable over a wide pH range (3.0-9.0). Unlike
silica gels, it does not release any byproducts during solidi-
fication. In addition, the low gelling temperature (~28°C) of
agarose makes it more suitable in view of the presence of
heat-sensitive macromolecules and the condition of minimal
thermal stress on proteins. In addition to the reduction of
convection in the mother liquor, it is believed that agarose gel
favors diffusive transport of molecules toward the crystal
nuclei and the growing crystals (4,5). The gel network also
traps crystal nuclei, prevents crystal sedimentation, and pro-
motes crystal growth in three dimensions (6,7). Apart from
this, agarose gels show high mechanical resistance as well as
elasticity even at low agarose concentrations (<6% w/v),
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which provides mechanical protection during crystal soak-
ing, mounting, and transporting (8).

As is well known, the outcome of crystallization is mainly
determined by kinetic factors. In many cases, the lack of
understanding in kinetics has so far prohibited the identifi-
cation of robust technologies of crystal growth, in particular,
the growth of biomolecules. Although some related research
has recently been carried out, the understanding of the in-
fluence of gels on nucleation and crystal growth remains very
poor, and the opinions concerning the role played by agarose
gel in protein nucleation and growth are widely divided. For
instance, some researchers suggested that the observed nu-
cleation enhancement in agarose gels could result from the
elevating of the apparent supersaturation, due to the trap of
water in the agarose fiber meshes during the gelling process
(9). However, this conclusion was questioned by Vidal et al.
(10), who showed by small angle neutron scattering that the
protein concentration and interactions were identical in gel
and in gel-free media. However, lysozyme clusters of several
tens to several hundreds of nanometers were noticeable in gel
than in gel-free solution. Since the nuclei would be made up
of some of these clusters, it was concluded that agarose gel is
a nucleation promoter. Small angle x-ray scattering and gel
techniques were also used to follow the kinetics of hen egg
white lysozyme crystal growth (9). It follows that lowering
the temperature and/or increasing the crystallizing agent
concentration give rise to an increase in the attractive inter-
actions among protein molecules in solutions while lysozyme
remains monomeric. A similar behavior was observed when
agarose was used. Robert et al. studied the nucleation-related
phenomenon of lysozyme in gel and indicated that the for-
mation of an amorphous precipitate in gel-free solutions
never occurs in gelled solutions, which depletes the bulk
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solution (11). This could explain why the nucleation density
is higher in agarose gel than in free solution. Although most
reported research indicates that agarose gel promotes the
nucleation of protein, the inhibition effect of agarose gel with
concentration exceeding 0.4% (w/v) under a specific super-
saturation was proposed by Thiessen’s group (12).

To clarify the discrepancies in previous research, we present
a study on the effect of agarose in protein crystal nucleation
under oil (13) using an advanced temperature-jumping tech-
nique (14). Hen egg white lysozyme is used as a model
protein due to its availability and relative wealth of literature.
A generic kinetic model of nucleation (15,16) is applied to
analyze quantitatively the effect of agarose gel on lysozyme
nucleation and crystallization. In this study, the inhibition
effect observed in experiments was also explained from the
point of view of kinetics and interfacial structure in terms of
a dynamic surface tension analysis. This analysis allows a
detailed study of the kinetics of surface assembly in agarose
based on a two-dimensional self-assembly mechanism.

MATERIALS AND METHODS
Solution preparation

Hen egg white lysozyme of molecular mass ~14.3 KDa (purified six times
by crystallization) was purchased from Sigma (St. Louis, MO) and used
without further purification. Sodium acetate and sodium chloride, all of ana-
lytical grade, were purchased from Merck (Darmstadt, Germany). High
purity deionized water (18.2 M) produced by a Millipore (Billerica, MA)
Milli-Q system (0.22 wm) was used for preparing buffers and solutions for
protein crystallization. Sodium acetate buffer was made by titration of 0.1 M
acetic acid solution with sodium hydroxide until the desired pH was
obtained. The stock solutions of proteins and salts were prepared and re-
frigerated at 4°C for further use. Crystallization buffers and protein stock
solution were filtrated by a 0.20-um filter (Sartorius, Gottingen, Germany)
before use. Sodium acetate buffer (0.1 M) containing 0.5M NaCl was used in
the experiments. Lysozyme solutions were prepared by dissolving proteins in
the 0.1 M sodium acetate buffer to obtain the desired concentrations of
protein for the subsequent experiments at the same pH, in a 1 ml Eppendorf
(Hamburg, Germany) tube. The agarose used in the experiments was Bio-
Rad (Hercules, CA) certified low-melting agarose. Agarose stock solutions
were prepared by dispersing the agarose powder in deionized water at room
temperature and moderately stirring for 30 min and heating mixtures in a
pressure vessel to 90°C for 1 h. Then, the clear agarose solution of 2% (w/v)
was kept at 45°C in a thermostatic water bath for further use. In preparing
lysozyme-agarose gels, the agarose stock solution, the prewarmed protein
stock solution, and the buffer at 45°C were mixed to obtain the desired
concentration of protein, salt, and gel (0.2% w/v). The mixture was gelled in
a few minutes upon quenching temperature to 7 = 23°C.

The setup for nucleation rate determination

A strict separation between the nucleation and growth stages is the most
classical method in determining the nucleation rate at a given supersatura-
tion. A so-called temperature-jumping technique was adopted to support
crystal nucleation at low temperature and crystal growth at high temperature
(14,17). This technique has been in use since the 1930s, which enables the
measurement of rates of nucleation experimentally, without ever actually
seeing the nuclei themselves (14,17). As schematically showed in Fig. 1, at
the beginning of a typical run, the protein solution is loaded at a temperature
chosen to prevent nucleation. Then, the temperature is lowered to a selected
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FIGURE 1 Temperature 77 and corresponding supersaturation (o) for
lysozyme nucleation during the time Az. Temperature T, and corresponding
supersaturation (o) for developing the crystals to detectable dimensions.

T, at which nucleation occurs. After a period At, the temperature is raised
from the nucleation temperature 7; to the growth temperature 7,. In our
cases, 71 = 6°C and T, = 23°C. At T,, supersaturation is at levels where the
nucleation rate is practically zero, but the crystals already formed can grow to
a detectable dimension. After the growth stage, the crystals nucleated at T
during Ar are counted under optical microscopy. The stationary nucleation
rate is obtained simply by plotting the number 7 of crystals as a function of
nucleation time Af. A typical case indicating the time dependence of the
mean number of crystals is shown in Fig. 2 with supersaturation o = 9.33.
The volume is constant in all crystallization vessels. The period At should not
be too long to avoid Ostwald ripening. The boundary between conditions
causing nucleation or precipitation, and the conditions yielding a clear
solution, can be determined by screening of crystallization conditions at 6°C
and 23°C. The solubility data of lysozyme were obtained from Howard et al.
(18) and Cacioppo and Pusey (19).

In our experiments, 22 mg/ml-28 mg/ml lysozyme with 0.5M NaCl
concentration in 0.1M NaAc buffer at PH = 4.5 with 1-2 mg/ml intervals that
have supersaturation between 9% and 13% were used in the process of ex-
periment. These hen egg white lysozyme solutions are known to be meta-
stable at 23 = 0.5°C by the above-mentioned screening experiments. Rapid
nucleation occurred in <30 min at the selected range of supersaturation.

The nucleation experiments were conducted using 72 well Terazaki
plates (Hampton Research, Alisa Viejo, CA) in an EYELA (Tokyo, Japan)
KCL-2000 incubator. The microbatch method allowed us to obtain an exact
initial supersaturation value, which can be used in our nucleation kinetic
study. The Terazaki plates were thoroughly rinsed with deionized water to
remove dust particles and impurities. During filling, the dried plates were set
on a damp paper towel to prevent static electricity buildup. To minimize the
evaporation of solution and suppress the undesired nucleation on the solution
surface, the aqueous solution samples were dispensed and incubated under
the surface of inert silicon oil (AS4 from Sigma).The solutions were quickly
dispensed to a row of 12 wells on the plate. Then the plates were sealed with
clear tape and moved into a precooled incubator. The incubator temperature
was preset at 6°C for crystal nucleation. At the end of the preset regular
nucleation time, the plates were kept in a thermostat at 23°C. For all of the
experiments conducted in this study, a fixed solution volume of 0.4 ul per
well was used. As nucleation is expected to be a stochastic process, for each
plate, 12 wells per sample were used to provide a broad range of sampling
results (20).
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FIGURE 2 Time dependence of the mean number of crystals per micro-
liter at the supersaturation of 9.33 at 6°C.

Because of oil sealant, the water loss in the process of experiments can be
negligible (20). The time for changing of temperature from 7, to T, and from
T, to T, is determined by the thermal properties of the materials from which
the crystallization container is built. Nevertheless, the quenching period
(~30 s) is much shorter than the nucleation induction period. The shortest Az
was 5 min. Therefore, we can regard the temperature drop from 7, to 7 as an
instant event, and the quenching period has not much influence on the
crystallization kinetics examined in this study.

The observations were performed under a polarized transmitted micro-
scope (Olympus (Tokyo, Japan) BX60-F) with an attached 3CCD color
video camera (Panasonic (Tokyo, Japan), KY-F55BE), which is combined
with a computer to record the image of each well. At a later time, analySIS
3.0 software from Soft Imaging System GmbH (Munster, Germany) was
used to process images and to manually tag and count the crystals. To ensure
the applicability of the data, experiments were conducted in duplicate and
occasionally in triplicate.

Measurements of surface tension and
ultraviolet-visible spectra

The dynamic surface tension was determined using the Wilhelmy plate
method with a Sigma 700 tensiometer (Helsinki, Finland). The measure-
ments were performed at 6°C controlled by a thermostatic water bath. For a
typical measurement, an appropriate volume of lysozyme stock solution was
added to keep the protein concentration constant at the supersaturation
of 9.8% with or without 0.2% (w/v) agarose. The surface tension decreases
with time before reaching an equilibrium value. The experimental sample
chamber was saturated with pure water vapor to keep a consistent humid
environment. All the containers used in this experiment were cleaned by
chromic acid to eliminate potential organic contaminations.

The ultraviolet-visible (UV-Vis) absorption spectra of diluted lysozyme
solutions with and without 0.2% (w/v) agarose were measured on a VARIAN
(Palo Alto, CA) Cary 50 UV-Vis spectrophotometer using a quartz cuvette
having 1-cm path length at the nucleation temperature.
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RESULTS AND DISCUSSION
Kinetic model for lysozyme nucleation

In this section, a heterogeneous kinetics model (15,16) is
adopted to examine the nucleation of lysozyme. Nucleation,
the birth of protein crystals, means overcoming a free energy
barrier, the so-called nucleation barrier (AG*) at a given
thermodynamic driving force Au(15,16,21), resulting in a
continuous increase in the size of crystalline clusters. Recent
research suggests that if the interfacial free energy between
the crystal and the fluid phase is not too low, the nucleation is
normally controlled by a number of heterogeneous nuclea-
tion processes, as supersaturation increases (22-24).

By taking into account the influence of foreign bodies
(dust particles, or the walls of crystallization vessel) on the
nucleation process, the nucleation rate of lysozyme, which
is defined as the number of nuclei generated per unit time
per unit volume, is given based on the model by Egs. 14
(15,16,25):

I= @Y i) Bexp| - )| )

with
B 16773/;92
AGhona = kT In(1 + o)) @
1
fr(m) =1 =m) 3)
fm) = %(2 = 3m+m’), “

where B’ is the kinetics constant, vy, denotes the specific
interfacial free energy between the crystals and the mother
phase, ) is the volume of each growth units, and R® and N°
are the radius of curvature and the density of foreign bodies,
respectively. k is Boltzmann’s constant and T is the absolute
temperature. The supersaturation o is defined as

0 = (CiCc)/Ccv (5)

where C and C. are the actual and equilibrium concentration,
respectively.

In Egs. 3 and 4, m depends on the interaction and the
structural match between the nucleating phase and foreign
bodies, and is a function of the interfacial free energy among
the different phases:

m = (YSf - ysc)/ycf ~ cosf (_1 =m= 1)7 (6)

where g, V.., and vy, correspond to the interfacial tensions
between substrate and fluid, between crystal and substrate,
and between crystal and fluid, respectively. 6 is the contact angle
between the nucleating phase and the substrate. Notice that
f(m) is afactor describing the lowering of the nucleation barrier
AG™ due to the occurrence of foreign bodies (or substrate):
f(m) = AG"/AG, @)

homo *
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In this equation, AG* is the actual nucleation barrier and
AGj, o 1s the homogeneous nucleation barrier.

Obviously, this factor plays an important role in the de-
termination of the heterogeneous nucleation barrier. If
m— —1, then f(m)—1 (cf. Eq. 4), the interaction and
structural match between the nuclei and the substrates are
very poor. Foreign bodies exert almost no influence on nu-
cleation. On the contrary, if the interaction between the nu-
cleating phase and the substrate is optimal, one has m— 1 and
f(m)—0 (cf. Eq.4). It follows that crystals only occur at the
surface of foreign bodies, and the growth of crystals, guided
by the structure of the substrate, will be compact and well
orientated.

Combining and rearranging Eqgs. 1, 2, and 7 yield Eq. 8,

Kf(m) SN2 70 £ 1 1251
g ==t ln{(R YNF” (m)[f (m)] B } ®)
with
Kk = 16my, Q° /3(kT)’. )

The aforementioned effects can be identified from the plot
of InJ ~ 1/[In(1+¢))*, which will give rise to a straight line
for a given heterogeneous nucleation process. Obviously,
for a given system (k,B’ are constants) the slope and
interception of the straight line will change accordingly
with f(m).

As the substrate, foreign bodies always lower the nuclea-
tion barrier by a factor of f (cf. Eq. 7). As illustrated in Fig. 3,
in the case of nucleation promotion (transition from curve
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FIGURE 3 Effect of additives on the interfacial correlation factor f(m)
and the nucleation kinetics. A promotion or inhibition effect will increase

or decrease the interfacial correlation parameter in the plot of InJ ~
1/[In(1+a)]%.
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0 to curve 1), the adsorption of additives on the original
substrate will modify the interaction and structural match
between the substrate (foreign bodies) and the nucleating
phase. This will then result in a change in the nucleation
barrier. Since for a given nucleation system, k is constant,
any change in the nucleation barrier can then be identified
from the increase of the slope (—«kf(m)) and the intercept
(n{(R*)>N°f" (m)[f (m)]'/*B'})of the InJ ~ 1/[In(1+0))?
plot (cf. Eq. 8). The nucleation inhibition effect can be
identified from the decrease in the slope ((—kf (m)) of InJ ~
1/[In(1 + a)]2 plot (cf. curve 0 to curve 2 in Fig. 3) and/or the
decrease of the intercept of InJ ~ 1/[In(1 + cr)]2 plot. This is
due to the repulsion and an interfacial structure mismatch
between the substrate and the nucleating phase caused by the
adsorption of additives, which reduces the positive effect of
substrate in the nucleation barrier lowering. On the other
hand, the promotion effect of additives on nucleation kinetics
can be identified from the increase in the slope (—«f(m)) of
InJ ~ 1/[In(1 + o)? plot (cf. curve 0 to curve I in Fig. 3) and/
or the enhancement of the intercept of InJ ~ 1/[In(1 + o)
plot. Therefore, in the following discussion, we can apply
these parameters to analyze the effect of agarose on the
kinetics of lysozyme nucleation.

Dynamic surface tension analysis for diffusion
versus interfacial kinetics

We notice that nucleation is not only determined by the
influence of foreign bodies on the nucleation barrier as
aforementioned, but also by the diffusion process and the
molecular surface integration process.

As is well known, the growth of protein crystals is nor-
mally governed by layer-by-layer mechanism (15,16,26,27).
This implies that the growth of three-dimensional (3D) protein
crystals is accomplished by a sequence of two-dimensional
(2D) nucleation and spread forming a 2D crystal layer on an
existing crystal surface (15,16). We notice that the layer-by-
layer growth of crystals can also be governed by a spiral
mechanism as well (15,16,26,27). The spiral mechanism nor-
mally governs the layer-by-layer growth of crystals at relatively
low supersaturations, whereas the 2D nucleation mechanism
governs the growth of crystals at high supersaturations. In fact,
very high supersaturations are typically used for growing
protein crystals. Therefore, we will mainly focus on the 2D
nucleation mechanism in the case of protein crystallization.

Between the two steps of the “‘birth’” and ‘‘spread’” pro-
cess of 2D nucleation growth (15,16), the formation of a 2D
crystal can be used as an analogy for the formation of a new
layer of a crystal on an existing growing crystal surface. Our
recent research indicated that the protein 2D self-assembly on
the surface of an aqueous solution shares the similar structure
of the 3D crystal structure (28). This 2D surface with the self-
assembled protein layer can act as a self template for the 3D
protein crystallization or treated as a model surface of
growing protein crystals. This approach provides us with
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what we believe is a new and simple method of studying the
interfacial kinetics of protein crystallization.

Like all amphiphilic molecules, proteins tend to self-
assemble at the air/solution interface and therefore lower the
surface tension (29). So the dynamics of surface tension
reflects the kinetics of the 2D self-assembly of proteins at the
interface.

As shown in Fig. 4, the rate of reduction of surface tension
is determined by three consecutive processes: At the early
stage of surface assembly, there is no energy barrier between
the surface and subsurface. At this stage, diffusion is the
rate-determining factor (Fig. 4 a). The surface tension is
given by

D 1/2
v(t) =y, — 2CkT (3142 t) , (10)
where y(¢) is the surface tension at time ¢, vy, the solvent
surface tension, C,, the bulk protein concentration, and D the
diffusion coefficient of protein molecules. In this step, the
plot of y against #'/* will be linear.

At higher surface coverage, there are energy barriers to
penetration of molecules into the surface. In this step, pene-
tration is the rate-determining factor (Fig. 4 b). When the
surface is almost fully occupied, the reduction of surface
tension will be determined by the molecular rearrangement in

B

W@
b
g ¢

AN
TN

= == -
e ——
<z -

FIGURE 4 Protein 2D interface assembly kinetics. (@) The diffusion of
protein molecules to the interface. (b) The penetration of protein molecules
through the interface film from subsurface (a thickness of a few molecular
diameters next to surface) to the surface (28). (¢) Molecular rearrangements
of adsorbed molecules in the film.
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the adsorption layer (Fig. 4 ¢). For the situation where there is
an energy barrier to assembly, Eq. 9 can be modified to give
ln%t(t) = In(kC,) — TI(t)AA /KT, (11)
where I1(¢) = 7y, — y(t) is the surface pressure at time 7, k is a
constant related to the adsorption ability, and AA represents
the mean area created in the film to adsorb a protein molecule.
When protein molecules penetrate into the interfacial re-
gion they affect the surface free energy. Since in polymer
adsorption the first layer effects are dominant in determining
IT, changes in II provide a convenient way of monitoring the
penetration into the surface and the configurationally re-
arrangements of the adsorbed protein molecules. The last two
processes can be called surface integration. The rate of
the above mentioned processes can be analyzed by the first-
order equation (29)

H()\ _ ¢t
ln(l ‘Te) =1, (12)

where Il. and II(z) are the surface pressure values in the
equilibrium state and at any time ¢ for measurement, respec-
tively. 7 denotes the relaxation time of the related kinetic
processes. Therefore, the rate constant, k; (= 1/7;i =d, p, r,
denoting for diffusion, penetration, rearrangement, respec-
tively), represents the rate at each kinetic step, which can be
obtained from the slope of the In(1 — (I1(¢) /IL)) ~ ¢ plot at
the different stages. The detailed analyses can be referred to
references 28, 30, 31, and 32.

We notice
AG
T < exp (kBT>7 (13)

where AG is the kinetics energy barrier from one state to
another in the process of protein crystallization. Evidently, a
faster relaxation rate k; or shorter relaxation time 7 corre-
sponds to a lower energy barrier based on Eq. 13 and vice
versa (33).

Nucleation kinetics analysis for agarose effect of
on lysozyme nucleation

Under the specific range of supersaturation, the role of the
substrate (or foreign bodies) is an important factor that in-
fluences the interfacial properties. Although the occurrence
of a substrate will promote nucleation by decreasing the
nucleation energy, it will also exert a negative impact on the
surface integration. The substrate will reduce the effective
collisions of structure units with the surface of the nucleating
clusters, which slows down the nucleation kinetics. This is
the so-called shadow effect of substrate, described by the
term {(R*)2NOfF” (m)[f(m)]'/*B'} in Eqgs. 1 and 8 (15,16). At
very higher supersaturations, where the nucleation barrier

Biophysical Journal 95(12) 5931-5940
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becomes essentially low, the effective collisions will domi-
nate in controlling the kinetics. The occurrence of substrate
will then slow down the nucleation kinetics.

As mentioned earlier, the resultant effect of additives
can be decided by the changes of slope and intercept of the
InJ ~ 1/[In(1 + o)) plot. The interfacial correlation factor
f(m) can characterize the effect of agarose on lysozyme
nucleation and the structure correlation between the nucle-
ating lysozyme crystal sand foreign bodies. As shown in
Fig. 5, on the basis of Eq. 7, both plots (with and without
agarose) give rise to two straight lines with different slopes
and intercepts in the limited range of supersaturation. The
slopes, intercepts and related parameters obtained from a
linear regression are given in Table 1. The details for calcu-
lating Kaga/K, f(m),g,/f(m), and AG,,/AG" from the slope
and the intercept of the InJ ~ 1/[In(1 + cr)]2 plot can be
obtained from related references (15,16,27,34). In Fig. 5, a
comparison of the straight lines shows that the existence of
agarose gel results in a decrease in the slope of the InJ ~
Ulln(1 + o)]? plot from —20.9215 to —36.165 and an in-
crease in the intercept from 6.9624 to 8.5323 (cf. Fig. 5 and
Tablel). These two effects are essentially opposite. Never-
theless, within the range of experimental supersaturations,
the plot of InJ ~ 1/[In(1 + o)]* for the solutions with agarose
gel is below that without agarose gel; therefore, the nuclea-
tion inhibition effect of agarose gel dominates. In the fol-
lowing section, it will be shown that k,g,/k = 1.15; one has
then f(m) of curve 1 is larger than that of curve 1 by a factor
of 1.49 (f(m),g,/f(m) = 1.49). This indicates that the pres-
ence of agarose leads to an interfacial structure mismatch
between the foreign particles and lysozyme crystals, due to
the adsorption of agarose molecules on the foreign bodies,

54 ¢ inagarose
A noagarose

T T T T T
0.150 0.155 0.160 0.165 0.170 0.175 0.180 0.185

1I[n(14c)"

FIGURE 5 Influence of agarose on the nucleation kinetics of lysozyme at
pH = 4.5, 6°C. Schematic plot of InJ ~ 1/[In(1 + o)]? with error bar.
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illustrated by Fig. 6. This adsorption of agarose molecules on
the foreign bodies lifts the nucleation barrier, resulting in a
reduction in the total nucleation number. Therefore, it can
be seen later that bigger and fewer regular crystals can be
obtained from gels.

Dynamic surface tension analysis for agarose
gel related inhibition effect

To explain the molecular origin of the changes in lysozyme
nucleation kinetics in the presence of agarose, dynamic
surface tension measurements were performed at a tem-
perature of 6°C. The results are given in Fig. 7. Based on
the data in Fig. 7, we plotted In(1 — Il(¢)/Il.) versus ¢ in
Fig. 8. The three mutually intercepted straight lines for each
case indicates that the dynamics of protein assembly at the
air-water interface follows three consecutive steps: diffu-
sion, penetration, and rearrangement, as discussed before.
The rate constant of each straight line can be obtained from
the slope of the segment by linear regression, as shown in
Table 2.

Compared with lysozyme in gel-free solution, the surface
tension profiles for the lysozyme/agarose system are shifted
upward (Fig. 7). According to the Gibbs equation (25),

1 dy

=—— 14
R,Tdlnd’ (19

where I' is the amount of surfactant adsorbed at the interface,
R, is the gas constant, v is the surface tension, and a is the
surfactant activity. The surface tension decreases in pro-

Agarose molecular
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Nuclet /\ \ ;.‘

1 Il

1'7 Foreign body
Ly |
N L]
\
Agarose molecular

Foreign body

adsortion

FIGURE 6 Schematic drawing of structural match between the nucleating
phase and foreign bodies (@) in gel-free solution and (b) in gel solution. The
gel fibers separate the foreign bodies and nuclei and lead to the structure
mismatch between the two phases.
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TABLE 1 Effect of agarose on the interfacial effect parameter
and energy barrier for the nucleation of lysozyme

—Kkf*  BY Kaga/KF f(m)yg /f () AG},, /AG*S

1 (without agarose) —20.9215 6.9624 — — —
1" (with agarose) —36.165 8.5323 1.16 1.49 1.49

Curve

*—kf is the slope of the curve.
B is the intercept of the curve.
*Kaga is k in agarose.

YAGu/AG* = f(m) g, /f (m).

portion to the amount of surfactant adsorbed at the inter-
face. When agarose is added, the number of proteins being
adsorbed on the solution surface decrease, as some proteins
becomes trapped in the network of agarose. Therefore, the
surface tension in agarose is higher than that in gel-free
solution, and the surface free energy in the presence of
agarose will increase from yg, = 54.82 mN/m to Yig = 57.59
mN/m. If we adopt the proportional approximation (35), the
following relationship will be obtained:

T T ()
Vet Yfg
If y.¢ and . denote the interfacial tension between crystal
and the aqueous solution and gel, Eq. 15 will give rise to
ver/ Ve = 1.05. Based on the definition of k (Eq. 9), k will
increase by a factor of 1.15 when nucleation occurs in
agarose gels (Kqga/k ~ 1.15).
In Table 2, the bulk diffusion constant k4, the molecular
penetration constant k;,, and the molecular rearrangement rate

68
dn
66
[ ]
] n
E s
z |y
£ ]
g 62 .
D {0 in 0.2% agarose
§ § /
“ 6014 4 57.59 mNim
8 \
g 4
g /
3 88
"
1 54.822mNim
5 - f /
1 no agarose
54 = T T T T T T T T
0 5000 10000 15000 20000
time (s)

FIGURE 7 Typical figure of surface tension of lysozyme solution at
the air/water interface as a function of time at 6°Cfor selected values of
supersaturation
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FIGURE 8 In(1—II/Il.) as a function of time for lysozyme with and

without 0.2% agarose. The rate constants for different steps can be obtained
from the slope of the linear regression parts.

constant k. of protein molecules at the interfacial layer are
given for the diluted lysozyme solutions with and without
agarose. These data allow us to obtain more information at
the molecular level during the crystallization process. As
shown in Table 2, the diffusion of lysozyme molecules
through the agarose molecule network in the gels is slower
than through aqueous solutions. Because the mobility of
lysozyme molecules in the gel media is obstructed by the
entangled agarose network, the diffusion step is slowed down
(cf. Fig. 6). The k, shows that the agarose gels do not have
much influence on the penetration of lysozyme molecules
into the interfacial layer. During the penetration, the distance
of a few molecular diameters makes the impact of agarose gel
less significant. The slight change of the surface integration
rate would be understandable. On the other hand, the oc-
currence of agarose molecules will hinder the rearrangement
of lysozyme molecules at the interface, as agarose and ly-
sozyme molecules may interact with each other. In order
words, lysozyme molecules are to some extent bounded to
the agarose molecule network.

TABLE 2 Rate constant of diffusion, penetration
and rearrangement

'Vfg* kdf kp* kr§

Curve (mN/m) (X107*$~1) (X1074s~") (x107*s71)
2 (without agarose) 54.822 10.6 1.33 2.25
2" (with agarose) 57.59 8.53 1.52 1.65

*Surface tension at air-water interface.
TDiffusion rate constant.

*Penetration rate constant.
§Rea|1'r311§:,’emer1t rate constant.
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We notice it is well known that convection can be sup-
pressed by gel networks; our results of the suppression
of lysozyme molecule diffusion and the inhibition of the
macromolecular rearrangement at the interface are quite sur-
prising. This will actually exert a direct impact on the quality
and mass crystallization of proteins, which will be discussed
in the following section.

Nucleation Inhibition verified by
optical microscopy

Fig. 9, a and b, shows lysozyme crystals grown in a gel-free
solution, and in a gelled solution (0.2% w/v), respectively.
The two solutions have the same concentration of precursor
(22 mg/ml, 0.5 MNaCl, pH = 4.5) and the same nucleation
and growth duration. Compared with the solution grown
crystals (Fig. 9 a), the gel-grown crystals form a uniform
population with a bigger size and fewer and more regular
crystals. In 0.2% agarose gel, the sedimentation of crystals
was obviously prevented and the secondary nucleation of
lysozyme was also suppressed. We notice that lysozyme
crystals grown from agarose gels are more regular and contain
fewer inclusions. The above observations can be understood
based on the results obtained in the previous sections. A uni-
form size distribution and the big size of protein crystallites are
attributed to the suppression of protein nucleation. The more
regular lysozyme crystals with less inclusions when growing
from agarose gels can be attributed to the transport (both dif-
fusion and convection) limitation of lysozyme clusters toward
the growing surfaces of lysozyme crystals through agarose
molecular networks, which prevents the occurrence of defects

FIGURE 9 Lysozyme crystals in gel-free (a) and gelled (b) 0.4 ul
microbatch drops under oil.

Biophysical Journal 95(12) 5931-5940
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(mainly inclusions) during crystallization. Although more data
are needed to draw a final conclusion, better quality protein
crystals could be expected when grown from agarose gels.

Verification of supersaturation enhancement
effect in agarose gel nucleation

The supersaturation enhancement effect in agarose has been
widely accepted as the main reason for the nucleation pro-
motion phenomenon discussed in many articles (36). Ac-
cording to the published results, the meshes of agarose
molecular networks trap water during the gelling process,
causing higher actual concentrations than the corresponding
gel-free solutions (9). Nevertheless, the Vidal group’s results
showed otherwise (10). To check whether there is such a
supersaturation enhancement effect, we carried out UV-Vis
spectroscopic measurements for the solutions as mentioned
in the Materials and Methods section. According to the Beer-
Lambert law, the lysozyme concentration in the diluted so-
lution can be obtained from absorbance at 280 nm in UV-Vis
spectra (Fig. 10). In our measurements under the nucleation
temperature, the spectrum in agarose is almost the same as that
in the gel-free solution. The very similar absorbance between
the gelled and gel-free solutions at 280 nm supports the Vidal
group’s results based on small angle neutron scattering (10),
which show that the concentration and supersaturation of
protein are identical in both gel and gel-free media. Both the
Vidal group’s and our results eliminate the possibility of the
aforementioned supersaturation enhancement effect.

We notice that a better understanding and control of the gel
related crystallization are very relevant in the crystallization
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FIGURE 10 UV-Vis spectra of diluted lysozyme solution in the presence
of 0.2% agarose gel and in the absence of agarose gel.
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of proteins and other biomolecules. Better quality crystals
induced by the nucleation and transport suppression in gel
will result in a more accurate determination of protein 3D
structures. This could lead to a more precise understanding
of biological function of proteins and improved drug design
in applications of structure biology application (37). The
production of crystals of a relatively uniform size due to
nucleation suppression and transport limitation in gel will
enable required dosages to be prescribed correctly, an impor-
tant step in achieving controlled drug delivery. In addition, in
the pharmaceutical industry, the control of polymorphism
and the size of the crystals will directly affect the bioefficacy
and bioavailability of the drugs (38). In addition, a uniform
size distribution and a big size of protein crystallites are ideal
for protein storage and transport.

SUMMARY AND CONCLUSIONS

In summary, we have studied the nucleation kinetics of ly-
sozyme and quantified the effect of agarose on lysozyme
nucleation based on a heterogeneous nucleation model and
an interfacial kinetics model. The inhibition effect in gel was
also distinguished quantitatively by the ratio of the diffusion
and surface integration based on the protein 2D interface
assembly kinetics. Both the experimental data of nucleation
kinetics and interfacial kinetics demonstrate that agarose
molecules give rise to the interfacial structure mismatch be-
tween the substrate and the nucleating lysozyme crystals, and
trap the protein molecules and the clusters in the diffusion
process and inhibit the rearrangement of protein molecules at
the interface. Our results also support the argument that the
concentration and supersaturation of proteins are identical in
both gel and gel-free media. These effects result in bigger and
fewer protein crystals with perhaps better quality and a uni-
form size distribution. These findings will facilitate identi-
fying robust technologies in controlling the crystallization of
biomacromolecules.

This work was supported by Singapore Academic Research Funds R-144-
000-139-112, R-144-000-169-101, and R-144-000-169-112.
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