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ABSTRACT: In this paper, we present a new experimental setup for in situ investigation of the effect of a localized voltage on the

nucleation and growth of proteins in the metastable zone. Our setup uses a crystallization cell in which one of the electrodes is
sharp; because of the nanometer size of the tip, large electric fields, a large field gradient, and a high current density inside the
solution are encountered near the tip, and depending on its polarity, we expect nucleation near the tip. Preliminary results indicate
that this setup takes us closer to controlling the nucleation frequency and nucleation location. In this study, we address the

unpredictability of the location of the critical nucleus. We expect that with the control of this location, we will be able to better
understand the critical nuclei formation.

1. Introduction further purification. BPTI (6511 Da, p+ 10.5), was supplied as a

. . . . . . lyophilized powder by Bayer and used as received. The purity of both
Biophysical studies require structural information on the proteins was checked by molecular sieving. Proper amounts of BPTI

biomolecules studied and X-ray diffraction is the most powerful or Lysozyme and NaCl were dissolved in pure water (ELGA UHQ
tool for this structural determination. Thus, the first step, reverse osmosis system) to obtain stock solutions needed for crystal-
sometimes called the bottleneck step, is the growth from solution lization experiments. The different solutions were buffered with 80 mM
of protein crystals suitable for X-ray diffraction studies. In acetic acid, adjusted to pH 4.5 with NaOH (1 M), and filtered through
crystallization from solution, there are at least two different 0:224m Millipore filters. The pH was checked with a pHmeter Tacussel

successive problems to solve. First, after crystallization condi- ISIS 20000 equipped with a micro pH electrodes radiometer pHC3359-
P ) ! Yy 8. Lysozyme and BPTI concentrations were controlled by optical density

tions have been determined, the nucleation rate must bemeasurements (Kontron UVKONS10) using an extinction coefficient
controlled in order to obtain only a few high-quality single of 2.64 mL cnm® mg and 0.786 cm! mL mgt16 at 280 nm for
crystals near the equilibrium state, thus controlling growth. This lysozyme and BPTI, respectively.

latter task is extremely challenging. To avoid uncontrolled  2.2. Methods.All experiments were performed in a glass vessel
nucleation and because primary nucleation is a stochasticinserted in a thermostated cell under an optical microscope (Nikon
phenomenon, researchers often use seeding techriiques. D"whoo; éhe%"’holle Set:j'pf's shown in F'%‘\‘/re L psdi
alternative solution is to induce crystallization from metastable e made the electrode from tungsten (W) wires (ibdiameter)

luti in which leation d t . ¢ Iconsisting of a sharp metallic tip emerging from the end of a glass
solutions, In which nucleation does not occur, using an external .4 ,ijary. First, a tungsten polycrystalline wire is placed inside a glass

magnetic;® electric}~° ultrasonic’ or electromagnetft** field. tube; the internal and external diameters of the tube are/80@nd 1
Recently, the effects of an internal electric field on the mm, respectively. Second, electrical connections are made to the
crystallization of lysozyme were presenfethe authors applied  electrodes. Finally, the tip is fabricated by electrolytic etching in a 2
a direct current to 2 parallel 0.2 mm diameter Pt electrodes in M NaOH solution (for a more detailed description, see the literétifje
contact with the protein solution. They observed (1) a prefer- For experiments with BPTI, the electrodes were sharp (Figure 2),
ential nucleation at the cathode and an amorphous phase at th nd for those with lysozyme, one was sharp and the other was rounded.
anode, (2) that the number of crystals was lower than in absenceg|ectrodes were placed near the bottom of the crystallization cell.

of electric field, and (3) that the induction time of nucleation gy hundred microliters of a supersaturated but metastable protein
was decreased. solution (no nucleation is observed within 24 h in absence of electric
In this paper, in contrast with previous wdtkye present a field) was placed in a 10 mm diameter glass vessel; an upper layer of
new experimental setup for in situ investigation of the effect of 400uL of inert paraffin oil (Hampton Research HR3-42) was added
a localized voltage on the nucleation and growth of lysozyme to avoid evaporation dL_Jring the experiments. In qll the experiments,
and bovine panceai typsin o (BPTI)  the measiale ™t UI0E ves ool o e cicroces (e k20,
zone. Our Setup uses a crystalllzatlon cell where at least one of; the metastable zone for nucleation under normal conditions, that is,
the electrodes is a sharp tip. Because of the nanometer size Ofyjithout any external perturbation.
the tip, large electric fields and a large field gradient are
encountered near the tip. This geometry also induces a high
current density inside the solution close to the region of high
curvature. Depending on its polarity, we expect nucleation near  |n all the experiments conducted with a direct voltage in this
the tip. Preliminary results indicate that this setup takes us C|Oserstudy' we observed a decrease in nucleation time, an increase
to controlling the nucleation frequency and the nucleation in growth kinetics, and often a predetermined positioning of
location. the crystals. As previously shown by Nieto-Mendoza efal.
. and by our pH monitoring during some experiments, pH did
2. Materials and Methods not change enough to affect solubility (for one experiment, an
2.1. Materials. Hen-egg white lysozyme (14 600 Da, pi 11.2) ethanol mixture of methyl-orange was added to the protein
was purchased from Sigma (ot 89F 8276 L 6826) and used without g4 tion and no change in color was observed). In the literature,

* Corresponding author. Phone: 336 6292 2866. Fax: 334 9141 8916. the directed crystallization of proteins in an electric field is
E-mail: veesler@crmen.univ-mrs.fr. attributed to electromigration. Because in this work BPTI and

he distance between the electrodes was roughly 600 The

3. Results and Discussion
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Figure 1. (a) Scheme of the crystallization cell with the two electrodes, (b) image of the whole experimental setup,YaAgdsjtioning stage
for the electrodes.

In experiment 1, summarized in Figures 3 and 4, nucleation
is enhanced and higher near the anode and crystals grow larger
near the anode because of a concentration gradient between the
electrodes. Moreover, a layer of what Moreno and Sazaidied
amorphous precipitation is observed around the anode (Figures
3d and 4b).

To reduce the total number of crystals in suspension at the
end of the experiment, we reduced supersaturation by slightly
decreasing NaCl concentration and performed experiment 2:
BPTI 20 mg/mL in 1.6 M NaCl and 80 mM sodium acetate
buffer solution at pH 4.5, whose supersaturation corresponds
to f = 1.4. We applied a direct voltage of 0.785V and initial
A s Guy 188w cu_rrent_li = 1uA, wh_ich was decreased to Ou6A within 15

o min, with ty &~ 80 min andte,—= 18 h.

Figure 5a shows the crystallization cell at the end of the

Figure 2. Scanning electron microscopy (JEOL 6320F) image of the €xperiment. The same trends are observed; namely, nucleation

tip of the sharp electrode. is enhanced and higher near the anode, crystals grow larger near
the anode, and a layer is observed around the anode. To check
the reversibility of layer formation with polarity, we inverted

lysozyme are positively charged at pH 4.5, we expected to the polarity of the electrode. Results are presented in Figure

observe crystallization at the cathode. 5b—d. The layer starts to dissolve as soon as polarity is inverted.

In addition, bubbles due to water electrolysis are formed at Furthermore, we succeeded in extracting a part of this gel-like
voltage values higher than 1 V. For this reason, we applied a layer from the electrode, with titration giving a BPTI concentra-
constant direct voltage of 0-0.9 V, producing a current tion of about 900 mg/mL (the accuracy of this measurement is
between 1 and 2QA depending on the tip geometry and not very low (50%) because the volume of the layer extracted is
on the distance between the electrodes. estimated visually); therefore, this layer is a protein-rich phase.

The current was monitored during the experiments, showing We propose that the formation of this phase is due to a liquid
a decrease of 1 order of magnitude within 10 min. During the liquid phase separation (LLPS). LLPS was previously observed
experimental time (1236 h), no bubbles were observed. Note for BPTI in KSCN at pH 4.8%21but this is the first time to the
that reproducibility was ensured by working at constant initial best of our knowledge that this LLPS has been observed for

current BPTI in NaCl at pH 4.5. In a previous studywe performed
3.1. BPTI. Two sets of experiments were conducted for BPTI, scattering experiments on the gel-like state, which proved that
denoted in the text as experiments 1 and 2. BPTI molecules are not aggregated. To confirm that a metastable

Experiment 1: BPTI 20 mg/mL in 1.65 M NaCl and 80 mM  LLPS occurs in BPTI solution in NaCl at pH 4.5, we performed
sodium acetate buffer solution at pH 4.5, whose supersaturationexploratory experiments by evaporation of a BPTI 20 mg/mL
corresponds t@ = 1.7. Supersaturatighiis defined as the ratio ~ solution in 1.6 M NaCl and 80 mM sodium acetate buffer at
of the protein concentration in solution versus the solubility of pH 4.5; an LLPS was observed. These observations, larger

the proteint® crystals near the anode and LLPS at the anode, suggest a
We applied a direct voltage of 0.785 V and initial currgnt ~ concentration gradient due to the application of the internal

= 28uA, which was decrease to;2A within 15 min,ty < 1 h direct voltage and to the strong electric field.

andtexp = 20 h, withty andtexp corresponding to the induction Instead of appearing near the cathode (as described in the

time and experimental time, respectively. previous studies on protein crystallization in the presence of an

Figure 3. In situ observations under optical microscopy of BPTI crystallization at@@ith a direct voltage of 0.785 V (experiment 1), with a
time of (a) 0, () 7, (c) 11, and (d) 20 h. As reference, the W-electrode wire diameter igit2he + sign indicates the anode).
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supersaturation corresponds/c= 5.524 We applied a direct
voltage of 0.9 V and initial current = 1.3uA, ty < 1 h and
texp = 12 h.

In these experiments, summarized in Figure 6, the nucleation
is enhanced and higher near the cathode and a layer is observed
around the rounded anode. To check whether layer formation
depends on polarity and electrode shape, we performed an
experiment with the geometry inverted, i.e., with the anode being
sharp and the cathode rounded. The layer starts to form at the
sharp anode, and crystals appear at the rounded cathode. In
addition, we succeeded in extracting a part of this gel-like layer
from the electrode, with titration giving a lysozyme concentra-
Figure 4. BPTI crystals obtained at 28C with a direct voltage of tion of about 900 mg/mL (the accuracy of this measurement ,is
0.785 V (experiment 1) after 24 h at the (a) cathode and (b) anode. As Very low (50%) because the volume of the layer extracted is
reference, the W-electrode wire diameter is 485(the+ sign indicates estimated visually), meaning this layer is a protein-rich phase
the anode). that visually corresponds to a LLPS (Figure 6c).

) o ) We obtained a directed crystallization of the positively
internal or external electric fieRIBPTI crystals appeared mainly charged lysozyme around the cathode. This is mainly due to
around the anode. the polarity of the electrode and not to the strong field region

__ This resuitis unexpected because at pH 4.5, monomeric BPTl e the sharp tip, as shown by the experiment with the rounded
is positively charged. For BPTI, we showed the coexistence of cathode.

two different BPTI particles in solution, a monomer and a So. why does BPTI crvstallize at the anode and lvsozvme at

decame?? with the decamer being the growth unit for the acidic th ’Vtvh yd N th yz blzth itivel hys 23/7 o

BPTI polymorphs®® and therefore, the net charge of the BPTI € calhode even though both are posilively chargeds ur
observations shows that the closeness of current lines and the

decamer is bound to be different fromx@e monomer charge. ) . ;
This is because, in the case of multimeric proteins, some chargeoassoc'{jltecj high current density at the eIectr_ode_s appears as a
residues are accessible and some are buried at the interfacer.eIevant parameter. Therefore, the electromlgrat[on of protein
Here, we used a charge ef5 for the monomers and-8 for in th_ese currenF lines could govern the crystallizafios
the decamers obtained when the experimental small-angle X-rayPréViously mentioned, the presence of monomer and decamer
scattering curves were adjusted for supersaturated BPTI soly-iN the case of BPTI brings an additional complexity. The speed
tions at pH 4.3 of the e!ectrophoretlc mot_lon _(SpEM) is proportional df,
The presence in solution of two species of different weights, Whereq is the charge and its size.
sizes, and charges may account for this unexpected result, i.e., A numerical application withr = 14 and 25 A for the
nucleation at the anode. To confirm this difference, we monomer and decamer siZ&stespectively, gives a propor-
performed a set of experiments with lysozyme. tionality of 0.36 and 0.32 for the monomer and decamer SpEM.
3.2. Lysozyme.We performed a set of experiments with Consequently, the decamer to monomer ratio is not uniform in
lysozyme with the aim of (1) comparing our results with the the solution: it decreases near the cathode and increases near
data from the literature in which lysozyme crystals appeared the anode. We showed in a previous p&p#rat an increase in
only around the cathode and (2) testing the effect of having a this ratio increases the supersaturation, thus enhancing the
sharp or rounded electrode. All the experiments were performednucleation (the decamer is the growth unit for acidic BPTI
under the same conditions: lysozyme 25 mg/mL in 0.7 M NaCl polymorphs). Although that last increase results from the
and 80 mM sodium acetate buffer solution at pH 4.5, whose increase of the mean NaCl concentration in a solution at

Figure 5. In situ observations under optical microscopy of BPTI crystallization at@@vith a direct voltage of 0.785 V (experiment 2), at (a)
t = 18 h and after inverting the electrode polarity at times of (b) 0, (c) 3.5, and (d) 9 h. As reference, the W-electrode wire diameten i€He£5
+ sign indicates the anode).

Figure 6. In situ observations under optical microscopy of lysozyme crystallization 4€20ysozyme 25 mg/mL in 0.7 M of NaCl and 50 mM
of sodium acetate buffer solution at pH 4.5) with a direct voltage of 0.9 V (experiment 2), at times pf (a) 0 and (b) 12 h, and (c) a zoom of the layer
formed at the anode. As reference, the W-electrode wire diameter igrh2QBhe + sign indicates the anode).
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equilibrium, we anticipate that it is the increase of this ratio

Crystal Growth & Design, Vol. 7, No. 8, 20071475

(5) Nanev, C. N.; Penkova, Al. Cryst. Growth2001, 232 285-293.

that enhances the nucleation at the anode in the present (6) Moreno, A; Sazaki, GJ. Cryst. Growth2004 264, 438-444.

experiment.

4. Conclusions

These results on BPTI and lysozyme crystallizations in the
presence of an internal electric field and direct current show
that nucleation is enhanced and that crystallization is located
near the anode for BPTI and the near cathode for lysozyme.

The crystal size gradient and crystals are larger at the anode

for BPTI, which is due to a concentration gradient between the
electrodes.

These results are explained using the concept of electromi-
gration of proteins in the electric field.

Thus, preliminary results indicate that this setup takes us
closer to controlling the nucleation frequency and the nucleation
location. The main problem encountered in nucleation studies
and that we address in this study is the unpredictability of the
location of the critical nucleus. We expect that with the control
of this location, we will be able to better understand the critical
nuclei formation. To the best of our knowledge, this has been
realized only once by Yau and Vekilov, who were fortunate
enough to detect and observe it by a solution AFM cluster after
landing on the apoferriti crystal surface. The probability of
observing such a phenomenon is very low.
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