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Enhanced and rapid growth of lysozyme crystals at the surface

of a platinum electrode, using an applied current and a simplified

crystallizing solution, is demonstrated.

The formation of protein crystals with good X-ray diffraction

quality is a fundamental step in the elucidation of protein

structure via X-ray crystallography.1 Methods used to obtain

protein crystals are largely trial and error; indeed the precise

mechanisms by which many protein crystals nucleate and grow

is not completely understood.2 The nucleation and growth of

lysozyme crystals from homogeneous solution has been

studied over a wide range of pH and solution conditions.3–5

It has been shown previously that low pH promotes the

nucleation process, but leads to the formation of a large

number of relatively small crystals.3,6 Here, we show how

electrochemistry can be used to control and enhance the

growth of protein crystals, exemplified through studies of the

protein lysozyme. The time to achieve significant growth was

much reduced compared to conventional crystal growth meth-

ods. In addition, the composition of the crystallizing solution

used was much simplified, compared to commonly used buffer,

protein and precipitant mixes. The approach herein may be

generic for producing high quality protein crystals for X-ray

diffraction studies. Furthermore, the approach described

provides a platform for fundamental studies of the nucleation,

growth and dissolution of protein crystals on substrates.

The application of both internal and external electrical fields

is a relatively new concept which has been used to influence the

behaviour of protein crystallizing solutions.4 Our particular

experimental set-up involves a simple two-electrode galvano-

static system which enables an electrical current to be passed

through a lysozyme crystallizing solution. In contrast to

conventional lysozyme crystallization approaches, the solution

used herein was not buffered. The omission, of what is

conventionally an acetate buffer,3–11 was to allow the creation

a zone of relatively low pH in the vicinity of one electrode

within our electrochemical cell. This contrasts with other work

using electrical currents for protein crystallization, where pH

changes are rendered negligible via the addition of buffer.4,8,12

The crystallizing solution was made from equal aliquots of

75 mg ml�1 lysozyme (Sigma-Aldrich, UK) and 8.73 (w/v)%

NaCl. Both constituents were dissolved in Milli-Q water and

the solution was centrifuged for 30 min. Typically, an anodic

current of 5 mA was applied to a 2 mm diameter platinum disc

electrode using a galvanostat with a platinum wire serving as a

counter electrode (potential in the range 1.5 to 1.8 V). For

comparison with the electrochemical method, two types of

control experiment were carried out. The first consisted of

crystallizing solution without applied current (control A) and

a second consisted of crystallizing solution with a pH of 3.5

(control B). This second control was important and necessary,

as it allowed us to approximate conditions generated electro-

chemically at the anode surface, but the low pH was uniform

throughout the solution. In all cases, the solutions were left for

a period of up to 2 h.

The significant effect of the applied anodic current is illustrated

in Fig. 1. Large crystals were obtained, with sizes in excess of

180 mm commonly seen after 2 h. The experiment with no applied

current (control A) exhibits a higher number of crystals, but with

sizes of approximately 80 mm common. The second control

(control B) shows even more nucleation, with crystal sizes of

approximately 20–30 mm obtained after 2 h.

Further experiments were conducted in which lysozyme was

conjugated to the fluorescent succinimidyl ester, Alexa Flour

488 (Invitrogen). The solution contained 0.5% by volume of

the labelled protein. The crystals obtained during the electro-

chemical crystallization process were visualised in situ using a

confocal laser scanning microscope (CLSM, model Zeiss LM

510) at various time periods using an excitation wavelength of

488 nm, with detection of emission above 505 nm.

Crystal sizes obtained using the part-fluorescently labelled

crystallizing solution were similar both in magnitude and habit

to those obtained using the unlabelled solution. The fluorescently

labelled lysozyme allowed ready visualization of the crystals

which had nucleated on the electrode surface, as well as those

which had nucleated and grown on the surrounding insulating

Bakelite material. Fig. 2 clearly shows that much larger crystals

are formed on the electrode surface compared to the insulating

material after 45 min of applied current.

Since an anodic current was applied to the electrode, we

expected the pH to change in the solution immediately above

the electrode surface13 due to the oxidation of water.

Fig. 1 Lysozyme crystals formed at an electrode surface after 2 h.

From left to right: 5 mA applied current; no current; and no current

with solution pH of 3.5. Scale bar shown is 350 mm.
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2H2O(l) - O2(g) + 4H+ + 4e� (1)

The evolution of oxygen is evident in Fig. 2, while the extent of

the pH gradient in the vicinity of the active surface of the

electrode was visualised using the unlabelled crystallizing solution,

described herein, but with the addition of 10 mM fluorescein.

Fluorescein is a commonly used fluorophore in CLSM studies

which exhibits a pH-sensitive fluorescence signal.13,14 The

fluorescence signal increases in aqueous solution from pH B 5

to a maximum as the pH rises above pH B 7.13 With the same

anodic electrochemical conditions, the solution above the elec-

trode surface was monitored via z-stack imaging with CLSM.

Fig. 3 demonstrates the extent of the pH gradient above the

electrode surface, as reflected in the fluorescence signal. The white

area in Fig. 3 was indicative of the fluorescent intensity of the bulk

solution (pH = 6.5) and was colour saturated, via imaging

software, in order to highlight the pH gradient that had developed

below it. An approximate value for the pH at the electrode

surface may be deduced by assuming a linear proton concentra-

tion gradient and noting that bulk solution is recovered at a

distance, d B 300 mm, as seen in Fig. 3. This distance is of the

order of the Nernst diffusion layer as measured at macroscopic

electrodes.15 The approximate pH at the electrode surface may be

deduced from:

i ¼ nFADðC� � CdÞ
d

ð2Þ

where n = 1 is the number of electrons passed per proton

generated (eqn (1)), F is the Faraday constant (96500 C mol�1),

A is the electrode area (0.0314 cm2), D is the proton diffusion

coefficient (7.5 � 10�5 cm2 s�1), C* is the concentration of

protons at the electrode surface, Cd is the proton concentration

at boundary layer (pH B 6.5), d is the boundary layer thickness

and i is the applied current. We have assumed the dominant

electrochemical process to be as defined in eqn (1). Previous

studies at similar current densities have shown this to be valid13

and hence an approximate pH for the electrode surface is 3.2.

By tuning the magnitude of the applied current we found that

both lysozyme crystal ‘growth’ and ‘dissolution’ could be pro-

moted. The ‘dissolution’ regime was established when an anodic

current of 12 mA (or greater) was applied. Growth and subsequent

dissolution of lysozyme crystals is illustrated in Fig. 4, which

shows changes in the fluorescent intensity at the electrode surface

for a fluorescently-labelled lysozyme crystallizing solution as the

applied current was varied. The fluorescence intensity was moni-

tored for 30 min of ‘normal’ growth with a 5 mA current. The

resulting fluorescence intensity at this time was used for back-

ground subtraction. The fluorescence intensity for subsequent

images was taken over the entire image area. The 5 mA current

was applied for a further 1777 s and the fluorescence intensity

increased approximately linearly with time, indicative of crystal

growth. From 1777 s to 1924 s, 12 mA was applied and the

intensity decreased slightly, indicating loss of material from the

electrode due to dissolution. The application of 5 mA current

between 1924 s and 2649 s caused growth to resume, but at 2649 s,

a current of 20 mA caused rapid dissolution and some physical

Fig. 2 In situ laser scanning confocal micrograph of the electrode

interface and the surrounding layer of insulating Bakelite after 45 min

of applied current. The blue line indicates the interface between the

electrode and the surrounding insulating material. Dark circles within

the blue line are oxygen bubbles formed via electrolysis.

Fig. 3 Fluorescence intensity map perpendicular to the 2 mm diameter

platinum disc electrode (5 mA applied). White areas indicate a pH Z 6.5

whilst darker areas are pH o 5. Elongated white areas on the electrode

surface are lysozyme crystals which have incorporated fluorophore

during growth.

Fig. 4 Time dependence of fluorescence intensity at the electrode

surface as a result of growth and dissolution of fluorescently labelled

lysozyme crystals. From 0–1777 s, 5 mA current was applied. The

current was then switched to 12 mA from 1777–1924 s and dissolution

was seen. From 1924–2649 s 5 mA was again applied and growth

resumed. For 2649 s onwards a current of 20 mA was applied and rapid

dissolution resulted. In situ CLSM images at several times are shown

(not background subtracted, area shown 550 mm � 550 mm).
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removal of crystals from the surface due to oxygen bubble

formation. This resulted in a sharp decrease in fluorescence

intensity.

Crystal growth rates are a function of supersaturation.5 The

lower pH in the vicinity of the electrode, when 5 mA current was

applied, decreases the protein solubility, leading to a higher degree

of supersaturation. This increases the driving force for crystal

growth, but this is restricted to a thin zone close to the electrode.

This limits the number of nuclei that form, resulting in the rapid

growth of large crystals. Nucleation and growth in bulk solution

occurs more slowly. Thus, as protein is depleted at the electrode

by crystal growth, a concentration gradient is established which

supplies the electrode surface region with a high flux of soluble

protein, ensuring the growth of large crystals. This effect, which is

not seen in conventional bulk solution systems, is a consequence

of the pH gradient effectively imposing a gradient of protein

concentration at the electrode/solution interface. The inter-

pretation of the results is further supported by previous work7

which noted that large single crystals grew in a narrow range of

2.5–3 times the protein solubility. pH-solubility data16 suggest the

electrode surface is within this narrow supersaturation range.

Note that the increase in supersaturation at the electrode does not

lead to a large crystal number observed in conventional

studies3,17,18 and seen in the control B experiment (Fig. 1).

As reported, rapid growth of crystals was observed using

anodic currents ranging from E4 mA to E10 mA in our

apparatus which correspond to current densities of approximately

1.3–3.1 A m�2. At higher applied current, a dissolution process

was observed. This may indicate higher solubility of the protein

crystals, direct attack by protons or minor side products of

electrolysis (e.g. Cl2). Application of cathodic currents to the disc

electrode of the same magnitude (4–10 mA) resulted in mass

‘precipitation’ of protein after a few minutes with no crystals

observed.

Whilst the results herein are immediately applicable to the

control of lysozyme crystallization, it may be possible to use

this technique to crystallize other proteins. Lysozyme has a

basic isoelectric point of E10.5,11 while many other proteins

possess a mid-range isoelectric point and could show an ability

to grow under both cathodic and anodic current regimes.

In summary, we have demonstrated that electrolysis is a

powerful new approach for promoting the enhanced growth of

lysozyme crystals on the surface of a platinum electrode.

Furthermore, by tuning the magnitude of the applied current,

it is possible to promote either the growth or dissolution of

lysozyme crystals dynamically. This simple system provides a

platform for fundamental studies of crystal growth/dissolution

using other techniques (e.g. high resolution in situ micro-

scopies). Further work is underway to apply this technique

to other globular proteins.
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