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Three crystallization methods for growing large high-quality protein crystals, i.e.

crystallization in the presence of a semi-solid agarose gel, top-seeded solution

growth (TSSG) and a large-scale hanging-drop method, have previously been

presented. In this study the effectiveness of crystallization in the presence of a

semi-solid agarose gel has been further evaluated by crystallizing additional

proteins in the presence of 2.0% (w/v) agarose gel, resulting in complete

gelification with high mechanical strength. In TSSG the seed crystals are hung

by a seed holder protruding from the top of the growth vessel to prevent

polycrystallization. In the large-scale hanging-drop method, a cut pipette tip was

used to maintain large-scale droplets consisting of protein–precipitant solution.

Here a novel crystallization method that combines TSSG and the large-scale

hanging-drop method is reported. A large and single crystal of lysozyme was

obtained by this method.

Keywords: semi-solid agarose gels; top-seeded solution growth; large-scale hanging-drop
method; X-ray crystallography; neutron crystallography.

1. Introduction

The three-dimensional structures of proteins are widely

utilized to interpret the biological phenomena involved in

proteins and to develop new pharmaceutical products, since

the structures demonstrate how the proteins function and

how they interact with specific molecules. X-ray and neutron

structure analyses are the most popular techniques for deter-

mining the three-dimensional structure of proteins. However,

the production of large high-quality protein crystals remains a

bottleneck in X-ray and neutron crystallography.

To date, crystallographers have developed many protein

crystallization methods, such as microbatch, dialysis, counter-

diffusion and hanging-drop, as well as sitting-drop vapor

diffusion methods (Chayen, 1996, 1999; D’Arcy et al., 1996;

McPherson, 1982, 1999). Although each of these current

techniques has its merits, limitations still remain. To overcome

these limitations we previously presented novel crystallization

methods, including crystallization in the presence of the semi-

solid agarose gel (Hasenaka et al., 2009; Sugiyama et al.,

2009a,b; Tanabe et al., 2009), top-seeded solution growth

(TSSG) (Shimizu et al., 2009, 2010) and a large-scale hanging-

drop method (Kakinouchi et al., 2010), to grow large high-

quality protein crystals. Here we further evaluate crystal-

lization in the presence of the semi-solid agarose gel, and

develop a new method by combining TSSG and the large-scale

hanging-drop method.

2. Crystallization in semi-solid agarose gel

2.1. Introduction

Agarose gel media is known to prevent natural convection

and crystal sedimentation, improving the internal order of the

protein crystal (Garcia-Ruiz et al., 2001; Lorber et al., 1999).

The agarose gel is economical, easy to prepare and suitable

over a wide range of pH (3.0 to 9.0). Therefore, several

proteins have been crystallized in the presence of agarose gel

to improve the crystal quality. However, most of these studies

demonstrated crystallization in agarose at concentrations

between 0.0 and 0.6% (w/v) (Willaert et al., 2005), where

agarose exhibits low mechanical strength.

Owing to the mechanical properties, we anticipated that

such gel-grown crystals would tolerate environmental pertur-

bations such as evaporation, temperature change and osmotic

shock. We previously reported protein crystallization in the

presence of a semi-solid agarose gel (Sugiyama et al., 2009a),

and the gel around the crystals and the gel-grown crystals can
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be processed by a femtosecond laser for subsequent X-ray

diffraction experiments (Hasenaka et al., 2009; Sugiyama et al.,

2009b). Furthermore, we have also discovered that the

nucleation of proteins is promoted by agarose greater than

1.0% (w/v) (Tanabe et al., 2009). So far, four proteins (thau-

matin, elastase, glucose isomerase and lysozyme) have been

crystallized in the presence of the semi-solid 1.5 to 2.0% (w/v)

agarose gel (Sugiyama et al., 2009b). Still, only these four

proteins were confirmed to be crystallizable using this method,

and they were crystallized at pHs ranging from 4.5 to 8.0 using

salts or organic solvents as precipitants but not polyethylene

glycol (PEG). Here, we crystallize additional proteins (xyla-

nase, insulin and glucose isomerase) under different crystal-

lization conditions to evaluate the effectiveness of the

crystallization method.

2.2. Crystallization in the presence of the semi-solid
agarose gel

Xylanase from Trichoderma reesei (Hampton Research),

bovine insulin (Sigma-Aldrich) and glucose isomerase from

Streptomyces rubiginosus (Hampton Research) were

purchased and used without further purification. Xylanase

dissolved in 43% (w/v) glycerol and 0.18 M Na/K phosphate

(pH 7) was diluted in 100 mM Tris-HCl (pH 8.0) at a

concentration of 20 mg ml�1. Powdered insulin was dissolved

in the corresponding buffers (Table 1) to the required

concentrations (15 and 10 mg ml�1). Glucose isomerase

dissolved in 6 mM Tris-HCl (pH 7.0), 0.91 M ammonium

sulfate and 1 mM magnesium sulfate was diluted in 6 mM Tris-

HCl (pH 7.0) at a concentration of 1 mg ml�1. These protein

solutions were subsequently passed through a 0.45 mm pore

filter. Sea plaque agarose (agarose SP) purchased from Lonza

was used in a series of the experiments. Six percent (w/v)

agarose solutions were first prepared by slowly stirring

agarose powder in water at room temperature and melting at

373 K. The 6.0% (w/v) agarose solutions were then stored at

277 K. Before setting up the crystallization trials, the gels were

remelted at 368 K and kept as liquid at 308 K.

All crystallization experiments were performed by the

batch method using 96-well micro-batch plates (Hampton

Research) using the micro-batch method. The crystallization

solutions were prepared by mixing equal volumes (2.0 ml) of

protein solution, precipitating agent and agarose solution. We

selected a final concentration for the agarose of 2.0% (w/v),

because a solution at a lower agarose concentration range [e.g.

0 to 1.0% (w/v)] would not exhibit high mechanical strength,

and high viscosities of 3.0 to 6.0% (w/v) agarose usually

hampers the creation of a homogeneous mixture of protein

and agarose. The mixtures were immediately loaded onto the

micro-batch plates. The crystallization conditions for the

xylanase, insulin and glucose isomerase used in this study are

summarized in Table 1. The drops were completely gelled in

30 min. All crystallizations were carried out at 293 K.

In the semi-solid 2.0% (w/v) agarose gel, xylanase crystals,

two types of insulin crystals and glucose isomerase crystals

were successfully obtained within a week (Fig. 1). The insulin

was crystallized at pH >9.0 although the proteins have been

crystallized at pH values ranging from 4.5 to 8.0 so far. The

glucose isomerase was crystallized using polyethylene glycol,

which is a commonly used precipitant for protein crystal-

lization. These results suggest that the protein crystallization

in the semi-solid agarose gel may be suitable for general use.

Because the crystals are surrounded by the semi-solid gel,

this technique enables contactless manipulation of the fragile

crystals, which in turn leads to high-quality X-ray diffraction

data. Indeed, the diffraction data from the xylanase and

insulin crystals grown in semi-solid gel appeared good enough

to determine the structures (details will be described else-
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Table 1
Crystallization conditions in the presence of 2.0% (w/v) agarose gel.

Proteins (source)

Xylanase (T. reesei) Insulin (bovine pancreas) Insulin (bovine pancreas)
Glucose isomerase
(Streptomyces rubiginosus)

Protein concentration
(mg ml�1)

20 15 10 1

Precipitant 1.0 M Na/K phosphate 0.2 M Na2HPO4, pH 9.0 0.1 M Na2HPO4, pH 9.0 5% (w/v) PEG6000, 0.1 M CaCl2
Buffer 100 mM Tris-HCl (pH 8.0) 10 mM Tris-HCl, pH 3.0 50 mM Glycine-NaOH, pH 10.0 0.1 M Tris-HCl (pH 7.0)

Figure 1
Photographs of protein crystals grown in semi-solid agarose gel. (a)
Xylanase. (b) Insulin at neutral pH. (c) Insulin at higher pH. (d) Glucose
isomerase.



where). Thus, protein crystals grown in semi-solid gel are

expected to have some advantages for X-ray crystallography.

3. Large crystal growth

3.1. Introduction

Neutron protein crystallography is capable of visualizing

hydrogen atoms and hydration water molecules to yield a

more precise understanding of the protein structure. However,

very large crystals (e.g. 1–10 mm3) (Myles, 2006) of the target

proteins are required to determine the structures by neutron

crystallography. To date, several crystallization techniques for

growing large protein crystals have been developed, including

macroseeding, the two-liquid system (Adachi et al., 2002), the

slow-cooling method (Matsumura et al., 2008) and the floating-

and-stirring technique (Adachi et al., 2004). Still, several

obstacles remain in these methods, in part because protein

crystals tend to be polycrystallized.

To prevent polycrystallization during growth of large

protein crystals we previously applied TSSG for protein

crystallization. TSSG enabled us to grow large crystals of

human immunodeficiency virus 1 (HIV-1) protease-inhibitor

complex and hen egg-white lysozyme (HEWL) (Shimizu et al.,

2009, 2010). The high-resolution (1.9 Å) neutron structure has

been determined by using a crystal of HIV-1 protease-inhi-

bitor complex grown by TSSG (Adachi et al., 2009). Although

TSSG effectively prevents polycrystallization to obtain a

single large protein crystal, this method requires a large

amount of protein and precipitating agents (e.g. 1 ml). The

large-scale hanging-drop method was developed to resolve

these issues (Kakinouchi et al., 2010). This simple method can

also be applied to the vapor diffusion method, permitting the

concentration of the precipitant agent to be adjusted by vapor

diffusion. Furthermore, 200 ml of solution consisting of protein

and precipitating agents is sufficient to apply this method.

However, unlike TSSG, we must frequently remove sponta-

neously nucleated crystals; otherwise the seed crystal will be

polycrystallized. Here we combined the large-scale hanging-

drop method with TSSG to overcome the limitations.

3.2. Combination of the large-scale hanging-drop method
and TSSG

We will briefly describe TSSG and the large-scale hanging-

drop method. Fig. 2(a) schematically illustrates the crystal-

lization set-up for TSSG (Shimizu et al., 2009). The protein–

precipitant mixture (e.g. 1 ml) was placed onto an insoluble

and highly dense liquid (Fluorinert). The seed crystal is hung

with silicone glue (GE Toshiba Silicones, Japan) in a seed

holder protruding from the top of the growth vessel. In this

method a single crystal of HEWL grew to a maximum size of

2.6 � 2.1 � 1.4 mm and a single crystal of HIV-1 protease-

inhibitor KNI-272 complex grew to a maximum size of 3.2 �

1.9 � 0.6 mm.

Fig. 2(b) schematically illustrates the set-up for the large-

scale hanging-drop method (Kakinouchi et al., 2010). The seed

crystals grow at the vapor–liquid interface of the large hanging

drop. A cut 1 ml pipette tip with grease at one end can

maintain 200 ml of the protein–precipitant mixture. This

method prevents protein crystals from adhering to the growth

vessel in the same manner as in the hanging-drop method, the

two-liquid system (Adachi et al., 2004) and containerless

techniques (Chayen, 1996; Lorber, 1996). In addition, spon-

taneously nucleated crystals are accumulated at the vapor–

liquid interface, where they can be removed by nylon loops. In

this method a crystal of peroxiredoxin from Aeropyrum pernix

K1 grew to a size of 2.5 � 2.5 � 0.5 mm (3.1 mm3), and a

crystal of HEWL grew to a size of 1.0 � 0.5 � 0.5 mm

(Kakinouchi et al., 2010).

Whereas the methods described above are effective for

growing large crystals of proteins, several limitations still

remain. As discussed above, care has to be taken to prevent

polycrystallization, although the large-scale hanging-drop

method enables easy removal of spontaneously nucleated

crystals. In another limitation, TSSG requires a large amount

of protein (e.g. 1 ml) in our system. TSSG is basically a batch

method, and it is difficult to frequently adjust the concentra-

tion of the precipitating agent, since the cap has to be

uncovered to exchange the protein–precipitant mixture and

the cap also plays a role in fixing the seed crystal. To overcome

these limitations we developed the improved method reported

here by combining the large-scale hanging-drop method with

TSSG. In this novel method, the three 3 mm holes are made in

the glass slips with a diamond cutter (Fig. 2c). The first hole is

used to exchange the protein–precipitant mixture, the second

hole is for pressure control during the protein–precipitant

exchange, and the third hole is used to fix the seed holder by

silicone glue. HEWL was tested to assess crystal growth using

this method. As seed crystals, the HEWL was crystallized at a

diffraction structural biology

18 Hiroyoshi Matsumura et al. � Growth of large protein crystals J. Synchrotron Rad. (2011). 18, 16–19

Figure 2
(a) Schematic illustration of the crystallization set-up for TSSG. (b)
Schematic diagram of the protocol of the large-scale hanging-drop
method. (c) Schematic diagram of the combined method. (d) Set-up of
this method. The seed holder was lifted up from the interface with the
seed crystal after the glue solidified.



protein concentration of 30 mg ml�1 using the batch method in

0.5 M sodium chloride with 0.1 M sodium acetate buffer (pH

4.5) at 293 K. As reported previously (Kakinouchi et al., 2010),

a cut 1 ml pipette tip with grease at one end was attached to

the glass slip using silicone grease (Dow Corning Toray) in

such a way as to surround the droplet, including the seed

crystals. 200 ml of the protein–precipitant mixture containing

20 mg ml�1 HEWL in 0.5 M sodium chloride with 0.1 M

sodium acetate buffer (pH 4.5) was then injected into the cut

tip, and the glass slips were inverted to permit sealing onto the

empty well plate (Hampton Research). A cut 200 ml pipette tip

with grease at one end was attached to the glass slip using

silicone grease (Dow Corning Toray) in such a way as to

surround the first hole (Fig. 2c). A glass rod of diameter

0.1 mm was prepared as a seed holder. The seed holder with

silicone glue was passed through the second hole and was kept

in contact with the seed crystal for 24 h to solidify the glue

(GE Toshiba Silicones, Japan) (Fig. 2c). After the glue soli-

dified, the seed holder was lifted up from the interface with the

seed crystal, and the seed holder was fixed to the glass slip by

silicone glue (Fig. 2d). The first, second and third holes are

closed by paraffin oil, glass slips and silicone glue, respectively.

Twice a week 100 ml of the protein–precipitant mixture was

exchanged using a pipette through the first hole. In this

method the seed crystals of HEWL (of size 0.4 � 0.2 �

0.2 mm; Fig. 3a) typically grew to a size of 1.0 � 1.0 � 0.5 mm

after 12 days (Fig. 3b), and the method appeared to prevent

polycrystallization. Thus, the combined method enables easy

exchange of the protein–precipitant mixture, and the removal

of spontaneously nucleated crystals is not always necessary

since the spontaneously nucleated crystals are accumulated at

the liquid–vapor interface. Thus, this relatively simple method

has the potential for general use for growing large crystals of

various proteins.
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Figure 3
Crystal growth results with the improved large-scale hanging-drop
method. (a) Seed crystals of HEWL crystal lifted by the seed holder.
(b) Grown crystal with a size of 1.0 � 1.0 � 0.5 mm after 12 days.
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