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A systematic study of the correlation between supersaturation

and protein crystal quality was carried out employing atomic

force microscopy (AFM) and X-ray crystallography with

synchrotron radiation (SR). The surface morphology and

growth rates of hen egg-white (HEW) lysozyme crystals

soaked in various supersaturated solutions were ®rst investi-

gated by AFM. The results showed that the formation of

two-dimensional islands increased as a function of

supersaturation. The growth rate (molecule intake speed)

also increased as a function of supersaturation. In order to

examine the correlation between the surface morphology,

growth rate and the crystal quality, X-ray diffraction

experiments were performed. It was con®rmed that crystals

grown at lower supersaturations diffracted better with higher

signal-to-noise ratios, including better agreement between

symmetry-related re¯ections. The results strongly suggested

that the molecular misorientation at high supersaturation

affected the crystal quality.
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1. Introduction

The importance of the three-dimensional structures of

macromolecules has been widely recognized for many years.

Structural molecular biology has become a powerful tool for

understanding enzyme function and treatment of diseases. As

structure-based drug design has proved its value, the demand

for the determination of three-dimensional structures of

proteins has increased. However, the bottleneck in three-

dimensional structure determination still remains the growth

of high-quality protein crystals. Many attempts have been

made to produce better diffracting crystals by determining the

optimum growth conditions (choosing the proper precipitant,

buffer, concentration and temperature), using different crys-

tallization methods and so on.

One of the most important experimental parameters in

crystal growth is supersaturation, irrespective of the growth

method. Supersaturation (S) is de®ned as S = (C ÿ Ce)/Ce,

where C is the protein concentration and Ce is the protein

solubility (with the same precipitant concentration, buffer and

temperature). Changing the protein concentration or

temperature changes the supersaturation. The driving force of

crystal growth (��) is a function of supersaturation

[�� = kTln(C/Ce) = kTln(1 + S), where k is Boltzmann's

constant and T is temperature]. Growth rates are direct

functions of supersaturation (Chernov, 1984).

Empirically, it was well known that crystals that grew more

slowly looked better and also diffracted better. Therefore, a

low supersaturated solution was used in some studies to obtain

better crystals by growing them slowly (Saridakis et al., 1994).
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However, no crystallographic study has yet explained the

direct correlation of supersaturation and crystal quality,

although less systematic research has been performed in terms

of protein crystal growth.

If supersaturation affects the crystal quality, the next

question is: why would high supersaturation affect the crystal

quality?

Fast crystal growth can result in molecules being trapped in

high-energy (non-stable) con®gurations at a kink site incon-

sistent with the regular periodic lattice (Boggon et al., 2000).

This is possible because the protein molecule is anisotropic

both in shape and bonding site. Also, the amino-acid side

chains of the protein molecules are not strictly rigid in struc-

ture, so they may arrange their residues to ®t in the kink site

even if they were misoriented. However, it is dif®cult to prove

this hypothesis, since observing the orientation of each protein

molecule is impossible at present.

Incorporation of defects may be enhanced at high super-

saturation. From a macroscopic point of view, surface

morphology studies as a function of supersaturation have been

reported (Ng et al., 1997). They observed the tRNA crystal

surface at various temperatures. At higher temperature (low

supersaturation), spiral growth was observed. At lower

temperature (moderate supersaturation), two-dimansional

(2D) nucleation growth was observed. At even lower

temperature (high supersaturation), three-dimensional (3D)

nucleation and mutilayer stack macrostep formation was

observed. Preliminary X-ray diffraction experiments were also

carried out and it was found that crystals that grew at high

supersaturation diffracted to only 6 AÊ and that crystals that

grew at lower supersaturation diffracted to 4 AÊ . However, this

X-ray study was preliminary and no systematic analysis was

presented. Crystal properties vary even under the same crys-

tallization conditions (Judge et al., 1999), so the correlation of

supersaturation, growth condition and crystal quality should

be discussed carefully.

Nucleation frequency is also a function of supersaturation,

so as the supersaturation increases the more the nucleus forms

in the bulk solution and may well be incorporated into the

mother crystal. Uncontrolled nucleation can be avoided by

growing the crystals at a very low supersaturation, as nuclea-

tion requires a higher driving force than crystal growth. This is

called the metastable zone. Stura & Wilson (1992) introduced

a seeding technique in order to avoid uncontrolled nucleation

by growing the seeds in a metastable zone. Several experi-

ments were performed to obtain better crystals by growing

them in the metastable zone, but only crystal size data were

reported (Saridakis et al., 1994; Schall et al., 1996).

The purpose of this study is to systematically investigate the

correlation between supersaturation and crystal quality. We

focused on two possibilities for the correlation between

supersaturation and crystal quality: (i) the possibility that

misoriented incorporation of protein molecules is increased by

fast crystal growth at high supersaturation and (ii) the possi-

bility that macroscopic defects are increased by super-

saturation. AFM observations revealed the actual crystal

surface morphology and the growth rate of lysozyme crystals

in various supersaturated solutions. X-ray synchrotron

diffraction experiments were then performed to detect the

overall difference in molecular ordering. The use of synchro-

tron radiation was crucial in order to detect the quality

difference of lysozyme crystals, which diffracted fairly well.

Highly puri®ed lysozyme was used as a model protein in order

to neglect the effects of impurity incorporation. The correla-

tion of supersaturation, surface morphology, growth rate and

the crystal quality will be described in this article.

2. Methods

2.1. Sample purification

Hen egg-white (HEW) lysozyme (molecular weight

14 300 Da) was used for our research as a classic model

protein. Lysozyme has been well characterized by both

experimental and theoretical analyses. It is commercially

available and has been the standard sample for protein crystal-

growth studies. Sixfold-recrystallized lysozyme was used

throughout this study (Cat. No. 100940, lot E98302, Seikagaku

Kogyo Co. Ltd). The sample was puri®ed to 99.99%(w/w) in

order to exclude the possibility of impurity incorporation. We

followed the puri®cation protocol reported previously

(Thomas et al., 1996; Nakada et al., 1999). Commercially

purchased lysozyme was puri®ed by recrystallization and

cation-exchange high-pressure liquid chromatography

(HPLC) column. Through this puri®cation process, contami-

nants (covalent dimers and other impurities) were reduced to

a concentration below 0.01%(w/w). This was determined by

sodium dodecylsulfate±polyacrylamide gel electrophoresis

(SDS±PAGE) using Sypro Orange dye. The impurity band was

barely observed in the gel image read by FLA2000 (Fuji®lm)

when a 30 mg sample was loaded, while the detection limit of

Sypro Orange dye was 1±0.5 ng in this detection system.

2.2. AFM observation

For AFM observations, tetragonal lysozyme seed crystals

were prepared. The (110) surface of the seed crystal was used

as a substrate to monitor surface morphology in various

supersaturated solutions. The seed crystals were crystallized

by the batch method at 293 K, in a solution of 100 mg mlÿ1

lysozyme, 25 mg mlÿ1 NaCl and 50 mM sodium acetate buffer

pH 4.5. These seed crystals were allowed to grow for one week

in order to let the crystal surface smoothen. This was necessary

in order to use the seed-crystal surface as a substrate to

accurately re¯ect the growth mode in each supersaturated

solution.

The seed crystals were grown on a glass substrate and

placed at the bottom of a ¯uid cell ®lled with the mother

solution. The sample stage was controlled at 293 � 0.3 K by a

coolant system. Just prior to the AFM observation, the mother

solution in the cell was replaced by the supersaturated solu-

tion prepared at 293 K. Various supersaturated solutions were

examined (S = 1±8). Since the lysozyme solubility in

25 mg mlÿ1 NaCl and 50 mM sodium acetate buffer pH 4.5 at

293 K is known to be 15 mg mlÿ1 (Sazaki et al., 1996), the



supersaturation was calculated as described previously. After

replacing the solution in the cell, the AFM cantilever was

immediately brought up to the crystal surface for observation.

The observation was performed by contact mode AFM

(Seiko Instruments Inc.). The scanner size was 150 � 150 mm,

the spring constant of the Si3N4 cantilever was 0.02 N mÿ1 and

the scanning rate was 2±3 Hz. Different crystals were used for

each experiment in order to accurately re¯ect the surface

morphology in each supersaturated solution.

2.3. Sample preparation for X-ray data collection

Tetragonal crystals for X-ray data collection were crystal-

lized by the conventional batch method at a temperature of

293 K. Lysozyme stock solution was mixed with NaCl solution

and buffer to prepare S = 1, 2, 4, 6, 8 solutions (25 mg mlÿ1

NaCl and 50 mM sodium acetate buffer pH 4.5). Crystals were

grown in a plastic container completely ®lled with crystal-

lization solution and covered with an air-tight glass cover slip.

A metastable zone is a region in the crystallization phase

diagram where the supersaturation of the solution is suf®cient

for growth but not for nucleation. Therefore, for S = 1

(30 mg mlÿ1 lysozyme) samples, which corresponds to the

metastable zone according to our preliminary study, the

microseeding method was utilized. Also, microseeding was

used for S = 2 (45 mg mlÿ1 lysozyme) samples since nucleation

would take a few weeks. Under these conditions, the micro-

seeds grew slowly for two to three months until they reached a

thickness of 0.2 mm. The microseeding was performed as

follows. First, the seed crystals were grown with the same

protocol as the seeds for AFM observation. The seeds were

then crushed in 1 ml protein solution (30 mg mlÿ1 lysozyme,

25 mg mlÿ1 NaCl, 50 mM sodium acetate buffer) with a

pipette tip and then ®ltered through a membrane ®lter (pore

size 0.22 mm). The microseed solution was added to the crys-

tallization solution in a 1%(v/v) ratio. The microseeds were

then grown in the same batch-method apparatus described

previously.

To summarize, the S = 1 (samples a and b in Table 1) and

S = 2 crystals (samples c, d and e in Table 1) were grown from

microseeds. The microseeds grew in the batch-method appa-

ratus ®lled with S = 1 and S = 2 solution. S = 4, 6, 8 crystals

(samples f, g, h, samples i, j, k and samples l, m, n, respectively,

in Table 1) were grown by the same batch-method apparatus

without microseeds. These crystals grew from spontaneous

nucleation.
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Table 1
Crystal data and data-collection statistics.

The growth conditions were determined from our AFM observations.

Sample a b c d e f g h i j k l m n

Growth condition A A B B B B B B C C C C C C
Supersaturation² at crystallization start 1 1 2 2 2 4 4 4 6 6 6 8 8 8
Lysozyme concentration at

crystallization start (mg mlÿ1)
30 30 45 45 45 75 75 75 105 105 105 135 135 135

Supersaturation² at crystallization end 0 0 0 0 0 2.7 2.7 2.7 3.3 3.3 3.3 7.4 7.4 7.4
Lysozyme concentration at

crystallization end (mg mlÿ1)
15 15 15 15 15 56 56 56 65 65 65 126 126 126

Crystallization time 3 months 3 months 2 months 2 months 2 months 2 d 2 d 2 d 24 h 24 h 24 h 12 h 12 h 12 h
Crystal dimensions (mm) 0.6 0.5 0.3 0.5 0.6 0.3 0.5 0.5 0.5 0.3 0.4 0.3 0.3 0.3

0.3 0.3 0.2 0.4 0.3 0.3 0.25 0.3 0.4 0.25 0.3 0.3 0.3 0.3
0.2 0.2 0.2 0.2 0.3 0.25 0.1 0.2 0.25 0.2 0.2 0.25 0.2 0.25

Illuminated crystal volume max. (mm3) 0.003 0.003 0.002 0.004 0.003 0.003 0.0025 0.003 0.004 0.0025 0.003 0.003 0.003 0.003
Illuminated crystal volume min. (mm3) 0.002 0.002 0.002 0.002 0.003 0.0025 0.001 0.002 0.0025 0.002 0.002 0.0025 0.002 0.0025
Oscillation angle (�) 1 1 1 1 1 1 1 1 1 1 1 1 1 1
No. of images 180 102 98 180 180 180 180 180 180 180 180 180 180 180
Unit-cell parameters (AÊ )

a, b 78.94 79.12 79.14 79.09 79.10 79.14 79.14 79.22 79.13 79.11 79.13 79.08 79.14 79.13
c 38.21 38.10 38.12 38.12 38.12 38.01 38.00 37.97 38.00 38.04 38.03 38.03 37.97 38.00

Standard deviations of the unit-cell parameters
a, b 0.054 0.012 0.007 0.002 0.001 0.006 0.004 0.006 0.006 0.006 0.007 0.004 0.029 0.009
c 0.060 0.004 0.002 0.003 0.002 0.000 0.002 0.003 0.006 0.003 0.008 0.001 0.019 0.002

Maximum resolution limit (AÊ ) 1.39 1.4 1.42 1.41 1.42 1.45 1.48 1.47 1.42 1.6 1.38 1.55 1.46 1.41
Number of unique re¯ections³ 16390 16420 16427 16394 16422 16408 16285 16431 15979 16414 16395 16357 16398 16403
Overall completeness³ (%) 99.5 99.5 99.6 99.4 99.5 99.6 99.1 99.6 97.5 99.6 99.6 99.5 99.6 99.6
Completeness (%) in the

highest resolution shell§
100 99.6 100 99.6 99.6 100 99.1 100 97.1 100 99.8 100 100 100

Average hIi/h�(I)i³ 8.9 9.1 8.1 8.9 8 7.3 6.4 7.7 5.1 6.5 8.6 4.7 7.7 7.9
hIi/h�(I)i in the highest resolution shell§ 5.7 5.9 4.9 5.4 5.3 4.1 3.7 3.8 4.4 2.1 5.8 2.3 4.1 5.1
Overall Rmerge} (%) 4.6 4.3 4.8 4.5 4.7 5.4 6 5.3 6.4 6.6 4.5 8.1 5.2 5
Rmerge in the highest resolution shell§ (%) 12.5 12.6 14.9 13.2 14 17 19.5 19.5 15.3 32.1 12.7 24.9 18.1 14.4
Overall B factor calculated

from the Wilson plot
17.27 17.92 17.97 17.45 18.22 17.43 17.04 17.45 17.52 17.29 17.65 17.51 17.37 17.68

Multiplicity 14.0 7.90 7.60 14.0 14.0 13.9 14.1 14.0 14.2 14.0 14.0 13.3 14.0 14.0

² Supersaturation (S) was calculated as follows: S = C ÿ Ce/Ce (C, lysozyme concentration; Ce, lysozyme solubility at 293 K). ³ Calculated in the range 10±1.6 AÊ . § Value for the
highest resolution shell (1.69±1.6 AÊ ). } Rmerge =

P jIi ÿ hIij/
P

Ii , where Ii is the measured intensity of an individual re¯ection and hIi is the mean intensity of symmetry-related
equivalent re¯ections.
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The lysozyme concentration in the batch container

decreases owing to protein consumption by the growing

crystals. Therefore, great care was taken to pick the ®rst set of

crystals that appeared in each batch; otherwise, crystals that

appeared later may have started growing in a much lower

supersaturation than intended. The protein concentration in

the mother solution was checked before

the crystals were mounted for X-ray

diffraction experiment. These super-

saturation data and the crystallized

duration data are listed in Table 1. All

crystals experienced a decrease in

supersaturation during their growth.

In general, crystals grown from low

supersaturation tended to be markedly

longer in shape than those grown at

high supersaturation. The crystal

morphology changed according to the

supersaturation; the {101} surface

developed faster than the {110} surface

at lower supersaturation, yielding rod-

shaped crystals surrounded by {110}

faces (the long axis is the c axis),

consistent with previous reports

(Monaco & Rosenberger, 1993; Judge et

al., 1999). All crystals were well faceted

and no obvious defects were noted by

microscopic observation.

Just after the crystals grew to their

maximum thickness of 0.2 mm, they

were transferred to the synchrotron

facility and were subjected to X-ray

diffraction study.

2.4. X-ray data collection and
processing

Crystals were mounted just prior to

X-ray diffraction data collection. Crys-

tals were picked from the top lid of the

batch apparatus where they had

adhered. In every case, one crystal was

mounted in a 2.0 mm thin-walled glass

capillary with the long axis (c axis) of

the crystal along the capillary axis.

Therefore, the X-ray beam was

perpendicular to the longer axis. Thus,

the thickness of the crystal was

regarded to be more important than its

length. Since a highly directive X-ray

beam was utilized, the illuminated

crystal volume could be calculated as

0.1 mm � 0.1 mm (collimator size) �
(crystal thickness) mm. Therefore,

although the crystals grown at lower

supersaturation were morphologically

longer, the actual illuminated volume

was effectively the same as that of other

crystals. Dimensions of the lysozyme

crystals used for data collection and

Figure 1
AFM images of the (110) surface of a tetragonal lysozyme crystal in supersaturated protein solution.
The images represent 15 mm square. (a) Surface image in the S = 1 solution. No 2D nucleation is
observed. The steps on the seed crystals are proceeding forward. (b) Surface image in the S = 2
solution. Note some 2D islands forming and spreading. No screw dislocation was observed. (c)
Surface image in the S = 3 solution. The numbers of 2D islands increases as a function of
supersaturation. (d) Surface image in the S = 8 solution. Note the rapid 2D nucleation causing steep
hills and some regions left behind that look like valleys. (e) Surface image showing microcrystals on
the seed-crystal surface. Microcrystals were embedded into the growing crystal as growth
proceeded.



the actual illuminated crystal volume are summarized in

Table 1.

All data were collected at room temperature at BL-6A of

the Photon Factory (PF), Tsukuba, Japan. Nearly complete

diffraction data sets were collected using an ADSC Quantum

4R CCD detector by the oscillation method with a wavelength

of 1.0 AÊ . 14 samples were analyzed in total, with special

attention paid to keeping the experimental procedure and

data-collection protocol strictly the same. The crystal-to-

detector distance was 100 mm in order to obtain adequate

re¯ection separation. The oscillation angle was 1� and the

exposure time of 10 s per image was constant for all samples.

Most crystals yielded 180 images with a high multiplicity of

around 14, but two samples yielded only 102 and 98 proces-

sible images owing to experimental restrictions. To avoid

sample damage and to save time, dezingering (i.e. taking two

identical exposures and removing differences to compensate

for the detection of random environmental radiation) was not

used.

The X-ray diffraction data were processed in four steps. The

images were autoindexed and integrated using the programs

DPS/MOSFLM/CCP4 (Rossman & van Beek, 1999) and then

merged and scaled together with SCALA/CCP4 (Collabora-

tive Computational Project, Number 4, 1994) using batch

scales and smoothing of B factors. This provided standard

crystallographic statistics on crystal quality such as the

maximum resolution limit, hIi/h�Ii, overall B factor, Rmerge

and mosaicity. The space group was P43212, with unit-cell

parameters a = b = 79.1 (1), c = 38.0 (1) AÊ .

3. Results

3.1. Crystal surface morphology observation by AFM

The AFM observation was conducted to examine the

surface morphology and growth rate at various super-

saturations. Using a small protein molecule such as lysozyme,

it is quite dif®cult to detect point defects or molecular

misorientations. However, AFM is suitable for visualizing the

growth mode, which is likely to change according to the

supersaturation and is apt to affect the crystal quality (Ng et

al., 1997). We also attempted to detect planar defects, stacking

faults and dislocations that may also affect the crystal quality

(Malkin et al., 1996).

Fig. 1(a) shows a typical AFM image of a (110) surface of a

tetragonal seed crystal in the S = 1 (30 mg mlÿ1 lysozyme)

solution. No two-dimensional (2D) nucleation or spiral growth

was observed in a 1 h observation period. The steps just

proceeded forward slowly in the S = 1 solution. The fact that

2D islands were not observed indicates that the S = 1 solution

does not provide enough driving force to create 2D islands.

This means that screw dislocation must occur in order to

supply new steps on the crystal surface in the S = 1 solution

according to the classical theory. To maintain crystal growth,

there must be screw dislocations somewhere on the surface,

although spiral growth was not found during our observation.

Fig. 1(b) shows the crystal surface in the S = 2 (45 mg mlÿ1

lysozyme) solution. 2D islands were occasionally observed to

form on the terraces. The islands grew and merged with

proceeding steps or neighbouring islands. In solutions of S = 3

(60 mg mlÿ1 lysozyme) and S = 4 (75 mg mlÿ1 lysozyme), 2D

islands appeared more frequently and the growth rate

increased as expected (Fig. 1c).

A drastic change in surface morphology was observed in

solutions S = 5 (90 mg mlÿ1 lysozyme) to S = 8 (135 mg mlÿ1

lysozyme). As seen in Fig. 1(d), 2D islands kept forming and

spreading at a very high speed. The height of each 2D island

was around 5 nm, equivalent to two lysozyme molecules in

height. This was the same step height as in Figs. 1(a), 1(b) and

1(c). This means the 2D islands observed in S = 5±8 are not

anything unusual, but are ordinary 2D islands. The growth

speed was undetectable because the 2D islands kept piling on

top of other islands. As a result, when we ®nished one scan and

went to the next scan, the island that we had been looking at

was already buried in the next growth layer. The islands kept

forming on top of other islands and resulted in steep hills. In

contrast, there were some regions left behind that looked like

valleys. This behaviour could be interpreted as follows. The

protein concentration is always lower at the crystal surface

than the bulk solution since the crystal surface incorporates

protein molecules. Because the 2D nucleation occurs very

rapidly in a highly supersaturated solution, when one 2D

island forms on top of another 2D island, the upper 2D island

will be closer to the bulk solution (where the protein

concentration is higher). This makes it easier for the next 2D

island to form on top of the second 2D island than on the

lower crystal surface (where the protein concentration is

lower). Once this cycle starts, it is dif®cult to ®ll in the valley

part left behind until the bulk concentration decreases.

The surface morphology described here was reproducible

over multiple and iterative experiments involving different

crystals. Therefore, from these AFM observations, we

classi®ed the growth conditions into three categories: A, in

which 2D island growth did not take place (S = 1; low super-

saturation), B, 2D growth (S = 2±4; moderate supersaturation)

and C, rapid 2D growth (S = 5±8; high supersaturation). Of

course, the growth speed (molecule intake speed) increased in

the order A, B, C.
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Figure 2
Average maximum resolution limit of crystals from each supersaturation
condition. Here it is clearly shown that there is a linear correlation
between the supersaturation and the resolution.
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Another signi®cant observation was that microcrystals (and

macroclusters) frequently settled on the crystal surface in

higher supersaturated conditions as we continued our obser-

vation (Fig. 1e). This is expected to happen because nucleation

frequency increases exponentially as a function of super-

saturation. This microcrystal in Fig. 1(e) was embedded into

the larger crystal as the larger crystal kept growing (consistent

with previous reports; for example, Kuznetsov et al., 1996).

However, no other major defects, except for microcrystal

incorporation, were observed even at higher supersaturation.

Adhesion growth that causes kinetic roughening was not

observed either.

In summary, three major differences were found in the

crystal-growth behaviour in conditions A, B and C: 2D

nucleation frequency, growth speed and microcrystal sedi-

mentation frequency. In the next step, we attempted to

investigate the inner order of the crystals by X-ray diffraction

studies and to verify the correlation between the phenomena

observed by AFM and X-ray diffraction.

Since the effect of microcrystals on the degeneration of

crystal quality is obvious, we decided to focus on the effect of

2D nucleation and the growth speed. Therefore, we tried to

choose crystals that did not contain microcrystals. To minimize

the possibility of selecting crystals containing microcrystals, we

chose crystals that adhered to the top lid of the crystallization

container. This way, the crystals that we selected would at least

not contain the large microcrystals that would normally be

deposited.

If 2D nucleation and growth speed affect the crystal quality,

we predict that 2D island growth may affect the crystal

perfection because when the islands meet and merge, the

molecules at the island interface may fail to align in the correct

lattice position. Crystals grown under condition C may be

especially affected by macrodefects arising from 2D island

hills. The high growth rate may also affect the crystal quality

by molecular misorientation at the kink site. These possibi-

lities cannot be proved directly currently because of the

dif®culty in detecting the misorientations of each of the

protein molecules. Therefore, X-ray diffraction studies were

applied. Though indirect, the diffraction properties will show

the total level of molecular ordering in the crystal.

3.2. X-ray diffraction

3.2.1. Diffraction properties. The maximum resolution

limit was de®ned as the resolution when hIi/h�(I)i fell below 2.

Of the 14 samples, the worst crystal diffracted to a maximum

resolution limit of 1.6 AÊ . Therefore, in order to compare

intensity data with high reliability, only re¯ections to 1.6 AÊ

were used for all analysis. The data were typically obtained

with an overall completeness of 97.5% or more and an Rmerge

below 11%. In the highest resolution shell (1.69±1.6 AÊ ),

completeness exceeded 97.1% and Rmerge was less than 32%.

Data multiplicity was 13.3±14.2 overall (except for the two

samples described previously), which enabled good statistics.

There were about 16 400 unique re¯ections to 1.6 AÊ .

There are some generally accepted criteria for assessing the

crystal quality, such as the maximum resolution limit,

hIi/h�(I)i, Rmerge, overall B factor and mosaicity.

The maximum resolution limit directly shows the diffracting

power of the crystals. If the protein molecules are well packed

and aligned, they are expected to diffract well. The average

resolution of the crystals from each supersaturated solution is

shown in Fig. 2. A clear tendency is noted in which crystals

from lower supersaturated solutions diffracted better.

hIi/h�(I)i is the signal-to-noise (S/N) ratio of the diffracted

intensity, where I is the re¯ection intensity and �(I) is the

standard deviation obtained by merging symmetry-related

re¯ections. This criterion also re¯ects the diffracting power of

the crystals. Fig. 3 shows the hIi/h�(I)i value for the crystals

from each supersaturated solution. A reduction of the inten-

sity S/N ratio is noted along the x axis (supersaturation).

Rmerge is an overall measure of the errors within a data set. It

compares the differences between symmetry-related re¯ec-

tions that should ideally be identical in intensity. Fig. 4 shows

the Rmerge value, where a linear increase in the errors is

evident.

The overall B factor was calculated from the Wilson plot in

the range 3.0±1.6 AÊ . The B-factor difference may re¯ect

Figure 3
Average hIi/h�(I)i of crystals from each supersaturation condition. Here
it is clearly shown that there is a linear correlation between the
supersaturation and hIi/h�(I)i.

Figure 4
Average Rmerge of crystals from each supersaturation condition. Here it is
clearly shown that there is a linear correlation between the super-
saturation and Rmerge.



thermal vibration, conformational disorder or static lattice

disorders of protein molecules (misorientation). The internal

order is expected to be estimated from the B factor. From the

results obtained so far (Figs. 2, 3 and 4), it seems that crystals

grown at higher supersaturations were less ordered. However,

no direct correlation was found between the supersaturation

and the B factor. It turned out that the B factor did not directly

re¯ect the degree of misoriented molecules caused by high

supersaturation. Unknown or complicated causes may have

affected the B-factor value.

The mosaicity was also estimated from the DPS/MOSFLM/

CCP4 software, but the differences from the original mosaic

spread of the lysozyme crystal were too small to quantitatively

evaluate the correlation with supersaturation.

The values of these factors for each crystal are summarized

in Table 1. It was apparent from these data that crystals grown

from low supersaturated solutions yielded better diffraction

properties than crystals grown from highly supersaturated

solutions (except for the B factor). We performed statistical

analysis to quantitatively evaluate this correlation.

3.2.2. Quantitative evaluation of diffraction results. In

order to quantitatively evaluate the correlation of super-

saturation and these criteria of crystal quality, we performed

tests by stepwise regression analysis for all 14 samples using

the multiple regression and general linear model in the

statistics program. The contributing predictor was selected in

the model in order to add strong predictors and/or in order to

statistically predominate by eliminating weak predictors. The

factor [supersaturation] was dependent on [crystallized time]

(the term in brackets indicate the selected predictor used for

analysis in the statistics). Therefore, supersaturation de®nitely

correlates with the crystal-growth rate. It involves balancing

the predictive power (the multiple correlation coef®cient, R)

against the statistical signi®cance (the probability value, P)

estimated from the analysis of the variance (ANOVA) of the

data sets if the one selected factor was used. The model

reproduced the observed variability very well ± the regression

coef®cient was close to 1.0 (the correlation coef®cient

R = 0.853) and is statistically very signi®cant ± the F ratio had

very low probability (P = 0.000). Therefore, supersaturation

was allowed to be a factor contributing to the enhanced

quality of crystal as [crystallized time].

[Supersaturation] also depends on each selected single

factor such as [hIi/h�(I)i] with the correlation coef®cient

R = 0.593 (P = 0.026), [maximum resolution limit] with

R = 0.525 (P = 0.054) and [Rmerge] with R = 0.593 (P = 0.026). If

the crystal is grown at lower supersaturation, it is expected to

diffract to a higher resolution limit with better intensity data

sets and with less error. The intensities of the crystals grown in

lower supersaturated solution improved signi®cantly, regard-

less of the term [illuminated crystal volume].

As mentioned before, although the overall B factor is an

isotropic temperature factor estimated from the Wilson plot, it

did not correlate with [supersaturation]. Rather, [B factor]

depends on the two terms [illuminated crystal volume] and

[the unit cell] (R = 0.901, P = 0.001). The favourable [variation

of the unit cell] effect overbalanced the adverse effect of

[illuminated crystal volume]. When the unit cell size is larger,

the illuminated crystal volume is actually larger and the B

factor is roughly estimated to be lower from the Wilson plot.

It is worth noting that a statistically signi®cant correlation

between supersaturation and unit-cell parameters was found

(R = 0.879, P = 0.000). The growth-rate dependency of the

{110} and {101} faces on supersaturation differ, which causes

morphology differences at different supersaturations (as

stated before). In particular, the supersaturation is propor-

tional to the variation of the unit-cell parameter in the crys-

tallographic c axial direction (Monaco & Rosenberger, 1993;

Judge et al., 1999). Fig. 5 shows the change of the unit-cell

parameter in the c direction versus supersaturation. Though

the variance of the unit-cell parameter is buried within the

standard deviation of measurement error, this may imply that

higher supersaturation yielded a shorter c axis. This will be

investigated further, including the cause of this correlation.
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Figure 5
Average c axis unit-cell parameter of crystals from each supersaturation
condition. Here it is clearly shown that there is a linear correlation
between the supersaturation and the c-axis length.

Figure 6
Plot showing the mean hIi/h�(I)i (y axis) versus resolution,
1/d2 = 4sin2�/�2 (AÊ ÿ2) (x axis). Standard deviations � were obtained by
merging symmetry-equivalent re¯ections. The diffraction intensity data of
crystals grown in low (condition A, squares), moderate (condition B,
triangles), high (condition C, circles) supersaturation are plotted. Note
the signi®cant difference in diffraction data between conditions A, B
and C.
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3.2.3. Crystal quality differences between crystals grown
under conditions A, B and C. The quality differences of

crystals grown under conditions A, B and C according to the

AFM observations were evaluated. X-ray diffraction study

provided reliable statistics for assessing the crystal quality.

From our statistics, the hIi/h�(I)i value was found to be one of

the appropriate factors for evaluating the crystal quality.

Fig. 6 shows the mean hIi/h�(I)i as a function of resolution

of crystals grown in conditions A, B and C. hIi/h�(I)i was

relatively higher in the order A, B, C across the resolution.

The hIi/h�(I)i value of condition A is constantly 1.3 to 1.5

times higher than that of condition C. This implies that the S/N

ratio of the re¯ections that make up the diffraction pattern

increases uniformly at lower supersaturation. The molecular

orientation at the lattice point must have been better.

The correlation between the maximum resolution limit and

supersaturation was also considered as statistically signi®cant.

The average resolution of crystals grown in condition A was

1.39 AÊ , while the average resolution of crystals grown in

condition C was 1.47 AÊ . This is quite a difference considering

that all the lysozyme crystals diffracted very well.

The Rmerge value of the diffraction data also exhibits

internal consistency. The average Rmerge value varied from

4.5% (crystals from condition A) to 6.0% (crystals from

condition C).

4. Discussion

The same experimental setup allowed reliable collection of 14

sets of oscillation data from crystals grown in various super-

saturated conditions. Diffraction properties, such as the

maximum resolution limit, the conventional crystallographic

parameters hIi/h�(I)i and Rmerge, were obtained and analyzed.

These properties were used to compare the quality of crystals

grown in different supersaturation conditions.

This systematic study has proved there is a statistically

signi®cant correlation between supersaturation and hIi/h�(I)i.
Both the increase of peak intensities and the reduction of

background of the crystals grown in lower supersaturated

conditions improved signi®cantly compared with those of

crystals grown in both moderate and high supersaturated

conditions. In contrast, no correlation was found between the

illuminated crystal volume and hIi/h�(I)i. Therefore, the

results are not a result of the illuminated crystal volume, but

are solely dependent on supersaturation. This implies that

lower supersaturation levels produce larger homogeneous

diffracting regions, whereas the molecules were well ordered.

The statistical correlation between supersaturation and the

maximum resolution limit and Rmerge also supports our

conclusion.

Showing the mosaic spread of those crystals grown in

different conditions is very persuasive. These statistics would

be useful, along with the measurement of rocking curve, in

future comparative studies.

The seeding technique is not a popular crystallization

method in protein crystal growth. However, our data show

that crystals grown from microseeds in low supersaturated

conditions diffracted signi®cantly better than the crystals

grown from spontaneous nucleation. The seeds were made at a

high supersaturation level (S = 5.7) and then crushed to

produce microseeds. Next, the microseeds were added to the

S = 1 and 2 solutions. Our results shows that protein crystals do

not necessarily retain the crystal habits or defects from their

seed crystal. The growth condition is the important factor. The

use of seed crystals at low supersaturation should be

promoted.

The crystals subjected to X-ray diffraction studies grew in

solutions whose initial supersaturation levels were de®ned. As

growth proceeded, the supersaturation of the solution

decreased as shown in Table 1. If the correlation between the

supersaturation and unit-cell size was real, it is probable that

the unit-cell size of the crystal gradually changed as growth

proceeded. Split-spot pro®les or discernible shoulders of the

Bragg diffraction re¯ection may occur in these cases. This

appears to cause lattice strain and to produce larger mosaicity

in the crystal. This long-range lattice change may also be

included in our X-ray diffraction results. The lattice change

discussed above may have affected the result, especially in the

S = 2, 4, 6 samples, since a large supersaturation change took

place during its growth. In contrast, S = 8 samples experienced

smaller supersaturation changes during their short growth

period and the quality of two of the samples (samples m and n

in Table 1) is almost as good as the quality of S = 4 or 6 crystals.

This may mean that supersaturation change during growth

signi®cantly affects the crystal quality. To con®rm the

possibility of lattice-parameter change according to the

supersaturation, we must grow crystals at constant super-

saturation. Schall's method with a temperature-control system

will be useful (Schall et al., 1996).

Considering the results obtained so far, the AFM results

match the X-ray diffraction results very well and there seems

to be no contradiction between them. They are also consistent

with a previous study that reported the same tendency in

resolution (Ng et al., 1997). Going back to our question about

why high supersaturation would affect the crystal quality, it

turns out that molecular misorientation is the cause.

In the AFM observations, no obvious crystal defect was

observed except for the sedimentation of microcrystals and

macroclusters in higher supersaturated conditions. Since

crystals were selected from the top lid of the crystal-growth

container, the possibility of microcrystal incorporation was

minimized. Therefore, the only differences in crystals grown

under conditions A, B and C were the 2D nucleation

frequency and the growth rate. High hills and deep valleys

were created in condition C samples, but the fact that S = 1,

S = 2 and S = 4 samples showed a signi®cant difference in

quality indicates that this hill formation itself was not the

major reason for the quality degeneration at higher super-

saturation levels. Also, the fact that S = 1 samples were much

better in quality than S = 8 samples (although the super-

saturation change was about the same) demonstrated that the

supersaturation change was also not the major reason. We

speculate that the molecular misorientations caused by the 2D

islands merging together and by the high growth rate (fast



molecular intake) at the kink site were the main cause.

Though there is no way to visualize these molecular

misorientations directly, X-ray diffraction could indeed detect

the difference in inner order. It is convincing that the inner

order of the crystals grown slowly in low supersaturated

conditions with fewer 2D islands was signi®cantly better and

improved the diffraction quality.

5. Conclusions

Supersaturation produces enormous effects on the crystal

properties of proteins. X-ray synchrotron diffraction clearly

demonstrated that there was a strong correlation between

supersaturation and the diffracting power of the crystal. The

crystals grown in lower supersaturated conditions diffracted to

a higher resolution limit with better intensity data sets and

with fewer errors. Together with the AFM observations, our

results strongly suggest that molecular misorientations affect

the crystal quality. A high throughput can be achieved in

today's structural biology by taking supersaturation into

account. If many crystals are obtained in a very short time, the

crystals may be growing in an extreme supersaturated condi-

tion. It is worthwhile to try to simply reduce the protein

concentration or precipitant concentration or change the

temperature to reduce the supersaturation in order to obtain

better quality crystals.
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