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Abstract: We present a systematic quality comparison of protein crystals obtained with and without
cross-linked protein crystal (CLPC) seeds. Four proteins were used to conduct the experiments, and
the results showed that crystals obtained in the presence of CLPC seeds exhibited a better
morphology. In addition, the X-ray diffraction data showed that the CLPC seeds method is a
powerful tool to obtain high-quality protein crystals. Therefore, we recommend the use of CLPC
seeds in preparing high-quality diffracting protein crystals.
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1. Introduction

Proteins are important molecules with biological activities and they perform various functions,
making them the most important biological macromolecules. To understand how proteins perform
their complex functions, it is necessary to determine their three-dimensional structure. Currently, X-
ray crystallography remains the most widely used technique for determining the three-dimensional
molecular structures of proteins [1]. High-quality single crystals are vital for X-ray diffraction, and
the need to obtain these crystals is the bottleneck of this technique [2,3].

Seeding in protein crystallization is a method of using protein crystals as the seeds for growing
crystals, which can help to accelerate the crystallization process, and obtain high quality protein
crystals. In this method, seed crystals are mainly inoculated into the pre-balanced protein crystal
solution in metastable state, and the nucleation process is shortened by introducing foreign seed
crystals to induce protein nucleation at low supersaturation, so as to obtain a highly ordered protein
structure. To improve the quality of protein crystals by using tools such as electric fields [4,5],
magnetic fields, ultrasound waves, light, mechanical vibration [6], microgravity [7,8], and nucleants
[9], has always been studied. The addition of nucleants is one of the most commonly used methods
for improving the quality of protein crystals. Many studies have been performed on using nucleants,
and the results consistently show that their use has a positive effect on the crystal quality. For
example, Quiocho [10] and others reported, for the first time in 1964, that cross-linked enzyme
crystals were obtained through cross-linking carboxypeptidase- A crystals with bifunctional reagents
such as glutaraldehyde. Diffraction analysis of three different proteins by Lusty [11] showed that
cross-linking prevents, to a large extent, the lattice disorder normally observed in rapid cooling of
these crystals. Weichsel studied the formation mechanism of lysozyme crystals induced by seeds [12].
Koizumi obtained strain-free lysozyme crystals by utilizing seed crystals [13]. Luo obtained ZnuA -
domain protein crystals by using the initial crystals as the seeds, attaining a resolution of up to 2.03
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A [14]. This demonstrated the utility of heterogeneous nucleation, which can lead to the growth of
diffraction-quality crystals. Zhou conducted a detailed review on the developments of nucleants and
nucleation in protein crystal growth, which included the theoretical issues and the classification and
application of nucleants [15]. O’dell and others used Pichia pastoris to obtain polysaccharide
monooxygenase-2 protein from Neurospora crassa [16]. Using crystals as nucleating agents can
improve the crystal morphology and obtain better diffraction resolution. Xu [17] and others used
protein crystals as nucleating agents to successfully obtain antigen-binding fragments of mouse-
derived monoclonal antibody 17B1.3, and protein crystals of the tumor cell surface protein B7-H6
complex, with a diffraction resolution of 2.5 A [18]. They also elucidated the mechanism by which
antibodies inhibit the expression of surface protein B7-H6 in cancer cells. Protein crystals, as
nucleating agents for seed crystals, can also improve the crystallization of membrane proteins [19].
Abuhammad shows that the micro-cross-seeding matrix screening (MCMS) can shorten
crystallization time [20]. D’arcy has set up a microseed matrix method that could be generally
applicable to proteins where little or no nucleation is normally observed [21]. Rumpf proved that
microseed matrix seeding (MMS) can be used to obtain crystals of human Sirt3 in its apo form, and
of human Sirt2 in complex with ADP ribose (ADPR). Crystal formation using MMS was less error-
prone, and yielded a higher number of crystals per drop than using conventional crystallization
screening methods [22].

Cross-linked protein crystal (CLPC) seeds are protein crystals with a regular three-dimensional
structure cross-linked by glutaraldehyde or other bifunctional reagents. CLPCs have superior
performance characteristics such as high purity [23], high stability [24], and high activity in organic
solvents [25,26]. CLPCs are insoluble in water and organic solvents [27], so they can be directly
handled by mechanical contact. In addition, CLPCs have a very similar diffraction pattern to the
native crystals [28]. All of these superior characteristics make CLPCs appropriate candidates for use
as the seeds in protein crystallization.

In this work, we prepared CLPC seeds by cross-linking using glutaraldehyde. Then, the CLPCs
were adapted to serve as the seeds in protein crystallization, and higher quality protein crystals were
obtained by adding the CLPC seeds, as verified by X-ray diffraction analysis.

2. Materials and Methods

2.1. Materials

Proteins: Four different proteins were researched in the experiment. Hen egg white lysozyme
(lysozyme; catalog No.100940) was purchased from Seikagaku Kogyo Corporation, Tokyo, Japan.
Proteinase K (catalog No. P6556). Thaumatin (catalog No. T7638) were purchased from Sigma-
Aldrich Corporation, St. Louis, MO, America. Glucose isomerase (catalog No. L112309) was
purchased from Hampton Research, CA, America. All of the proteins were directly used without
further purification.

Crystallization experiments: The crystallization experiments were conducted using the
conventional batch method. The crystallization conditions of the four proteins used in the
experiments are listed in Table 1. The proteins were dissolved in the corresponding buffers, and then
centrifuged at 10,000 rpm/min for 3 min. The precipitant solutions were prepared by dissolving the
chemical reagents in the corresponding buffers and filtering using 0.22 um filters. Then, equal
volumes of the protein and precipitant solutions were mixed to prepare the crystallization solution.
Finally, 2 ul quantities of the crystallization solutions were dispersed in 96-well microbatch
crystallization plates (No. HR3-267), and the volume of the reservoir was 60 pl. The crystallization
temperature was maintained at 293 K. The preparation method of CLPC seeds (seeds 1, seeds 2, and
seeds 3) was described in our previous report [29]. Three different CLPC seeds were used in this
work. The CLPC concentration of each sample was 7.5 mg/ml. Seeds 1: cross-linked lysozyme
crystals; seeds 2: cross-linked lysozyme and concanavalin A crystals, with a mass ratio of 1:1, and
seeds 3: cross-linked lysozyme, concanavalin A and catalase crystals, with a mass ratio of 1:1:1.
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According to our routine crystallization screening experiments, the reliable range of crystallization
conditions for crystallization experiments [30-32] was screened out by us.

Table 1. Crystallization conditions of proteins researched in the crystallization experiments.

Initial C Crystallization
Protein (mg T (K) .rys ° Buffer Precipitant
Time (days)
ml-Y)
01 M sodium
lysozyme 70 293 2 80 mg ml* NaCl
acetate pH 4.60
0.05 M sodium
Proteinase cacodylate, 0.08 M
30 293 2 20% (w/v) PEG 8000
K magnesium acetate
pH 6.50
02 M Potassium sodium
0.1 M HEPES-Na
Thaumatin 20 293 5 tartrate tetrahydrate, 20% (w/v)
pH 7.00
PEG 3350
0.02 M magnesium chloride
Glucose 0.1 M HEPES-Na hexahydrate, 22% (w/v) poly
7 293 3
isomerase pH7.00 (acrylic acid sodium salt) 5100

0.1 M HEPES, pH 7.5

2.2. Crystal Images

After the protein crystals were obtained, the crystal images were captured by a stereo
microscope (Olympus SZX 16, Tokyo, Japan) to record their crystals’ morphology. The same
magnification was used for the crystals of one protein in order to analyze the influence of the CLPC
seeds on the crystal morphology.

2.3. Crystal Diffraction

Crystals of similar size, grown in the presence or absence of CLPC seeds, were harvested by
nylon CryoLoops (Hampton Research), and were then placed on an X-ray diffractometer (Mar pX,
Mar Research, Norderstedt, Germany) to obtain the diffraction data. The wavelength is 1.54 A, the
diffraction energy is 8 kev, the diffraction exposure time of each diffraction pattern is 5 minutes, the
angle of oscillation is 1 degree, the diffraction temperature is 100 K, and the antifreeze is composed
of 20% glycerine and 80% precipitant solution. Three crystals were used, and the diffraction data
were collected over the range of 100 degrees for each crystallization condition. Collecting a full data
set for one crystal requires the use of the home facility for one or two days, meaning that completing
the entire comparison experiment described in the paper takes a very long time. The environmental
factors (temperature, humidity, pressure, etc.) do not stay exactly the same over such a long time
period, introducing experimental errors. To minimize the errors, the number of diffraction shots was
reduced to cover a range of 5 degrees, and three crystals were used, with 5 degrees of diffraction data
also collected for each crystal. The HKL 2000 package and BEST in CCP4 software was used to
analyze the diffraction data [33,34].

3. Results

3.1. Morphology of Protein Crystal

After the protein crystals were obtained, the images of the crystals were recorded using a
stereomicroscope. Figure 1 shows some typical images of crystal morphology obtained in the
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presence and absence of CLPC seeds. An inspection of Figure 1 shows that the crystals obtained in
the CLPC seeds method exhibited larger size than that of the control crystals. It was observed that
the crystals grown using the seeds technique exhibited an improved appearance, with comparatively
few defects. In contrast, the crystals obtained without seeds had observable defects on the surface.
The comparison of the crystals’ morphology showed that the crystals obtained by the CLPC seeds
method had a relatively better morphology than the control sample, as demonstrated by the crystal
shape and size.

1\)0 o Q

A
(d1) (d2) (d3)
Figure 1. Some typical images of the crystal morphologies obtained in the presence and absence of
CLPC seeds. (al-d1) in the presence of seeds 1, (a2-d2) in the presence of seeds 2, (a3-d3) in the
presence of seeds 3, (a4-d4) in the absence of seed, (al-a4) Lysozyme, (b1-b4) proteinase K, (c1-c4)
thaumatin, (d1-d4) glucose isomerase.

3.2. Diffraction Pattern of Protein Crystals

3.2.1. Comparisons of the Diffraction Data

The quality of protein crystals, grown in the presence or absence of CLPC seeds, was assessed
using an X-ray diffractometer. To further identify the effect of CLPC seeds on the protein crystals, the
resolution and mosaicity parameters were extracted and chosen as the analysis objects. Four kinds of
protein (lysozyme, proteinase K, thaumatin, and glucose isomerase) crystals with the best appearance
and similar sizes were selected, and the sizes of the crystals were 100-200 um. All of the crystals were
used for diffraction. Three groups of 100 degrees of diffraction data of the crystals grown with and
without CLPC seeds from each crystallization condition were collected, and the best diffraction data
sets (including the resolution, space group, cell parameters, Rmerge and 1/Io) were compared. All of
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the crystals of a given protein used for diffraction were simultaneously grown under the same
environment with the same temperature, humidity, and air pressure.

Tables 2 and 3 lists is a summary of the diffraction quality data of the four proteins. It can be
observed, from an examination of the data presented in the two tables, that the diffraction quality
increased for all of the three proteins obtained using the CLPC seeds method, namely lysozyme (1.67
A, 1.67 A, 1.78 A vs. 1.87 A), proteinase K (1.71 A, 1.89 A, 1.76 A vs. 1.91 A), and thaumatin (2.10 A,
218 A, 1.96 A, vs. 2.24 A). In addition, the mosaicity of the crystals from the seeds showed an
improved trend compared to the control. In addition, we obtained the diffraction data of glucose
isomerase only when adding seeds 3, and the resolution and mosaicity reached up to 2.45 A and 0.74,
respectively. Meanwhile, diffraction data cannot be obtained when adding seeds 1, seeds 2 and
control. Thus, in all cases, it was observed that the quality of the protein crystals grown from the
seeds methods was better than that in the control.

Table 2. Optimal diffraction data of lysozyme and proteinase K crystals obtained from different

conditions.
Crystallographic Lysozyme Proteinase K
data Control Seedsl Seeds 2 Seeds 3 Control Se;ds Se(zeds Segds
Space group P45212 P43212 P43212 P43212 P45212 P45212 P45212 P43212
Cell dimensions
a(A) 76.75 76.75 78.75 76.65 68 68.14 67.94 68.04
b (A) 76.75 76.75 78.75 76.65 68 68.14 67.94 68.04
c(A) 38.45 37.15 37.13 37.55 101.83 101.09 101.65 101.93
a(°) 90.00 90.00 90.00 90.00 90.00 90.00 90.00 90.00
B 90.00 90.00 90.00 90.00 90.00 90.00 90.00 90.00
Y (©) 90.00 90.00 90.00 90.00 90.00 90.00 90.00 90.00
Resolution (A) 50-1.87 50-1.67 50-1.67 50-1.78 50-1.91 50-1.71  50-1.89 50-1.76
/ol 2553 (4.12) 4891 (4.96) 44.24 (2.88) 24.98 (2.19) (124_6695) (222_'2554) (127'6677) (;30'2)7
Mosaicity 0.71 0.34 0.33 0.5 0.44 0.38 0.42 0.34
Redundancy 33(2.1) 7.3 (6.1) 7.9 (5.6) 5.0(2.2) 59(3.2) 6.2(35) 6.4(34) 5.7 (3.4)
Completeness (%) 90.1(71.2)  99.6(99.1)  99.6 (98.1)  96.1(72.2)  98.6 (85.8) 994 94.9 99.4(92.2)
(92.6) (85.7)
. 30030 102123 109611 53896 112066 163657 119827 141447
No. reflections
(9041) (14047) (13960) (10792) (19009) (26610)  (18797)  (24371)

Table 3. Optimal diffraction data of thaumatin and glucose isomerase crystals obtained from different

conditions.
Crystallographic Thaumatin Glucose
Data Isomerase
Control Seeds 1 Seeds 2 Seeds 3 Seeds 3
Space group P43212 P21212 P45212 P4s212 P21212
Cell dimensions
a (A) 58.24 58.15 57.72 57.6 84.59
b (A) 58.24 58.15 57.72 57.6 92.57
C (10%) 150.38 150.33 149.75 150.01 98.95
a(°) 90.00 90.00 90.00 90.00 90.00
B 90.00 90.00 90.00 90.00 90.00
v (©) 90.00 90.00 90.00 90.00 90.00
Resolution (A) 50-2.24 50-2.10 50-2.18 50-1.96 50-2.45
I/o1 21.1 (3.24) 21.31 (2.01) 16.02 (2.11) 20.3 (2.1) 9.73 (2.08)
Mosaicity 0.65 0.66 0.56 0.49 0.74
Redundancy 5.4 (2.8) 5.1(2.5) 6.4 (3.6) 6.8 (3.7) 34 (2.2)
Completeness (%) 95 (79.6) 96.5 (70) 99.2 (88.8) 98.6 (87) 94 (77.5)
67058 77875 89329 127704 47421

. reflecti
No. reflections (12531) (15312) (13900) (18732) (13810)
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3.2.2. Comparisons of the Diffraction Data for the 5 Degree Range

(1) Average analysis

Collecting the full data set of one crystal using the home facility requires one or two days,
meaning that the completion of all of the comparison experiments in the work takes a very long time.
The environmental factors (temperature, humidity, pressure, etc.) are not identical over such a long
time period, which may introduce errors in the experiments. To minimize the errors, the range of the
diffraction shots was reduced to 5 degrees. Ten crystals grown in the presence and absence of three
CLPC seeds with equivalent shape and size were chosen, and the size of crystals were 100-200 pm.
A statistical analysis of all diffraction data of the three proteins with the 5-degree range was
conducted, as shown in Figure 1. The resolution and mosaicity of the crystals were chosen as the
analysis objects. It can be observed from the figure 1 that the lysozyme crystals grown from the seeds
1, 2 and 3 had better resolutions than the control sample, and the crystals obtained from seeds 1 had
the largest increased range, followed by those of seeds 2 and seeds 3. For proteinase K and thaumatin,
the crystals obtained using the seeds 3 possessed the best quality. Therefore, the quality of protein
crystals obtained by adding three types of seeds is better than that of control samples.

@ Resolution

The resolution limits are the main indicator of crystal quality. Figure 2 shows a comparison
between the resolution obtained for the crystals of the three proteins with and without CLPC seeds.
As shown in the figure, the CLPC seeds improved the resolution of the crystals for all three proteins.
Seeds 1 of lysozyme demonstrated the best resolution limit, while the crystals obtained from the
control showed the worst resolution limit. The contents of the cross-linked lysozyme crystals in seeds
1, seeds 2, and seeds 3 were 100%, 50%, and 33.33%, respectively, indicating that the seeds with the
same protein resulted in the greatest increase in resolution of the target protein. The normalized
results for the resolution limit are shown in Figure 2b. An examination of Figure 2 shows that all of
the three CLPC seeds can improve the diffraction resolution of lysozyme crystals, and the lysozyme
crystals with the best quality were obtained when the seeds 1 was added, followed by seeds 3, seeds
2, and the control.

92 [ Control ZA Seed 1 11 .
[ Seed 2 XN Seed 3 r T )

=28 10f =
g 24 E 5 0.9 &
3 T 3 . &
? 20 E 3 os / \
i s ¢ % . §

16 0.7 N

Figure 2. One-way ANOVA analysis on the resolution limit, the error bars showing the standard error
of the mean. (a) A comparison of the resolution limits of the protein crystals obtained in the presence
and absence of CLPC seed; (b). The averaged normalized resolution limits in the presence and absence
of CLPC seed. (x+ represents saliency). In terms of the resolution limit of protein crystals, the results
showed that there were significant differences between the control group and other groups. (n=3, P
<0.05). Crystals with seeds showed better resolution limits.

® Mosaicity

Mosaicity is another measure of crystal quality. Figure 3 shows a resolution comparison of the
three protein crystals with and without CLPC seeds. Compared to the control, all of the three CLPC
seeds improved the mosaicity of the crystals. Here, seeds 1 exhibited greater improvement than the
other two seeds. The normalized results for mosaicity are shown in Figure 3b. Overall, the CLPC
seeds clearly demonstrated better mosaicities than the control.
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Figure 3. One-way ANOVA analysis on the mosaicity, with the error bars showing the standard error
of the mean. (a) A comparison of the mosaicities of the protein crystals obtained in the presence and
absence of CLPC seeds, (b). Averaged normalized mosaicities in the presence and absence of CLPC
seeds. (++ represents saliency). In terms of the mosaicity of the protein crystals, the results showed that

there were significant differences between the control group and other groups. (n = 3, P < 0.05).
Crystals with seeds showed a better mosaicity.

® B-factor

The B-factor, which depends on structural heterogeneity, provides a wide spectrum of
information on protein structure and dynamics. In different crystal structures of the same protein,
the average B-factor tends to increase if resolution decreases [35,36]. The comparison in Figure 4
shows that the B-factor of the crystals obtained by the seeds method is always lower than that of the
control. A one-way ANOVA test was also conducted to analyze the B-factor, as shown in Figure 4b.
The three CLPC seeds all demonstrated a decreasement in the B-factor compared to the control
sample.

351 control B Seed 1
(B Seed 2[5 Seed 3

5 | -
= g .
g 21t % 3 = 8
o 4,0 ] o m
14 % [*]
Lys PK Thau Control Seed1 Seed2 Seed3
(a) (b)

Figure 4. One-way ANOVA analysis on the B-factor, the error bars show the standard error of the
mean. (a) A comparison of the B-factors of protein crystals obtained in the presence and absence of
CLPC seeds, (b). Averaged normalized B-factor values in the presence and absence of CLPC seeds.
(++ represents saliency). In terms of the protein crystals, the results showed that there were significant

differences between the control group and other groups. (n =3, P <0.05). Crystals with seeds showed
a better B-factor values.

Based on the above comparisons, the protein crystals grown with CLPC seeds exhibited better
resolution, mosaicity and B-factor, indicating that adding CLPC seeds in the protein crystallization
process is beneficial for obtaining high-quality protein crystals.

(2) Discrete point analysis

In order to further study the difference in resolution and mosaicity between crystals with and
without seed crystals, we compared the diffraction resolution and mosaicity of crystals in one image,
as shown in Figures 5-7, which represent the squares of the crystals of three proteins (lysozyme,
proteinase K and thaumatin) in the seed group. The closer the crystal resolution and tessellation
points are to the origin of coordinates, the better the crystal quality is. The seed group is close to the
coordinate origin, while the triangle representing the control group is far from the coordinate origin.
In addition, the square distribution representing the seed group is compact, while the triangular
distribution representing the control group is more dispersed, which indicates that it is more likely
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to obtain crystals with better resolution and mosaicity after adding seeds, and that the quality of
protein crystals grown in the seeds group is better than that in the control group.

3'0{ 4 Control 3.0
— = Seed1 -
fr:/2.7 0:52.7
c 24 A a c 24
o o
- a e
=221 a =221
[e] . a [}
a a

318, .xt 3 18
4 [. vy " o

1.5 " " " . 1.5

0.4 0.8 1..2. 16 2.0
Mosaicity (°)
(a)
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3.0

4 Control 4 Control
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Figure 5. Combination of the resolution limit and mosaicity data for the lysozyme crystals in the same
Figure. (a) in the presence of seeds 1, (b) in the presence of seeds 2, (c) in the presence of seeds 3.
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Figure 6. Combination of the resolution limit and mosaicity for the proteinase K crystals in the same
Figure. (a) in the presence of seeds 1, (b) in the presence of seeds 2, (c) in the presence of seeds 3.
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Figure 7. Combination of the resolution limit and mosaicity data for the thaumatin crystals in the

same Figure. (a) in the presence of seeds 1, (b) in the presence of seeds 2, (c) in the presence of seeds
3.

(3) Trend chart analysis

The resolution of lysozyme was divided into different intervals from 1.5 to 2.5, with intervals of
0.2, and the number of protein crystals in each interval was counted. The results are shown in Figure
8. The peak resolution of lysozyme crystal was 1.5-1.7 A, 1.7-1.9 A, and 1.7-1.9 A, respectively, when
cross-linked seed crystals were added, while the peak resolution of lysozyme crystals was 1.9 A-2.1
A when seed crystals were not added, indicating that the diffraction resolution value of the crystal
added with seed crystals was smaller, and the diffraction quality was better. For mosaicity, the peak
value of lysozyme crystal was 0.6-0.9°, while the peak value of the control group was 0.9-1.2°, that is
to say, adding seed crystals can improve the mosaicity of crystals, and the distribution of B-factor
had the same trend. In addition, the resolution, mosaicity and B-factor of proteinase K (Figure 9) and
sweet protein (Figure 10) were analyzed by the same statistical method. The results also showed that

the resolution, mosaicity and B-factor of protein crystals obtained by seed crystal technology were
better than those of the control group.
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Figure 8. Comparison of the number of lysozyme crystals calculated by increases of (a) 0.2 A in
resolution range, (b) 0.3° in mosaicity range, and (c) 3 A? in B-factor range.
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Figure 9. Comparisons of the number of proteinase K crystals calculated by increases of (a) 0.2 A in
resolution range, (b) 0.3° in mosaicity range, and (c) 3 A2 in B-factor range.
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Figure 10. Comparison of the number of thaumatin crystals calculated by increases of (a) 0.3 A in
resolution range, (b) 0.3° in mosaicity range, and (c) 5 A? in B-factor range.

4. Discussion

The results described above provided strong evidence that the crystals grown in the seeds
method exhibited not only crystal appearance, but also better resolution limits, mosaicity, and B-
factor than those of the crystals grown in the control, this showing that using CLPCs as the seeds for
protein crystallization can improve the crystals” quality, especially in the X-ray diffraction parameter.

The mechanism of the improvement can be attributed to the characteristics of cross-linked
protein crystals. Unlike most nucleants, CLPCs exhibit an ordered and porous structure. The porous
structure can provide sites with nanopores which are suitable for capturing protein molecules, while
the ordered structure can provide lattice points for protein molecules to pack into the crystal and
grow directly. At the same time, crosslinked crystals can also act like normal nucleants, providing an
interface for nucleation or growth, so as to reduce the energy barrier for nucleation.

The improvement in protein crystal quality is also related to the characteristics of CLPCs: firstly,
the crystal of the same protein type as that of the CLPCs will have good lattice matching so that the
internal stress can be effectively reduced, resulting in better crystal quality. In addition, the porous
structure will enable the CLPCs to capture impurities, thus reducing the amount of impurities
incorporated into the crystal, so as to improve the crystal quality. Furthermore, as a nucleant, CLPCs
will have the capability to realize crystallization at low supersaturation level, which is also conducive
to the improvement of crystal quality.
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It is worth emphasizing again that CLPCs, as crystallization seeds, have obvious advantages in
that they are highly stable, not only in the air, but also in solution. These merits make CLPCs readily
available at any time and in any solution conditions. Compared with normal protein crystals which
are kept in the mother liquid they are grown from, CLPCs can be independently placed outside the
solution. Therefore, CLPCs can be used for commercial purposes. For example, their used can be
explored for one type of optimization crystallization kit in a crystallization screen. So long as these
CLPCs could adhere to the crystallization plate firmly, the commercial crystallization plate is likely
to be constructed. Furthermore, normal protein crystal seeds added to the crystallization solution
may be at risk of dissolution, if the solution is undersaturated. However, in the case of CLPCs, one
need not worry about this risk. When using CLPCs, one can add them into the solution directly when
the concentration is undersaturated, so as to provide more opportunities for crystallization to occur
because the solution can experience a wide concentration range from low to high via vapor diffusion.

5. Conclusions

In this article we report a systematic study on the effect of CLPCs on the quality of protein
crystals. Our results showed that the CLPCs could effectively improve the quality of protein crystals
by X-ray diffraction. Due to the high stability, and the ordered and porous structure preserved in the
protein seed crystals, the success rate of protein crystallization can be significantly increased, and the
quality of protein crystals can be improved simultaneously, which is normally challenging in protein
crystallization. Judging from the positive effects and the benefits that CLPCs can provide, we suggest
that CLPCs be applicable as routine tools in protein crystallization screening and optimization.
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