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Effect of leucine-to-methionine substitutions on the
diffraction quality of histone chaperone SET/TAF-14/
INHAT crystals

One of the most frequent problems in crystallization is poor quality of the
crystals. In order to overcome this obstacle several methods have been utilized,
including amino-acid substitutions of the target protein. Here, an example is
presented of crystal-quality improvement by leucine-to-methionine substitu-
tions. A variant protein with three amino-acid substitutions enabled improve-
ment of the crystal quality of the histone chaperone SET/TAF-IS/INHAT when
combined with optimization of the cryoconditions. This procedure improved the
resolution of the SET/TAF-IB/INHAT crystals from around 5.5 to 2.3 A without
changing the crystallization conditions.

1. Introduction

To improve crystal quality for structure determination, variant
proteins with amino-acid substitution(s) and/or deletion(s) of some
residues have been utilized (Lawson et al., 1991; McElroy et al., 1992;
Jenkins et al., 1995; Longenecker et al., 2001; Mateja et al., 2002; Zhou
et al, 2003; Derewenda & Vekilov, 2006; Cooper et al., 2007).
Perturbations of the conformation and/or the stability of the variant
proteins seem to affect the crystal quality. Crystallization of the target
protein from different species, another well known ‘trick’ for
improving protein crystals, can be regarded as a method that uses
naturally occurring mutations.

The variant proteins that are useful for crystallization can be
divided into two types. The first type involves the truncation of an
unstructured or mobile region of the protein, such as an acidic tail, in
order to change or improve the crystal packing (Chait, 1994). This
method is one of the standard strategies in protein crystallography.
The second type involves amino-acid substitution of the protein.
When the crystal structure of the target protein is already known,
inter-protein interactions in the crystal can be optimized through
amino-acid substitution (McElroy et al., 1992; Mateja et al., 2002). The
crystallization of proteins for which the structure is unknown can also
be improved by amino-acid substitution (Zhou et al., 2003).

Other examples have shown that amino-acid substitution can
enable the crystallization of a protein for which the wild type could
not be crystallized (Lawson et al, 1991; Longenecker et al., 2001;
Schlatter et al., 2005). The surface-entropy reduction method, which
is the most intensively studied method involving amino-acid substi-
tution in crystallization, has succeeded in crystallizing difficult
proteins (Derewenda & Vekilov, 2006; Cooper et al., 2007). It is of
note that most known examples targeted exposed residues, with the
expectation of changing the epitopes of inter-protein contacts and/or
reducing the entropic effect.

The effect of amino-acid substitution(s) of buried hydrophobic
residues on crystal quality, however, has not been well studied. In the
present study, we planned to use the amino-acid substitution of
leucine/isoleucine to methionine. The effects of this replacement on
protein structure have been intensively studied using T4 lysozyme
and hen egg-white lysozyme, showing that this replacement is un-
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Table 1
Comparison of crystal quality.

Means and standard deviations are given when multiple data sets were collected.

Variant/soaking solutionf Soaking temperature (K) Mosaicity
Wild type/30% trehalose (1) 277 0.31
A/30% trehalose (4) 293 0.28 £ 0.07
B/30% trehalose (1) 293 0.47
E/30% trehalose (5) 293 0.28 £ 0.09
DEF/30% trehalose (8) 293 0.28 £ 0.16
DEFI30% trehalose (7) 277 0.20 £ 0.03
BEG/30% trehalose (3) 293 0.48 £+ 0.16
CEF/30% trehalose (1) 293 0.48
DEFI/30% glucose (1) 277 0.40

DEF (without soaking) (1) — 0.81
DEF/trehalose (1) (cocrystal) — 0.32

Resolutioni (A) Overall B§ (Az) ABY| (AZ) Space group
39 61.8 1354 2
38 +04 825+ 6.9 94.3 £ 26 2
325 98.0 91.2 2
31403 724 +10.7 78.4 £ 32 2
29402 541+7.6 52.6 £ 13 P2,
2.7 +0.1 414 £74 39.7 £ 6.8 P2,
37+£04 89.8 £18.9 724 £ 11 2
5.7 745 117.8 2
34 70.0 87.3 2
42 723 130.4 2
3.0 542 71.7 2

+ Numbers in parentheses show the number of data sets used in preparing the table. % The resolution limit was determined with Ry,,eq.r value (Diederichs & Karplus, 1997) less than
0.25. § Overall B factors were calculated using the XDS program package. 9 AB represents the largest differences among the three ‘B factors’ calculated for the three principal

directions of the data set using the diffraction anisotropy server (Strong et al., 2006).

likely to destroy the protein structure (Gassner et al., 1996; Ohmura et
al., 2001). Therefore, this replacement seems to have potential for use
in crystallization experiments.

Here, we present an example of crystal-quality improvement for
the histone chaperone SET/TAF-IS/INHAT (hereafter referred to as
TAF-1B) through leucine-to-methionine substitutions. Crystals of
TAF-18, which originally diffracted X-rays to 5.5 A resolution, were
substantially improved by a combination of leucine-to-methionine
substitutions and optimization of the cryoconditions, resulting in
crystal structure determination of TAF-18 to 2.3 A resolution by the
multiwavelength anomalous diffraction (MAD) method (Muto et al.,
2007).

2. Materials and methods

2.1. Preparation, purification and crystallization of TAF-1AC
variants

TAF-1BAC is composed of residues 1-255 of TAF-IS. The mutant
genes for the TAF-IBAC variants were generated by site-directed
PCR mutagenesis. The His-tagged TAF-IBAC variants were over-
expressed and purified as described previously (Muto et al., 2004).
The wild type and the DEF variant were shown to be fully active. No
biochemical assays were performed for the other variants. Crystal-
lizations of the TAF-IBAC variants were performed by the sitting-
drop vapour-diffusion method with a minor modification of the
reported conditions (Muto et al, 2004). TAF-IBAC variants
concentrated to 35-80 mg ml~"' (Supplementary Table 1') were used
for crystallization by the sitting-drop vapour-diffusion method. The
reservoir solution consisted of 2.40-2.85 M ammonium sulfate,
0.10 M sodium citrate pH 5.35-5.50, 0.20 M potassium sodium
tartrate and 30 mM magnesium chloride. Since the TAF-ISAC crys-
tals typically grew in thin plate shapes, the concentration of ammo-
nium sulfate in the reservoir solution was optimized in the range
2.40-2.85 M in increments of 0.050 M to obtain large and thick
crystals. For the cocrystallization of the DEF variant of TAF-IBAC
with trehalose (see below), reservoir solution containing 7.5% (w/v)
trehalose was utilized. The concentration of ammonium sulfate was
optimized in the range 2.75-2.85 M in increments of 0.050 M. It is of
note that the pH value was also optimized for some variants from 5.35
to 5.50 in increments of 0.05 (Supplementary Table 1").

! Supplementary material has been deposited in the IUCr electronic archive
(Reference: GJ5046).

Drops were prepared by mixing 3.0 pul protein solution with an
equal volume of reservoir solution and were equilibrated against a
500 pl volume of reservoir solution at 293 K in an incubator. The
crystals typically grew in a week. The crystals used for X-ray data
collection were selected from the largest and thickest obtained. The
crystals of the various mutants grew within a narrow range of
conditions: 35-80 mgml™' protein concentration, 2.40-2.85 M
ammonium sulfate pH 5.35-5.50 (Supplementary Table 1'). For each
variant, differences in crystallization conditions did not seem to affect
crystal quality.

2.2. Crystal soaking and cryoprotection

Screening of cryoprotectant reagents was performed using glucose,
glycerol and trehalose. A wild-type crystal was soaked at room
temperature in artificial mother liquor (2.75 M ammonium sulfate,
0.10 M sodium citrate pH 5.4, 0.20 M potassium/sodium tartrate,
30 mM magnesium chloride) containing 30% (w/v) glucose, 30% (v/v)
glycerol or 30% (v/v) trehalose for 30-60 s, mounted on a cryoloop
(Hampton Research) and flash-cooled in an N, flow at 100 K.
Inspection of the crystals was performed using an R-AXIS IV*™
imaging-plate system (Rigaku) mounted on a rotating-anode X-ray
generator (FR-D, Rigaku) operated at 50 kV and 60 mA. Crystal
quality was assessed using a few frames of the diffraction pattern. The
effect of crystal annealing (see below) was also tested. Cryoprotec-
tion with trehalose gave the best results when combined with crystal
annealing (see §3.1).

For data collection, two types of post-crystallization treatments
with cryoprotectant were performed in the present study: crystal
soaking and cryoprotection. The soaking experiment was performed
as follows. Artificial mother liquor containing 30%(w/v) trehalose
was added to the sitting drop at a 1:1 volume ratio and stored in an
incubator. Therefore, the final concentration of trehalose was
15%(w/v) in the soaking experiment. In optimizing the soaking
conditions, the soaking temperature (277 and 293 K) and soaking
time (from 3 min to one week) were adjusted (see below).

Cryoprotection was performed using artificial mother liquor
containing 30% (w/v) trehalose (the cryoprotectant solution). The
crystals were cryoprotected using the same method for data collec-
tion at 95 K, with the exception of the DEF-05 crystal (Supplemen-
tary Table 2"). In most cases, cryoprotection was performed after the
soaking experiment. The crystal was transferred from a droplet in the
sitting-drop setting to the cryoprotectant solution and kept there for
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30-60s. The cryoprotected crystal was mounted on a cryoloop
(Hampton Research) and then flash-cooled in an N, flow at 95 K.

In some cases, crystal annealing was performed after flash-cooling
as follows. The cryocooled crystal was removed from the cold N, gas
stream, placed in the cryoprotectant solution for 1 min and then
recooled in the N,-gas stream.

2.3. Data collection

All diffraction data were collected using an ADSC Quantum CCD
detector on beamlines BL-5A, BL-6A, BL-18B and NW12A of the
Photon Factory, KEK (Tsukuba, Japan) and a MAR CCD detector
on beamline BL41XU of SPring-8 (Harima, Japan), except for the
WT-01 data (Supplementary Table 2). Most data were collected at
95 K (Supplementary Table 2). Only the wild-type and variant DEF
crystals were probed at room temperature. All diffraction data were
processed and scaled using the programs XDS and XSCALE
(Kabsch, 1993), with the exception of the WT-01 data (Supplemen-
tary Table 2). The WT-01 data were processed and scaled using
d*TREK (Pflugrath, 1999). When preparing the tables, the resolution
limit was determined as an Ry, value (Diederichs & Karplus,
1997) less than approximately 0.25 (Table 1, Supplementary Table 2).
This criterion will be used in the discussion of the present study. It is
of note that higher resolution diffraction data, which show Ry eq.r
values greater than 0.25, were used for the structure determination
and crystallographic refinement (Muto et al., 2007). The anisotropy of
the diffraction data was analyzed using the diffraction anisotropy
server (http://www.doe-mbi.ucla.edu/~sawaya/anisoscale/; Strong et
al., 2006).

3. Results
3.1. Quality of the initially obtained TAF-1f crystal

Since the C-terminal acidic region of TAF-18 (residues 226-277) is
likely to be an unstructured region, residues 226-277 of TAF-18 were
truncated (Muto et al., 2007). The initially obtained crystal of TAF-
IBAC diffracted X-rays to no more than 5.5 A resolution and
decayed rapidly at room temperature. Diffraction data collected at
95 K without cryoprotection were also poor (Supplementary Fig. 1a).
Cryoprotectant screening was therefore performed.

In the screening, trehalose, glucose and glycerol were examined as
cryoprotectants (see §2.2). Crystals that were cryoprotected with
glucose and glycerol solutions only diffracted X-rays to approxi-
mately 7 A resolution. The best diffraction pattern was obtained from
a crystal that had been annealed after cryoprotection with trehalose;
the crystal diffracted X-rays to approximately 4 A resolution.
Furthermore, soaking the crystal in trehalose solution [final concen-
tration of 15%(w/v)] at 277 K for 20 h before cryoprotection and
crystal annealing lead to a moderate improvement in diffraction
quality, resulting in data collection at 3.9 A resolution using
synchrotron radiation (Table 1, Supplementary Fig. 1o and Supple-
mentary Table 2). However, there were numerous streaky spots in the
diffraction pattern. In addition, the diffraction patterns showed a
highly anisotropic character (see the AB column of Table 1).
Although the crystal diffracted X-rays to approximately 3.5 A reso-
lution around the c* axis, diffraction spots around the a* axis
exhibited only 6 A resolution. The severe anisotropy of the crystal
suggested that the TAF-IBAC molecules were disordered in the
crystal lattice. The preliminary analysis with cryoprotectants
suggested that improvement of crystal quality using only cryocondi-
tion optimization would be difficult. Thus, we tried to utilize variant
proteins to substantially improve the crystal quality of TAF-ISAC.

3.2. Strategy for amino-acid substitutions for crystal-quality
improvement

The amino-acid residues to be substituted were selected to meet
the following requirements. Firstly, since we wanted to avoid a time-
consuming process to find new crystallization conditions for each
variant protein, we used an amino-acid substitution that was unlikely
to change the crystallization conditions. Since the substitution of
surface amino-acid residues of the target protein can change the
original crystal form by changes in the epitope(s) for inter-protein
contacts in the crystal (Mateja et al., 2002; Longenecker et al., 2001;
McElroy et al., 1992), we decided to substitute buried hydrophobic
residues.

Secondly, the effect of the amino-acid substitution needed to be
small in order to avoid a global structural change, which would
presumably cause loss of function of the protein. Since the amino-
acid replacements that frequently occur in evolution are unlikely to
destroy the protein structure, the replacement pairs should be Leu—
Ile, Leu-Met, Ile-Met, Val-Met, Val-lle and so on (Schulz &
Schirmer, 1978). It should be noted that the relatively small effects of
these substitutions seem to allow the accumulation of the effects of
several amino-acid substitutions. The concept of the physical
perturbation method (Kidokoro, 1998) suggests that the effects of the
amino-acid substitutions are additive when the effect of each
substitution is small.

3.3. Crystal-quality improvement with a variant protein and
post-crystallization treatment

Since there are only two methionines in TAF-IBAC, at the N- and
C-termini, the replacement of Leu with Met was chosen in the present
study in order to utilize the introduced Met residues for MAD
phasing. The effects of the amino-acid substitution of Leu/Ile to Met
on protein structure have been intensively studied using T4 lysozyme
and hen egg-white lysozyme (Gassner et al., 1996; Ohmura et al.,
2001) and suggest that proteins are tolerant to this substitution.
Therefore, the replacement of Leu with Met seemed to be suitable for
the present purpose.
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Figure 1

Improvement of the TAF-IBAC crystal by amino-acid substitution(s) and cryo-
handling. Rpeq.r values of the best data from each variant are plotted against
resolution [(1/d)*]. DEF-a and DEF-b represent data from the crystals of variant
DEF with and without optimization of the soaking conditions, respectively. These
values were calculated using TRUNCATE in the CCP4 program suite
(Collaborative Computational Project, Number 4, 1994).
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Initially, three TAF-IBAC variants with single amino-acid substi-
tutions, variants A (Leu45Met), B (LeuS4Met) and E (Leuld45Met),
were prepared and crystallized. The three Leu residues that were
replaced with methionine were randomly selected from the 15 Leu
residues in TAF-IBAC. The diffraction data of the three variants
were collected at 95 K with cryoprotection and crystal annealing
(Table 1). However, the variant proteins only showed marginal
improvement in diffraction quality compared with the wild type.
Crystal soaking in the trehalose solution before cryoprotection was
then tried because soaking in polyol solutions had been observed to
sometimes improve the diffraction quality of crystals (Sousa, 1995).
Artificial mother liquor containing 30% (w/v) trehalose was added to
a sitting drop at a 1:1 volume ratio and the sitting drop was stored
overnight at 293 K. The final concentration of trehalose was therefore
15%(w/v) in the soaking solution. After the soaking, the crystal was
cryoprotected and flash-cooled. Of the three variant crystals, the
diffraction data from variant E crystals showed the best improvement
in isotropy and resolution (Table 1, Fig. 1 and Supplementary Fig. 1¢).
The best crystal of variant E diffracted X-rays to 2.75 A resolution
around the ¢* axis. However, many diffraction spots still exhibited
streaky shapes and the Wilson plot showed a high overall B factor
(66.4 Az). In addition, the diffraction data still showed severe
anisotropy (see the AB column of Table 1).

Since none of the five MAD data sets from variant E crystals were
able to provide proper phases for structure determination, another
three TAF-IBAC variants with triple amino-acid substitutions, each

Trp213 $ Val112

.

Glus7

(a)
THL-A

{
\

\J Site F Earmuff domain

©
Figure 2
Trehalose-binding geometry and sites of amino-acid substitutions. (a, b) The
hydrogen-bond network around the bound trehalose at (a) binding site A (THL-A)
and (b) binding site B (THL-B). Simulated-annealing OMIT maps for the bound
trehaloses are also shown. The maps are contoured at the 3.50 level. (¢) The
positions of bound trehalose at binding sites A and B (red) and of the introduced
methionine residues, sites D, E and F (blue), are shown in the dimeric TAF-IBAC
molecule.

Table 2
Unit-cell parameters of the TAF-IBAC crystals.

Means and standard deviations are given when multiple data were collected.

Space
Variant/soaking solutiont a (A) b (A) ¢ (A) B () group
Wild/30% trehalose (1) 1333 62.6 61.6 91.2 2
A/l30% trehalose (4) 1252 £23 61.7+£06 61.0£0.1 91.3+£01 C2
B/30% trehalose (1) 129.9 63.0 61.5 92.4 2

1237 £24 632+£02 61.0£01 905+£05 C2
61.0£02 643 £02 1240 £08 90.8 £02 P2,
61.0 £0.1 64.0£0.1 1235 £0.7 903 £0.7 P2,

1237 £1.7 61.7+0.7 614£00 921401 C2

E/30% trehalose (5)

DEF}/30% trehalose (8)
DEF$§/30% trehalose (7)
BEG/30% trehalose (3)

CEF/30% trehalose (1) 122.8 63.6 60.9 89.1 C2
DEF/30% glucose (1) 128.7 60.7 61.6 93.1 C2
DEF (without soaking) (1) 134.8 60.2 61.5 94.9 2
DEF/trehalose (1) (cocrystal) 117.2 63.6 61.2 90.2 2

DEFY/30% trehalose (3) 1404 £38 651 +02 61.6+01 938+ 08 C2

+ Numbers in parentheses show the number of crystals used in preparing the
table. f Crystals soaked in the trehalose solution at 293 K. § Crystals soaked in
the trehalose solution at 277 K. ¢ No complete data sets were collected owing to decay
of the crystals on X-ray irradiation. Diffraction data were collected at room
temperature.

of which included the amino-acid substitution at site E, were
prepared (Supplementary Fig. 2). Of the three TAF-IBAC variants
[variants DEF (LeulO4Met, Leul45Met, Leul66Met), BEG
(Leu54Met, Leul45Met, Leu204Met) and CEF (Leu74Met,
Leuld45Met, Leul66Met)], the crystals of variant DEF showed a
significant reduction in diffraction anisotropy with the same over-
night soaking and cryoprotection as used for the variant E crystals,
while the BEG and CEF variant crystals showed no improvement of
their anisotropic character (Table 1, Fig. 1 and Supplementary Fig. 3).
In addition, the number of streaky spots was significantly reduced in
the diffraction pattern of the variant DEF crystal when compared
with that of the variant E crystals. It is of note that the space group of
the variant DEF crystals changed from C2 to P2, when the crystal was
flash-cooled after soaking in the trehalose solution (Table 1).
However, the space group of the variant DEF crystals did not change
at room temperature (without flash-cooling) even after soaking in the
trehalose solution (Table 2), suggesting that the space-group change
occurred during flash-cooling. The space group of the crystals soaked
in the glucose solution did not change upon flash-cooling and the
resolution did not improve (Tables 1 and 2). Therefore, trehalose
seems to play a specific role in improving the crystal quality of TAF-
IBAC. In fact, it was found that two trehalose molecules bind to one
TAF-IBAC dimer in the crystal (Fig. 2).

Despite the improvement in the crystal quality, crystals of variant
DEF that were soaked overnight with trehalose at 293 K still showed
slight anisotropy (see the AB column of Table 1). Optimization of the
soaking conditions was therefore performed through adjustment of
the soaking time and temperature. The anisotropic character of the
diffraction data was improved when the crystals of variant D EF were
soaked in the trehalose solution at 277 K for 6 h before cryoprotec-
tion and flash-cooling (Table 1, Supplementary Fig. 2). Crystal
annealing did not improve the crystal quality in this case. It should be
noted that cocrystallization with trehalose [variant DEF(cocrystal)]
did not lead to the substantial crystal-quality improvement that was
observed in the variant DEF crystals soaked in the trehalose solution
[variant DEF(soaking)], even though the TAF-ISAC molecules in
the crystal of variant DEF(cocrystal) bind trehalose at the same
positions as the crystal of variant DEF(soaking) (Supplementary
Fig. 4).

The diffraction data for MAD phasing were collected using the
crystal of variant DEF(soaking) and allowed crystal structure deter-
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mination by the MAD method at 2.3 A resolution (Muto et al., 2007).
Higher resolution diffraction data with Ry,eq.r values larger than 0.25
were incorporated in the MAD phasing and crystallographic refine-
ment. The R,,,q.r values of the diffraction data used in the crystallo-
graphic refinement were 0.118 and 0.359 for all reflections (15.0—
2.30 A) and the outer shell reflections (2.42-2.30 A), respectively.

3.4. Analysis of the effects of trehalose and amino-acid substitutions

The crystal structure obtained revealed the positions of the
substituted amino acids and bound trehalose in the TAF-18 structure.
Trehalose molecules were located between the backbone helix and
the earmuff domain of each subunit of the dimeric TAF-18 molecule.
Each trehalose molecule forms nine hydrogen bonds to the protein
molecule (Figs. 2a and 2b). Amino-acid substitution sites D
(Leul04Met), E (Leul45Met) and F (Leul66Met) are located in the
earmuff domain of TAF-IBAC (Muto et al., 2007; Fig. 2c). There are
no interactions between these introduced Met residues. The intro-
duced Met residues at sites D and F are mostly buried in the mole-
cule. On the other hand, the Met residue at site E is located in the
loop region and is exposed to solvent. However, the Met residue of
site E was confirmed not to be involved in intermolecular interactions
or a hydrogen-bond network. No interactions were found between
bound trehalose and these introduced Met residues.

4. Discussion

In the present study, the crystal quality of TAF-IBAC was signifi-
cantly improved by amino-acid substitutions and optimization of the
soaking conditions. Since it is impossible to screen all protein variants
and all conditions for soaking, a strategy to find crystals suitable for
structure determination is important. In the present study, the
appropriate variant proteins were initially screened without intensive
optimization of the crystallization and soaking conditions. After
obtaining a variant protein crystal that showed reasonable
diffraction-quality improvement, intensive optimization of the
soaking conditions was performed (Supplementary Fig. 2). The
optimization of the crystallization conditions of variant DEF
(cocrystal) was therefore not performed in the present study.
Another type of strategy can of course be considered: it would be
possible to intensively optimize the crystallization conditions of each
variant protein. However, we did not utilize this strategy because the
optimization of the crystallization conditions for each variant would
be a time-consuming process. Therefore, the optimization of the
crystallization conditions in the present study was limited.

Another important point in the present study involves the criteria
used to assess the crystal quality. In order to select appropriate
diffraction data for structure determination, the resolution—Ryeq-r
(or Rperge) value plot (Diederichs & Karplus, 1997) and visual
inspection of diffraction patterns were frequently utilized because
these data can be obtained in the typical data-processing procedure
and their analysis is relatively easy. In the present study, we used the
following methods. Firstly, the quality of the diffraction was assessed
by visual inspection of the diffraction spots (Supplementary Figs. 1
and 3). After data processing and scaling, the data sets were
compared with regard to the anisotropy of the diffraction data and
the overall B factors (Table 1), as well as the resolution—Ry,q.r plot
of the crystal (Fig. 1). Assessment of the anisotropy is important in
the present study because the significant anisotropy of the diffraction
data hampered crystal structure determination. The reflection
mosaicity is another well known indicator of macromolecular crystal
perfection and detailed analyses of the reflection mosaicity have been

reported to evaluate crystal quality (Bellamy et al., 2000; Borgstahl et
al.,2001). However, a precise evaluation of the mosaicity could not be
preformed in the present study because a specific experiment and
calculation are required (Bellamy et al., 2000). The mosaicity shown in
Table 1 was provided as a result of analysis of the reflection data using
the program XDS and was not utilized to assess the diffraction
quality.

By utilizing the strategy and criteria described above, we could
significantly improve the crystal quality of TAF-IBAC. Firstly, we
chose trehalose as the best reagent for cryoprotection (see §3.1).
Amino-acid substitutions and soaking conditions were then exam-
ined. As a result, the best diffraction data set (in the present study),
which was used in the crystallographic refinement at 2.3 A resolution,
was obtained from a crystal of variant D EF. The crystal was soaked in
the trehalose solution at 277 K for 6 h before cryoprotection and
flash-cooling (Table 1, Supplementary Fig. 2). Although soaking with
glucose was also tested, the crystal quality was not significantly
improved (Table 1). In addition, soaking in glycerol solution was
unlikely to improve the crystal quality because crystals gradually
dissolved in artificial mother liquor containing 30%(v/v) glycerol. It
should be noted that cryoprotection with trehalose was essential for
the collection of high-quality diffraction data; ice rings frequently
appeared without cryoprotection.

Next, the mechanism of the crystal-quality improvement is
discussed on the basis of the crystal structure of TAF-IBAC. Since
none of the introduced methionine residues were involved in inter-
molecular interactions in the crystal or the hydrogen-bond network
(Fig. 2¢), small structural and dynamical perturbations of the TAF-
IBAC variant structure caused by amino-acid substitutions seem to
affect the crystal quality. However, the critical event for crystal-
quality improvement seemed to be the space-group transition from
C2 to P2, of the variant DEF crystals soaked in the trehalose solution
(Table 1, Supplementary Fig. 5). Small shifts of the molecules, typi-
cally about 4-5 A, during flash-cooling are likely to improve the
crystal packing of the variant D EF crystals. This type of space-group
change has also been reported previously, in which crystals soaked in
glycerol solution showed a space-group transition upon flash-cooling
(Skrzypczak-Jankun et al., 1996). In the present study, the trehalose
functions not only as a cryoprotectant but also as a stabilizing agent
for TAF-IBAC. The intensive hydrogen bonds around the bound
trehaloses (Figs. 2a and 2b) connect the backbone helix and earmuff
domain and seem to stabilize the orientation of the earmuff domain,
leading to a reduction of the dynamic disorder of TAF-IBAC in the
crystal. This stabilization in the crystal seems to facilitate the re-
orientation of TAF-IBAC molecules in the crystal upon flash-cooling.
The other cryoprotectants tested in the present study, glycerol and
glucose, were unlikely to bind to the same site with intensive
hydrogen bonds. These reagents did not seem to stabilize the orien-
tation of the earmuff domain. Indeed, glucose and glycerol showed no
significant cryoprotectant effect.

Since the cocrystallization of variant D EF with trehalose resulted
in almost identical trehalose binding to TAF-IBAC (Supplementary
Fig. 4), the TAF-IBAC in the cocrystallized crystals also seemed to be
stabilized. However, crystallization with the stabilized TAF-IBAC
(Sousa, 1995) seemed to lead to a significantly smaller unit-cell
parameter (a axis) in the cocrystallized crystal (Table 2); the stabi-
lized orientation of the earmuff domain may affect the formation of
the crystal lattice. The crystal obtained by cocrystallization did not
show the crystal lattice transition during flash-cooling (Table 1),
probably because its small unit cell inhibits molecular re-orientation
in the crystal. As a result, the cocrystallized crystal showed only
limited crystal-quality improvement.
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Binding of trehalose seems to be effective for crystal-quality
improvement of TAF-IBAC when it occurs in the crystal lattice (or
occurs after crystallization). Treatments of crystals (or proteins)
should be applied in a specific order, because one treatment of the
crystal (or protein) seems to affect the results of subsequent treat-
ments. Further systematic study of the amino-acid substitutions of
hydrophobic residues in combination with cryocondition optimiza-
tion should offer a new strategy for crystal engineering.
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