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Crystals of a thymidylate synthase mutant
offer insights into crystal packing and
plasticity of protein—protein contacts
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Some crystal forms of thymidylate synthase from L.
casei exhibit unit cell transformation upon irradiation
by X-rays. These forms, all of which occur in the space
group P6,22, show an elongation in the ¢ cell dimension
and in some cases stabilize to a constant cell dimension
upon prolonged exposure. We present here an analysis
of the possible causes of this transformation based on
the crystal structures for two forms of an R178F mutant
of this enzyme. We compare these structures to other
structures with intermediate cell parameters reported
in the literature. There are no large changes in the
dimeric structure of TS in these crystal forms. Although
there is a large change in the unit cell volume, the
molecular contacts in the crystal structures are nearly
invariant. The transformation appears to result from
concerted small changes in molecular structure and
intermolecular contacts. These observations corrobo-
rate the general impression that protein structures can
accommodate minor changes in sequence or packing
wherein the intra and intermolecular interactions are
not seriously altered.

ProTEINS carrying out similar functions in different
organisms usually have similar amino acid sequences
and three-dimensional structures. The three-dimensional
structure is extremely important for the function of the
protein. Therefore, when amino acid replacements occur
during the process of evolution, the corresponding protein
structure should not undergo drastic changes, particularly
50 in the regions important for protein function. Structural
studies have provided important clues as to how proteins
adapt to mutations. For example, the deletion of a bulky
side chain from the interior of a protein causes move-
ments of the side groups and the main chain so as to
compensate for the loss of stability arising due to the
cavity'.

L. casei TS is a homodimeric enzyme of molecular
weight 68 kDa, and 316 residues per subunit. It catalyses
the reductive methylation of deoxyuridine monophosphate
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with methylene tetrahydrofolate as the cofactor to produce
deoxythymidine monophosphate and dihydrofolate’. Crys-
tal structures have been determined for the enzyme in
the presence of phosphate and deoxyuridine monophos-
phate®*. This enzyme has been studied in our laboratory
as a model system to elucidate the mechanisms of
stability and folding in multimeric enzymes®. Mutants
of TS, in which the arginine (Arg) residues occurring
in the interface were replaced by other residues, were
produced with a view of elucidating the role of positively
charged Arg residues at the dimeric interface. One of
the mutants in which an Arg was replaced by a phenyl-
alanine (R178F mutant) was found to be 5°C more
stable than the wild type TS°.

The R178F mutant was crystallized in two different
forms. The structures of these forms were determined
by single crystal X-ray diffraction studies. It was also
observed that one of the forms usually transforms to
the other upon irradiation. It was found that the dimeric
structure of TS is nearly invariant in these crystal forms
and is similar to those observed in the other crystal
structures of wild-type and mutant TS.

One of the major problems of structure determination
by X-ray diffraction is that of radiation damage to
crystals during the course of data collection. Earlier
reports” have noted that protein crystals are particularly
sensitive, probably because the lattice contacts are rela-
tively weak and easily disrupted by radiolytic products
resulting from absorbed photons. It has been suggested
that at least two components contribute to the radiation

- damage. Primary damage is caused by energetic electrons

resulting from the photoelectric, Auger or Compton
effects. Secondary damage is caused by the resulting
radiolytic products. These propagate through the crystal
and cause further reactions and damage t0 the lattice
contacts. These secondary processes are believed to vary
greatly between different proteins and even between
different crystal forms of the same protein based on the
radiation sensitivity of different crystal forms. In addition
to direct radiolytic processes involving X-rays, protein
crystals may also be sensitive to small changes in
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temperature and relative humidity during the course of
data collection. The crystal structures of the R178F
mutant of TS presented here illustrate that the change
in unit cell volume that occurs when one form of the
mutant crystal transforms to the other is not accompanied
by large changes in molecular structure or contacts. It
appears to result from a large number of small, concerted
changes.

Materials and methods

Crystals of the R178F mutant of L. casei TS were
obtained using the hanging drop method. The reservoir
solution contained 50 mM potassium phosphate buffer
pH 5.8-6.2. A 6 pl drop containing 13-15 mM ammo-
nium sulphate in 50 mM potassium phosphate buffer pH
5.8-6.2 and 10 mg/ml protein in a hanging drop placed
on a presiliconized cover-slip was equilibrated with the
reservoir solution. Both forms of the crystals grew over
a period of three days to sizes of 0.6x0.3x0.2 mm.
The crystals belong to the hexagonal space group P6,22,
with a=b=79.18 A, c=244.80A or a=b=7930A4,
c=230.89 A. The crystals having c=230.89 A (form I)
almost invariably undergo transformation during the
course of data collection, whereas those of ¢=244.80
A (form II) do not. The asymmetric unit of the crystal
is compatible with one monomer (Matthew’s coefficient
2.66 A% per dalton and 2.82 A per dalton respectively,
assuming a molecular weight of 34 kDa per monomer).
Both the crystal forms have the same external morpho-
logy. The data were collected at 23 +=2°C on an MAR
image plate attached to a Rigaku RU-200 rotating anode
X-ray generator. The data were processed using the
Denzo and Scalepack® suite of programs. The molecular
orientation and posijtion in the two structures, which are
similar to those of wild type TS, were determined using
the Molecular Replacement program AMoRE’ and refined
using X-PLOR'". The electron density map of form I
was transformed to a grid system identical to that used
for form II such that the two-fold axis relating the
monomers in the two structures was superimposed.
The electron density maps were examined using the
program O (ref. 11).

Results

During the course of data collection, crystals of form
I undergo transformation in a manner depicted in
Figure 1. However, one of the eight crystals examined
did not undergo transformation. It was possible to collect
data to 3.1 A resolution covering 70% of all possible
reflections for the untransformed crystal. It was also
possible to collect data on transformed crystals as the
length of the unit cell edges remained constant within
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experimental errors after the transformation. Data col-
lection and refinement statistics of forms I and 11 are
shown in Tables 1 and 2 respectively. The agreement
between the data collected on form I crystals that did
riot transform and the data before and after transformation
for the crystal that underwent the transition between
¢=230A and 244 A is shown in Table 3. Minor vari-
ations in the pH or ionic strength might be the cause
of the occasional absence of radiation-induced cell trans-
formation of the crystals.

TS exists as a dimer in solution. The two-fold axis
relating the two monomers of the dimeric protein
coincides with the 2-fold crystal in both the crystal
forms I and II. The structure of the dimer is nearly
identical in the two forms. On application of the sym-
metry operators corresponding to the space group P6,22,
four dimers were found to be in contact with the native
dimer. The packing of the symmetry-related dimers in
form I is shown in Figure 2. Superimposed dimers of
forms I and II along with their symmetry-related dimers
are depicted in Figure 3. The orientation of the nearest
dimers (B, C, D, E) with respect to the reference dimer
(A) in forms I and II is clearly different. A comparison
of the number of the symmetry-related contacts at the
interface between neighbouring dimers of both forms is
shown in Figures 4 and 5. It is clear that the regions
involved in contact are the same in forms I and II.
Also the number of contacts are not very different. This
observation suggests that the inter-dimeric contacts are
similar (quasi-equivalent'?), despite significant change in
the orientation of the nearest dimer and crystal ¢ pa-
rameter. In the case of form I, however, two symme-
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Figure 1. Plot of the ¢ cell dimension as a function of exposure.

Each frame was taken at a crystal to film distance of 228 mm and
an exposure time of 1000 s.
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try-related aspartates at position 287 originating from
dimers related by 6, symmetry (B and D) make contact,
a feature absent in form II (Figures 3 and 4). The close
proximity of the aspartates of dimers (B) and (D)
suggests that they are probably stabilized by hydrogen
bond interactions (Figure 4), although the resolution of
the structures is not sufficient to establish the details
of this bonding pattern.

The following description of the crystal packing pro-
vides insights into the crystal structure transformation.
The crystal 6, axis runs from right to left of Figure 3.
Chains of closely associated dimers line up in a zig-zag

Table 1. Summary of crystal parameters and data statistics for
the two crystal forms

Form [ Form II

Cell parameters a=b=793A a=b=79.18A
¢=23089A  ¢=2#484

Total number of reflections 14424 32492
Average number of times each 2.43 4.05
intensity was estimated
Total number of unique reflections 6945 8024
Number of unique reflections in © 3924 4112
the resolution range 10-3.0 A with
I/o(D)>2.0
Completeness in  the resolution 64.1% 31.9%
range 10-3.0 A with //o(]) > 2.0
Completeness in the last resolution 60.53% 61.26%
shell 3.14-3.0 A
R-merge* 11.9% 9.1%

*Rmcrgc=ElF0_kFc I/ZF"X 100.

Table 2. Refinement statistics for the two crystal forms

Form 1 Form I
Initial Re-factor for the 4 TMS model in 27.0% 29.9%
the cells of form A/form B
Initial free R -factor for the 4 TMS model 31.4% 31.4%
in the cells of form A/form B
Final Refactor for reflections with 23.3% 22.2%
I/0()> 2.0 in the resolution range 10.0~
3.0A
Final free R%'-factor for reflections with 27.1% 26.7%
1/o(l)> 2.0 in the resolution range 10.0-
3.0A
Number of non-hydrogen atoms in the 2587 2587
model
RMS deviation in bond angles (degrees) 27 2.0
RMS deviation in bond lengths (A) 0.013 0.010

“R-factor=X | — {1} 1Z{J) x 100, where J, is the intensity of a meas-
urement and (/Y is the average of the measurements for reflection /.
4TMS is the PDB" code for wiTS’.

bFree R: 5% of the total number of unique reflections. This test set
was not included during the course of the refinement.
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pattern along the two-fold screw axes perpendicular to
the crystal ¢ axis. The separation between the nearest
two-fold screw axes (skew lines separated by ¢/6)
determines the ¢ length. In Figure 3, the left-side subunit
of dimer A and right-side subunits of dimers B and C
are related by one of the 2, axes. Similarly, the right-side
subunit of dimer A and left-side subunits of dimers D
and E are along the second 2, axis. The screw axis is
perpendicular to the 6, axis and runs vertically from
the top to the bottom of the figure. The first screw
axis runs from above the plane of Figure 3, at the
lower corner of the left-hand side to below the plane
of the paper. The second screw axis runs from below
the plane of the paper at the bottom of the right-hand
side to above the plane of the paper towards the top.
These two screw axes are related by a crystal two-fold
axis in the plane of the figure approximately at the
center of Figure 3. The screw axes are also related by
the crystal 6, axis. The zig-zag rows of molecules
parallel to the screw axes therefore appear to be organized
in two layers, an arrangement separated along the larger
cell dimension c¢. The distance between the molecular
chains is controlled by the hydrogen bonding interactions
of Asp-287 (as shown in Figure 3) and undergoes
maximum change upon disruption of the interaction
between the two aspartate residues. This leads to
expansion in the c-direction.

In order to understand how this cell expansion could
take place without damage-to crystallinity, zones which
make contacts between the symmetry-related dimers in
the two crystal forms were critically examined. The
contacting zones and the associated residues are the
same in the two crystal forms (Figure 5). The regions
of the molecule involved in the contact are inherently
flexible and therefore probably adapt to changes in cell
parameters. To facilitate comparison of the structures
and the degree of disorder in these regions of the

Table 3. Comparison of the data-sets collected for forms I and II

Crystal form 11 1 AT 1-7 AT : 1-54

I - 40.9% 40.98% 12.23%
(4112) (3924) (2083) (3812)

1 30.83% — 17.35% 40.7%

AT: 1-7 28.11% 88.5% L= 40.4%

AT : 11-54 95.32% 28.74% 29.2% -

“Form I: ¢=230.8 A.

Form II: ¢=244.8 A.

Form AT : 1-7: Form I before transformation (frames 1-7 during data
collection).

Form AT : 11-54: Form I after transformation (frames 11-54).

"Top triangular half of the matrix presents R-factors® and the bottom

-half correlation coefficients?. Figures in parentheses are the number of

unique reflections.

¢ R-factor = L | F) — Fy | * 100/Z(F + F).

d Correlation coefficient

S TUF,  (F ) (Fy = () (0, = (F) 2, = ()
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polypeptide, the maps corresponding to the two forms
were sampled on identical grids. The polypeptide chains
corresponding to the contacting zones were displayed
and the fit of the two structures to the maps was
carefully examined. This allowed an assessment of the
significance of structural changes in the contacting zone
that accompanies crystal transformation. No significant
structural changes were discernible in the ordered regions
of the molecule. As illustrated in Figure 6, the magnitude
of deviations between the Ca atoms in these structures
is well within the experimental errors. Thus there is no
major structural change which accompanies cell trans-

formation.

Discussion

The crystal structure of the complex of L. casei thymidy-
late synthase with dUMP and phosphate-bound forms*
has been solved to 2.36 A resolution. Finer-Moore ef
al.* have noted the presence of two crystal forms (similar
to form I and form II reported in this paper), one of
which undergoes transformation. This phenomenon has
been reported to be reversible, albeit rarely. pH-dependent
interactions have been proposed to be a probable cause;
the form which undergoes transformation was crystallized
at a higher pH in the study of Finer-Moore et al.. Our
observations suggest, however, that these two forms

Figure 2. Symmetry-related dimers of TS in the space group P6,22. Each TS dimer makes contact with

four neighbouring TS dimers.

Figure 3. Superimposed dimers of forms I (green trace) and I (yellow trace) along with their
symmetry-related neighbours. Also shown is the contact made by dimers B and D of form I

involving aspartate 287.
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i.e. under the same macroscopic conditions and so far
we have failed to observe the reverse transformation.

for its activity, remain the same in forms I and {I. Thus

changes in the spatial relationship between dimers. The
most likely explanation for this is an alteration in the
jonization state of the aspartate residue at position 287
resulting in a change in hydrogen bonding ability and
leading to the transformation from form I to II. Form

the dimers labelled A in Figures 2 and 3. The movement
of the dimer labelled B was estimated by measuring
the distance between the centroids calculated in the two

between the centroids of the B dimers in the two crystal
forms. Examination of these two structures along with
three others reported in the literature with ¢ cell pa-
rameters of 2302 A%, 240.2A* and 243.8 A° leads to
the conclusion that the transformation occurs due to 2
rotational movement of the nearest dimer about a putative
pivot in the inter-dimer contact region. The rotation
leads to movements of the order of ~5 A at the outer
edge of the neighbouring dimer in structure A when
compared to structure B as shown in Figure 3. However,
as the rotation is about a pivot axis close to the contact
zone, no large changes in inter-dimer interactions occur.
The change in the unit cell volume upon transformation
probably gets compensated by the rearrangement of
water molecules and possibly by the inclusion of addi-
tional molecules from the solution surrounding the crys-

TS are obtained by reducing the ionic strength of the
crystallization buffer and are found to be more stable
when the buffer is replaced by Milli-Q water. Thus the
environment around the crucial Asp-287 may be con-
trolled by bridging water molecules in addition to pH
effects. The resolution of the X-ray data, however, does
not permit investigation of the water structure in the
two crystal forms.

Figure 4, The intermolecular contact region around Asp-287. Shown
in the dark tube is form I and that by the light tube is form II.
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could be obtained from the same crystallizaﬁﬁn well,

The dimeric interactions of TS, which are important -

changes which occur upon transformation are due to

I and form II structures were compared by superposing

crystal forms. A separation of 3.24 A was obtained

tals. This seems a plausible reason, as the crystals of .

Transformation of crystal cell parameters upon radia-
fion is not uncommon. That these changes could be
definitively rationalized in terms of rearrangements in
molecular interactions even at 3 A resolution is surprising.
This is almost certainly related to special features of
the arrangement of the secondary structural elements
and loop regions in TS dimer which lead to the char-
acteristic plasticity of the TS molecule. This special
aspect of TS structure has been observed earlier®. The
molecular structure of TS in various crystal forms exhibits
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Figure 5. The number of contacts as a function of residue number
is depicted for forms I and Il in panels (¢) and (&) respectively. The
zones making intermolecular contacts appear to be intact in the two
forms. The only conspicuous difference between forms I and II is the
contact made by Asp-287.

303




RESEARCH ARTICLE

1.0

0.8

0.6

CA rmsd (A)

0.4

0.2

0.0 T T T T T T T
0 50 100 150 200 250 300
Residue Number

Figure 6. Magnitude of ‘the deviations of the Ce atoms for the
structures obtained in the forms I and Il

variations distributed throughout the structure. Thus any
strain .on the TS dimer tends to produce a number of
muted changes rather than large alterations at a single
site or total loss of structure. This allows the inter-dimer
contact to undergo small changes in different crystal
structures leading to a range of values for the crystal
¢ axis lengths.

The loss of crystallinity in proteins upon prolonged
exposure to X-rays is a relatively common feature. The
present observation of a transformation from one crystal
form to another during the process of exposure to X-rays
is relatively rare. The analysis presented here of the
crystalline transformation in L. casei TS suggests that

plasticity of intermolecular contacts may play a role in
such phenomena. Although Asp-287 is the only residue
which appears to show significant positional changes in
the two crystal forms, extensive changes in water struc-
ture cannot be ruled out at the present resolution .of
our structure determination.
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