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50-Deoxy-50-methylthioadenosine phosphorylase (MTAP)

catalyzes the phosphorolytic cleavage of 50-deoxy-50-methyl-

thioadenosine (MTA), a byproduct of polyamine biosynthesis.

The Sulfolobus sulfataricus genome encodes two MTAPs.

SsMTAP I has broad substrate specifity, accepting guanosine,

inosine, adenosine and MTA, while SsMTAP II is specific

for MTA. SsMTAP I forms a donut-shaped hexamer, while

SsMTAP II is a hexamer formed from trimers packed face to

face. The structure of SsMTAP II was originally determined

in space group P1 (PDB entry 2a8y) and showed R32 pseudo-

symmetry. Post-analysis using phenix.xtriage showed that the

correct space group is C2. Here, the structure refined in space

group C2 is reported and the factors that initially led to the

incorrect space-group assignment are discussed.
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1. Introduction

50-Deoxy-50-methylthioadenosine phosphorylase (MTAP)

catalyzes the reversible phosphorolysis of 50-deoxy-50-methyl-

thioadenosine (MTA) to adenine and 50-deoxy-50-methyl-

ribose 1-phosphate, which is recycled to form methionine in

the methionine-salvage pathway (Cacciapuoti et al., 1994).

MTA is generated as a byproduct of polyamine biosynthesis

(Pegg & Williams-Ashman, 1969). Sulfolobus sulfataricus

contains two MTAPs: SsMTAP I has broad substrate specifi-

city and is able to cleave adenosine, inosine and guanosine

in addition to MTA, while SsMTAP II is specific for MTA.

As part of a long-term study on nucleoside phosphorylases,

structures of both types of SsMTAP have been determined.

SsMTAP I (Appleby et al., 2001) is structurally homologous

to Escherichia coli purine nucleoside phosphorylase (PNP;

Mao et al., 1997); it exists as a donut-shaped hexamer with

32 symmetry and can be thought of as a trimer of dimers.

SsMTAP II (Zhang et al., 2006) is also hexameric with 32

symmetry, but exists as a close-packed face-to-face dimer of

trimers. Each trimer is structurally homologous to human PNP

(Ealick et al., 1990) and human MTAP (Appleby et al., 1999).

Despite the difference in oligomeric structure and low

sequence identity (�17%), the monomers of both forms of

SsMTAP belong to the nucleoside phophorylase I family

(Pugmire & Ealick, 2002).

Crystals of SsMTAP II diffracted to 1.45 Å resolution with

unit-cell parameters a = 96.60, b = 96.56, c = 96.63 Å, �= 91.57,

� = 91.23, � = 91.52� (Zhang et al., 2006). The similarities in the

lengths of the unit-cell axes and in the values of the unit-cell

angles suggested a rhombohedral space group; however, we

were unable to obtain reasonable data-processing statistics
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using HKL-2000 (Otwinowski & Minor, 1997) for either space

group R32 or R3 (Fig. 1). Likewise, we were unable to achieve

acceptable data-processing statistics for space group C2, which

is a maximal non-isomorphic subgroup of R32. Consequently,

we determined the structure in space group P1 with two

complete hexamers in the unit cell.

Analysis of the crystal packing showed that the arrange-

ment of hexamers approximated R32 space-group symmetry;

however, the noncrystallographic threefold axis of the hexamer

was tilted by 1.1� with respect to the unit-cell body diagonal,

which would correspond to the crystallographic threefold axis

in the rhombohedral setting of space group R32. The non-

crystallographic twofold axes of the hexamer were perpen-

dicular to the noncrystallographic threefold axis within

experimental error. The separation between the centers of the

two hexamers was approximately 4 Å less than half the length

of the body diagonal. The structure was refined to an R of

18.0% and an Rfree of 20.5%.

2. Experimental procedures

2.1. Post-analysis and determination of the correct space
group

After the structure of SsMTAP II was published in 2006

(Zhang et al., 2006), phenix.xtriage, a computer program for

the detection of twinning, pseudosymmetry and other crystal

pathologies, became routinely available (Zwart et al., 2005a,b).

The structure-factor file of PDB entry 2a8y (space group P1)

was downloaded and subjected to phenix.xtriage analysis. The

analysis showed that the reflections in space group P1 were

related by the operator (�l, �k, �h) with an Rmerge of about

4%, indicating that the unit cell contained a crystallographic

twofold axis. This operator corresponds to one of three

possible crystallographic twofold axes in the rhombohedral

space group R32 (Fig. 2). Together, these observations

demonstrate that the correct space group is C2, that the

correct unit-cell parameters are a = 135.16, b = 138.09,

c = 96.56 Å, � = 92.21� and that the asymmetric unit contains

two independent half-hexamers, the other half of each of

which is generated by a crystallographic twofold axis.

2.2. Conversion of the diffraction data to space group C2

The structure-factor file of the deposited SsMTAP II

structure PDB entry 2a8y in space group P1 was downloaded

from the Protein Data Bank and converted to the standard

MTZ format using the program VARIOUS2MTZ from the

CCP4 suite (Winn et al., 2011). The converted structure-factor

file was re-indexed in space group C2 using the CCP4 program

REINDEX and providing a transformation matrix corre-

sponding to

hC ¼ hP þ lP; kC ¼ hP � lP; lC ¼ kP; ð1Þ

where the subscript C designates indices in the C-centered

monoclinic space group and the subscript P designates indices

in the primitive (pseudo-rhombohedral) triclinic cell. The

CCP4 program COMBAT was subsequently used to convert

the standard MTZ format to multirecord MTZ, after which

the equivalent reflections were merged with an overall Rmerge

of 4.6% using the CCP4 program SCALA. The original Rfree

flags in space group P1 were kept for one set of hkl equivalents

in space group C2.

2.3. Re-refinement in space group C2

The relationship between the P1 and C2 unit cells is

illustrated in Fig. 3. The fractional coordinates for the P1

structure were transformed to space group C2 using

xC þ
1
2 xP þ

1
2 zP; yC ¼

1
2 xP �

1
2 zP; and zC ¼ yP; ð2Þ

where the subscript C designates fractional coordinates in

space group C2 and the subscript P designates fractional

coordinates in space group P1. The matrix for transforming

the coordinates is generated by inverting and then transposing

the matrix used for transforming the indices from space group

P1 to C2. Prior to applying the transformation, the center of

mass of the hexamer was translated to x = 0, y = 0 and z = 0 to

correct for the fact that the origin is arbitrary in space group

P1 while the origin must lie on the twofold axis in space group

C2. One half of each hexamer was then discarded because the

asymmetric unit in space group C2 contains two independent

half-hexamers, with the other half generated by the crystallo-

graphic twofold axis. All water molecules from the P1 struc-

ture were discarded prior to beginning the refinement. The

structure was refined by iterative cycles of manual rebuilding
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Figure 1
Relationship between space group R32 and the maximal non-isomorphic
subgroups R3 and C2. The lattice type (A, B or C) of centered monoclinic
cell depends on which twofold axis is retained. The conventional
C-centered lattice can be generated by transformation of the A- or
B-centered cells. Symmetry operators for the three possible twofold axes
(shown in parentheses) are described with respect to the rhombohedral
setting of space group R32.



using the program Coot (Emsley et al., 2010) and the refine-

ment programs REFMAC5 (Murshudov et al., 2011) initially

and phenix.refine (Afonine et al., 2005) for the later rounds.

TLS parameters were included in the final rounds of refine-

ment, with the initial TLS parameters being determined using

the TLSMD server (Painter & Merritt, 2006). The test set used

for Rfree calculation was partially inherited from the initial

data in space group P1 in order to minimize model bias. The

reflections included in the test set account for 6.6% of the total

reflections. The structure was validated using the program

MolProbity (Chen et al., 2010).

3. Results

3.1. Description of the overall structure

SsMTAP II is a homohexamer that can be thought of as

a close-packed dimer of trimers, with one active site per

monomer. For the deposited structure (PDB entry 2a8y) in

space group P1, the unit cell contains two complete hexamers,

each with 32 noncrystallographic symmetry. For the correct C2

unit cell, the asymmetric unit contains two half-hexamers and

the hexamers are generated by crystallographic twofold

symmetry. The monomers within each half-hexamer are

related by a noncrystallographic threefold axis, which is

perpendicular to the crystallographic twofold axis within

experimental error. The two crystallographically independent

half-hexamers are related by a shift that deviates by

approximately 4 Å from the translation (1
2, 0, 1

2), which is a

consequence of pseudo-rhombohedral symmetry.

3.2. Comparison to the original structure

Using PHENIX with TLS refinement, the structure of

SsMTAP II in space group C2 refined to better R and Rfree

values of 16.9% and 18.5%, respectively. The improvement

in the structure of SsMTAP II during re-refinement arises in

part from the use of improved X-ray methods, as has been

demonstrated for other deposited structures

(Joosten et al., 2009). The electron density

was improved and allowed the building of

residues 255–261, which were missing from

the deposited structure, resulting in an

average B factor of 62.6 Å2 for the loop

compared with 25.1 Å2 for all protein atoms.

In the final structure 8% of the residues

have alternate conformations, compared

with 6% in the original structure. Propor-

tionately fewer water molecules were

included in the C2 structure; the ratio of

water molecules to residues is approxi-

mately 0.8 for the C2 structure and 1.2 for

the original structure. The root-mean-

square deviations (r.m.s.d.s) from ideal

geometry are comparable for the two

structures. Overall, there are no significant

differences between the two structures when
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Table 1
Data-collection and refinement statistics.

Values in parentheses are for the highest resolution shell.

Space group P1 C2

Unit-cell parameters (Å, �) a = 96.60, b = 96.56,
c = 96.63, � = 91.57,
� = 91.23, � = 91.52

a = 135.16, b = 138.09,
c = 96.56, � = 90,
� = 92.21, � = 90

Resolution (Å) 40–1.45 40–1.45
Completeness (%) 99.7 (98.5) 98.5 (93.7)
No. of reflections 579262 310466
Rwork/Rfree 0.180/0.205 0.169/0.185
Contents of asymmetric unit 2 hexamers 2 half-hexamers
No. of atoms†

Protein 24202 13140
Ligand/ion 300 185
Water 3665 1277

No. of residues with
alternate conformations

192 129

B factors (Å2)
Protein 16.4 25.1
Ligand/ion 17.6 21.0
Water 33.1 36.4

R.m.s.d.
Bond lengths (Å) 0.015 0.006
Bond angles (�) 1.50 1.20

Refinement program CNS REFMAC5, PHENIX

† Numbers include alternate conformations.

Figure 3
Stereoview of SsMTAP II and its crystal packing. The P1 cell and the C2 cell are shown in blue
and green, respectively. The crystallographic twofold axis is along the b axis of the C2 cell, and
the noncrystallographic twofold and threefold axes are labeled. The half-hexamers related
by pseudotranslational symmetry are shown as red and violet spheres, where the spheres
represent monomers. The complete SsMTAP II hexamers are generated by twofold
crystallographic symmetry.

Figure 2
Transformation between the primitive rhombohedral cell and the
C-centered monoclinic cell.



they are superimposed. The refinement statistics are

compared in Table 1.

4. Discussion: pseudo-rhombohedral symmetry

SsMTAP II crystallizes in an apparent primitive unit cell with

parameters a = 96.60, b = 96.56, c = 96.63 Å, �= 91.57, �= 91.23,

� = 91.52�. While the unit-cell parameters were consistent with

rhombohedral symmetry, the diffraction data were not, indi-

cating a pseudo-rhombohedral cell. Space group C2 is a

maximal nonisomorphic subgroup of R32 and, because the

diffraction data showed twofold symmetry, it is the likely

candidate for the correct space group. If the true symmetry

were P1 then the analysis would be straightforward. However,

space group C2 can be generated from the primitive cell in

three ways corresponding to the three possible choices of the

monoclinic twofold axis (Fig. 3). That is, if the true space group

is C2, one of the hexameric twofold axes will be crystallo-

graphic (along the b axis by convention) while the other two

will be noncrystallographic, because the threefold axis is tilted

by 1.1� with respect to the body diagonal of the primitive unit

cell.

The data, which were originally processed using the

program HKL-2000 (Otwinowski & Minor, 1997), failed to

scale in space group C2 because the axes for the centered

monoclinic cell can be chosen in three ways, yet the indexing

program arbitrarily chose only one for examination (Fig. 1).

Thus, the chance of obtaining the correct result was one in

three and in this case this choice turned out to be incorrect.

The true symmetry was only revealed later when the computer

program phenix.xtriage (Zwart et al., 2005a,b) became

routinely available. Nevertheless, the similarity of the unit-cell

parameters suggests that A-centering, B-centering and

C-centering are all possibilities. These three choices also

correspond to the three possible crystallographic twofold axes.

The condition for A-centering (c axis unique) is bP = cP and

�P = �P, that for B-centering (a axis unique) is aP = cP and

�P = �P and that for C-centering (b axis unique) is aP = bP and

�P = �P, where the subscript P designates unit-cell parameters

in the primitive unit cell. All three of the conditions are

approximately satisfied in the case of pseudo-rhombohedral

symmetry, but only one generates a cell with the correct

centered monoclinic symmetry. Once the correct unit cell has

been identified, it can of course be transformed to the stan-

dard setting (C-centered, b axis unique) by permutation of the

axes. Although programs that analyze structure-factor data

for twinning, pseudosymmetry, etc., such as phenix.xtriage and

POINTLESS (Evans, 2006), should be routinely used, a more

desirable solution would be for all data-processing programs

to test alternate settings during the scaling and merging

processes. It should be noted that when the same raw data

were indexed, integrated and scaled in MOSFLM (Leslie,

1997), the correct space group was found because all centered

monoclinic cells were considered possibilities by this program.

5. Conclusion

Pseudosymmetry commonly occurs in protein crystallography

and can be a source of difficulty during structure determina-

tion and refinement. Therefore, detection and proper treat-

ment of pseudosymmetry is important. In the case of SsMTAP

II, the failure to detect a crystallographic twofold axis did not

create serious problems; however, the additional effort

required for building and adjusting 3240 residues in space

group P1 is significant compared with building 1620 residues

in space group C2. Overall, the structures of SsMTAP II

described in space group P1 and in space group C2 are

indistinguishable. This is largely because the resolution was

high (1.45 Å); therefore, the loss of a twofold crystallographic

restriction had only minor impact. However, robust approa-

ches for identification of the correct symmetry in cases of

pseudosymmetry could be critical in obtaining accurate

structures where the resolution limit is more modest.
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