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T10 is a non-classical class Ib-like major histocompatibility

complex (MHC) cell-surface antigen which binds directly to

certain � T-cell receptors in the absence of any exogenous

and endogenous ligands, such as peculiar lipids or glycolipids.

The crystal structure at 2.5 AÊ resolution of murine T10 was

determined by molecular replacement using data from an

almost perfectly twinned monoclinic crystal. The space group

is P21, with unit-cell parameters a = 78.2, b = 70.0, c = 139.2 AÊ ,

� = 106.8�. Self-rotation function analysis and various intensity

statistics revealed the presence of pseudo-merohedral twin-

ning, but these tests underestimated the true twin fraction of

�' 0.46. Native Patterson analyses pointed to the presence of

pseudo-translation among the four molecules present in the

asymmetric unit. Data analysis, structure determination and

model re®nement are discussed.
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PDB Reference: � T-cell

ligand T10, 1r3h, r1r3hsf.

1. Introduction

Twinning may be observed in crystalline specimens where two

or more crystals of different relative orientations inter-grow to

form a larger aggregate (Catti & Ferraris, 1976; Donnay &

Donnay, 1974; Friedel, 1926). If the lattices of the individual

crystals overlap in three dimensions, the larger aggregate is

merohedrally twinned and produces a single diffraction

pattern which does not reveal the presence of twinning per se

(Yeates, 1997; Yeates & Fam, 1999). Hemihedrally twinned

crystals are composed of molecules that are organized into two

different twin domains (Chandra et al., 1999; Yeates, 1997;

Yeates & Fam, 1999) and their diffraction pattern is therefore

a superposition of the diffraction pattern of each individual

twin domain (Liang et al., 1996; Lietzke et al., 1996). These

crystals are described by the symmetry operation necessary to

superimpose the twin domains (the twinning operator) and the

fractional volume of the less populated twin domain in the

crystal, the twin fraction �.

In merohedral twins, the twinning operator introduces

additional symmetry that is not part of the true Laue

symmetry group of the crystal, but is a symmetry operator of

the apparent higher symmetry Laue group of the same crystal

system. Thus, merohedral twinning is observed in the tetra-

gonal, trigonal, hexagonal and cubic crystal systems. In

pseudo-merohedral twins, the twin operator is not a symmetry

operator of a higher symmetry Laue group of the same crystal

system, but introduces additional symmetry that suggests a

higher Laue symmetry than is possible for the point group of

the sample. This rare type of twinning may arise in the

monoclinic and orthorhombic crystal systems by equivalence

of two unit-cell axes or, in the monoclinic system with b as the

unique axis, where the � angle is close to 90�. Finally, it is



possible in P2 or C2 crystals that an orthorhombic metric is

introduced by unit-cell parameters that satisfy the condition

ccos� = ÿa/2, i.e. the two unit cells of the twin domains share

the same a and b axes, but with opposite directions. A twofold

rotation about an axis perpendicular to the a and b axes (i.e.

along c*) exactly superimposes the two cells. In this case, the

axes [1 0 1] and [ÿ1 0 1], i.e. the vectors a + c and ÿa + c, have

the same length.

Twinned data have been used previously for structure

determination of macromolecules by molecular replacement

(Breyer et al., 1999; Contreras-Martel et al., 2001; Larsen et al.,

2002; Luecke et al., 1998; Rabijns et al., 2001; Redinbo &

Yeates, 1993; Taylor et al., 2000; Trame & McKay, 2001), single

or multiple isomorphous replacement (Ban et al., 1999;

Declercq & Evrard, 2001; Forst et al., 1998; Goldman et al.,

1987; Hillig et al., 1999; Mueller, Muller et al., 1999; Mueller,

Schubel et al., 1999; Terwisscha van Scheltinga et al., 2001) and

also multiple anomalous dispersion (Rudolph et al., 2003;

Yang et al., 2000), showing that twinned data complicate

structure determination but do not necessarily render it

impossible.

Classical MHC class Ia molecules play a key role in immune

recognition by presenting peptides on the cell surface to

cytotoxic �� T-cell receptors (TCRs; Garcia & Teyton, 1998;

Mazza et al., 1998; Rudolph & Wilson, 2002). By contrast,

many non-classical MHC molecules display specialized

antigen-binding properties and have evolved for speci®c tasks

that are distinct from those of classical MHC class Ia (Braud et

al., 1999; Shawar et al., 1994; Stroynowski & Lindahl, 1994).

The non-classical MHC class Ib molecules T10 and T22 are

highly homologous (93% sequence identity) and have been

described as speci®c ligands for � TCRs without the

requirement for a bound peptide or other small ligand

(Crowley et al., 1997, 2000). In class Ia molecules, the peptide

ligand is bound in a deep groove formed between two long

�-helices that traverse a �-sheet platform. The crystal struc-

ture of T22 has been determined to a resolution of 3.1 AÊ and

revealed a disrupted `peptide'-binding site with no obvious

groove owing primarily to two deletions in the sequence

compared with classical peptide-binding MHC molecules

(Wingren et al., 2000). The deletions resulted in partial

unfolding of one of the �-helices, which instead adopts a loop

conformation that appears to be extremely ¯exible, as judged

by its high B values.

Many crystal structures of classical class I and class II MHC

molecules were required in order to delineate the general

principles for peptide binding and antigen presentation to

TCRs. The crystal structure of T10, the second member of this

non-classical MHC that binds to � T-cell receptors, was

determined to 2.5 AÊ to improve the resolution over the

previously determined T22 and to possibly reveal further

insights into the nature and ¯exibility of the binding groove

that differs so signi®cantly from the classical MHC. Unfortu-

nately, the crystals of T10 exhibited a high degree of pseudo-

hemihedral twinning, which did not hamper structure deter-

mination by molecular replacement but, together with the

presence of pseudo-translation, complicated re®nement of the

model. In this study, we outline the analysis and phasing of the

T10 diffraction data from pseudo-merohedrally twinned

crystals using molecular replacement.

2. Materials and methods

2.1. Protein purification, crystallization and data collection

Murine H-2 T10 was produced, puri®ed from inclusion

bodies and refolded as described previously (Crowley et al.,

1997). T10 was crystallized from 0.2 M imidazole malate

pH 5.2, 11% MPEG 5000, 0.2 M MgCl2. A data set to 2.5 AÊ

resolution (Table 1) was collected from a cryocooled single

crystal at 93 K on beamline 9-1 at the Stanford Synchrotron

Radiation Laboratory (SSRL). Data reduction was performed

using the HKL package (Otwinowski & Minor, 1997).

Indexing and integration was possible in both primitive

monoclinic (P2) and C-centred orthorhombic (C222) settings,

leading to unit-cell parameters a = 78.2, b = 70.0, c = 139.2 AÊ ,

� = 106.8� and a = 78.2, b = 266.6, c = 70.0 AÊ , respectively. The

overall and low-resolution scaling statistics for C222 were only

slightly worse than those for P2 (Table 1). The redundancy-
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Table 1
Crystallographic data collection, analysis and structure re®nement.

Data collection
Wavelength (AÊ ) 0.98
Resolution range² (AÊ ) 46.0±2.5 (2.59±2.50)
Unique re¯ections 46914 (3879)
Completeness (%) 93.5 (78.0)
Rsym, P2³§ (%) [6.4] 10.0 (33.2)
Rr.i.m., C222³§ (%) [7.5] 11.0 (24.2)
Average I/�(I)² 13.5 (3.7)
Multiplicity of observations² 3.0 (2.3)
Mean |E2 ÿ 1|} 0.673 (0.736)
h|I|2i/h|I|i2²² 2.0 (2.0/1.5)
h|F |i2/h|F |2i²² 0.822 (0.785/0.865)

Re®nement
Resolution range² (AÊ ) 46.0±2.5 (2.61±2.50)
No. re¯ections/test set² 46904 (3927)/2225 (209)
Rcryst/Rfree²³³ (%) 23.1 (31.7)/27.2 (38.2)
No. residues/protein atoms 1384/11379
Coordinate error§§ (AÊ ) 0.47
Twin operator/re®ned twin fraction ÿh, ÿk, h + l/0.46

R.m.s. deviation from ideality
Bonds (AÊ ) 0.006
Angles (�) 1.3
Dihedrals (�) 28.8

Ramachandran plot}}
Core 71.2
Allowed 25.1
Generous allowed 3.1
Disallowed (%) 0.6

Average B values (AÊ 2) 25.1 � 8.4

² Values in parentheses refer to the highest resolution shell. ³ Rsym =
100

P
h

P
i jIi�h� ÿ hI�h�i=

P
h

P
i Ii�h�, where Ii(h) is the ith measurement of re¯ection

h and hI(h)i is the average value of the re¯ection intensity. Rr.i.m. =
100

P
h��n=�nÿ 1��1=2 P

i jIi�h� ÿ hI�h�ij=
P

h

P
i Ii�h�, where n is the multiplicity of

observations. § Values in square brackets refer to the lowest resolution shell: 46.0±
5.38 AÊ for P2 and 46.0±6.9 AÊ for C222. The highest resolution shell for C222 is
2.55±2.50 AÊ . } The value in parentheses is the expected value for untwinned
data. ²² Values in parentheses are the expected values for untwinned/perfectly
twinned data. ³³ Rcryst =

P jFoj ÿ jFcj=
P jFoj, where Fo and Fc are the structure-

factor amplitudes from the data and the model, respectively. Rfree is Rcryst using a 5% test
set of structure factors. §§ Based on a Luzzati plot (Luzzati, 1952). }} Calculated
using PROCHECK (Laskowski et al., 1993).
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corrected Rr.i.m. values (Diederichs & Karplus, 1997) for C222

were calculated with XPREP (Bruker AXS) from the data

reduced in P2. This explains the slightly lower value for the

high-resolution shell in the C222 case compared with P2. The

presence of a twofold screw axis was established by analysis of

the systematically absent re¯ections from data processed in

P2, leaving P21 and C2221 (a minimal non-isomorphic super-

group of P21) as possible space groups. As discussed below

(x3), the true space group is P21 and the presence of twinning

emulates orthorhombic symmetry. The Matthews coef®cient

(Matthews, 1968) VM = 2.2 AÊ 3 Daÿ1 suggested four molecules

in the asymmetric unit with a solvent content of 44%.

2.2. Data analysis

Self-rotation function analysis of the data processed in P2

using POLARRFN (Collaborative Computational Project,

Number 4, 1994) in the resolution range 10±5 AÊ and with a

Figure 1
Detection and analysis of twinning. (a) Stereographic projection plot of the � = 180� section of the self-rotation function of the native data set. The
function was calculated with resolution limits of 15 and 3 AÊ , a Patterson integration radius of 27 AÊ and contoured at >40% of the maximum peak height
using POLARRFN (Collaborative Computational Project, Number 4, 1994). The data were reduced in P2, but the plot shows 222 symmetry, with one
twofold axis (! = 0, at the centre) and the other twofold axes (! = 90�, at the perimeter) having equal heights. Detwinning of the data does not change the
plot owing to the presence of a non-crystallographic twofold axis perpendicular to the b axis. (b) Cumulative distribution of Z = I/hIi, where I is the
intensity, for the acentric (continuous red line) and centric (dashed red line) T10 data. The theoretical distributions for untwinned data are shown as
black lines. The sigmoidal shape of the distribution of the acentric re¯ections indicates potential twinning. (c) Estimation of the twin fraction � by
plotting the cumulative fractional intensity difference of acentric twin-related intensities, H = |I1 ÿ I2|/(I1 + I2), as a function of H (Yeates, 1988). The
initial slope of the distribution is a measure of �. The dotted lines represent the expected slopes for the indicated twin fractions. (d) Estimation of � by a
Britton plot (Britton, 1972; Fisher & Sweet, 1980). The number of negative intensities after detwinning is plotted as a function of the assumed value of �.
An overestimation of � will increase the number of negative intensities and the actual value of � is extrapolated from this increase (dotted line). The line
is a linear ®t of the data with � � 0.44 and intersects the x axis at � = 0.37.



Patterson integration radius of 27 AÊ showed the presence of a

twofold axes perpendicular to the crystallographic b axis,

indicating possible higher (orthorhombic) space-group

symmetry or the presence of a non-crystallographic (NCS)

axis perpendicular to, but not necessarily intersecting, the

unique b axis. The cumulative intensity distributions calcu-

lated with TRUNCATE (Collaborative Computational

Project, Number 4, 1994) and reduced |E2 ÿ 1| values from

XPREP indicated hemihedral twinning in space group P21

(Fig. 1, Table 1), which is not normally possible in the

monoclinic system. The twin lawÿh,ÿk, h + l describes a real-

space rotation about an axis perpendicular to the crystallo-

graphic twofold. The twin fraction was estimated to be about

0.4 by the cumulative distribution of H (Yeates, 1988) and

around 0.37 by the Britton plot (Fisher & Sweet, 1980).

Further analysis of the native Patterson maps in P2 showed

the presence of two peaks of 27� and 23� height centred at

fractional coordinates 0.0, 0.07, 0.5 and 0.5, 0.07, 0.5, respec-

tively, which suggested pseudo-translational symmetry (Fig. 3).

2.3. Structure determination and refinement

For structure determination using molecular replacement,

the untreated twinned data were used. As the space group was

not assigned at this point, systematic molecular-replacement

approaches which varied the resolution ranges for rotation

and translation and the Patterson integration radius using

AMoRe (Collaborative Computational Project, Number 4,

1994) and COMO (Jogl et al., 2001) were carried out in space

groups P21 and C2221 (four and two molecules per asymmetric

unit, respectively) using the structure of the highly homol-

ogous T22 molecule as a search model (Wingren et al., 2000).

Only in space group P21 were rotation and translation solu-

tions found that showed reasonable crystal packing and which

were consistent with the observed non-crystallographic

symmetry. The initial model for re®nement was derived using

COMO with a resolution range of 10±3.5 AÊ for rotation and

translation searches and rigid-body re®nement and a

Patterson integration radius of 35 AÊ . Two strong rotation-

function peaks of 12.1� and 11.7� were related by a 180�

rotation, with the next (false) rotation solution being 6.4�. The

translation search resulted in two pairs of NCS-related

molecules separated by a pure translation according to one of

the two largest peaks in the native Patterson map. This model

displayed a correlation coef®cient of 0.39 and an R value of

51.1% after rigid-body re®nement.

Further rigid-body re®nement to 3.5 AÊ resolution, which

modelled three domains per MHC molecule, followed by

separate positional, simulated-annealing and temperature-

factor re®nement to 2.5 AÊ resolution, was performed in CNS

(BruÈ nger et al., 1998) against intensities using protocols for

twinned data. The twin fraction was ®xed at a cautiously low

value (slightly lower than that estimated from the Britton plot)

of � = 0.35. Except for rigid-body re®nement, all re®nement

procedures included separate NCS restraints for the main-

chain and side-chain atoms of each of the three domains in an

MHC molecule. The test set was chosen so as to avoid twin-

related re¯ections being present in both the test set and

working set, which would invalidate Rfree as an independent

monitor of the re®nement progress. The model was rebuilt

into �A-weighted 3Fo ÿ 2Fc electron-density maps using O

(Jones et al., 1991). After convergence in CNS (Rcryst = 30%,

Rfree = 32%), re®nement of the twin fraction was performed

with SHELXL (Sheldrick & Schneider, 1997). The test set was

kept intact during all re®nement steps in all programs. Using

the re®ned twin fraction of 0.46 in CNS, the ®nal model

produced an Rcryst of 23.1% and an Rfree of 27.2% (Table 1).

The model includes all residues except residues 148±157 in

molecules 1±4 and residues 127±129 in molecule 4, which

showed no interpretable electron density. Two additional

C-terminal residues (274±275) were visible in molecules 1 and

3, but not in molecules 2 and 4. Only 71.2% of all residues are

in the most favourable regions of the Ramachandran plot

(Table 1); however, this is still within the con®dence interval

given in PROCHECK (Laskowski et al., 1993). As near-

perfect twinning effectively halves the number of observed

re¯ection intensities at any given resolution, the 2.5 AÊ reso-

lution T10 data essentially has the same information content

as untwinned data at 3.1 AÊ resolution. Despite strong NCS

restraints, this diminished observable-to-parameter ratio

explains the rather unstable re®nement that led to the

suboptimal geometry of the T10 model. Similar results have

been obtained for the twinned structures in PDB entries 1irm

(2.55 AÊ resolution; Rfree = 30.7%; 69.9% of all residues in the

most favourable regions of the Ramachandran plot) and 1k4s

(3.2 AÊ resolution; Rfree = 22.2%; 78.1% of all residues in the

most favourable regions of the Ramachandran plot).

3. Results and discussion

3.1. Detection of twinning in crystals of T10

A number of warning signs for twinning have been

compiled (Herbst-Irmer & Sheldrick, 1998) and include

apparent higher symmetry owing to the twin operator, which

introduces additional symmetry that is not part of the Laue

symmetry of the space group. The ®rst indication of possible

hemihedral twinning in T10 crystals was the observation that

the data could be indexed, processed and scaled with

comparable overall Rsym values in P21 and C2221. In addition,

resolution-dependent inspection of Rsym revealed no gross

differences in data reduction between the two space groups, as

found in a case for the tetragonal crystal system (Rudolph et

al., 2003). Calculation of the packing density assuming four

molecules in the asymmetric unit yielded a Matthews coef®-

cient (Matthews, 1968) of VM = 2.2 AÊ 3 Daÿ1 (44% solvent

content) for the P21 case. This even number of molecules

seems reasonable because in the C2221 setting the volume of

the asymmetric unit is only half that of the P21 unit cell,

leaving the packing density unchanged if two molecules per

C2221 asymmetric unit are assumed. Thus, packing-density

considerations did not provide obvious indications of twinning

and the space-group ambiguity had to be resolved during

structure determination.
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Further analysis of the diffraction data using XPREP

(Bruker AXS) revealed a lower mean |E2 ÿ 1| value of 0.673

for the T10 data set than expected for non-centrosymmetric

space groups (0.736; Table 1), which represents another hall-

mark of twinning (Herbst-Irmer & Sheldrick, 1998). The

presence of pseudo-222 symmetry is apparent from a self-

rotation function analysis of the data that were reduced in P2

(Fig. 1a). The � = 180� section shows twofold axes perpendi-

cular to the crystallographic twofold axis. A further indication

for the presence of hemihedral twinning is an abnormal

distribution of Z = I/hIi. The cumulative intensity distribution

of the T10 data, as calculated by TRUNCATE (Collaborative

Computational Project, Number 4, 1994), is sigmoidal in shape

compared with the expected distribution of untwinned data

(Fig. 1b), further pointing to twinned crystals. Only few

possibilities exist for a monoclinic system to become twinned

and thus to emulate an orthorhombic metric. A relatively

common situation seems to be a monoclinic cell with a ' c

(Yang et al., 2000) or any monoclinic cell with a � angle close

to 90� (Larsen et al., 2002). A further possibility arises where

two monoclinic cells have coincident a and b axes with

opposite directions that can be superimposed by a twofold

rotation about an axis perpendicular to a and b. Such a case

was recently reported (Declercq &

Evrard, 2001) and applies to the T10

case presented here (Fig. 2a). This

twofold axis runs parallel to the b axis of

the emulated orthorhombic unit cell

(dashed line in Fig. 2a), which is the c*

direction of the monoclinic cell, leading

to the twin law ÿh, ÿk, h + l. The NCS

axes in the asymmetric unit of T10 are

parallel to this twin operation, indi-

cating that the NCS rotation apparently

promotes the twinning rotation.

To assess the twin fraction of the T10

data, different twinning tests were

employed (Kahlenberg, 1999) using the

programs CNS (BruÈ nger et al., 1998)

and DETWIN (Collaborative Compu-

tational Project, Number 4, 1994). For

acentric untwinned data, the second

moment, i.e. the expected ratio of the

average-squared intensity to the square

of the average intensities (hI2i/h|I|i2) is 2;

for perfectly twinned data, it is 1.5. The

T10 data set value was 2.0, suggesting

no twinning at all. However, a related

value, h|F |i2/hF 2i, should be 0.785 for

untwinned and 0.865 for perfectly

twinned data. For T10 it is 0.822,

pointing to the presence of partial

twinning with a high twin fraction. A

possible explanation for this discre-

pancy in the twinning tests is the

presence of pseudo-translation (see

below) in the T10 crystals, which results

in �5.5% of the re¯ections being very weak, while the same

percentage is stronger than expected (see below). These

systematic changes in the intensity statistics may skew the

results of intensity-based twinning tests. Partial twinning tests

in point group 2 with the presence of pseudo-merohedral

twinning are not supported by CNS, XPREP or the twinning

server (Yeates, 1997). To assess the twin fraction, a test for

partial twinning using the cumulative distribution of H

(Yeates, 1988), where H = |Iobs1 ÿ Iobs2|/(Iobs1 + Iobs2), was

performed with DETWIN (Collaborative Computational

Project, Number 4, 1994), yielding a twin fraction estimate of

0.40 (Fig. 1c). This value is slightly larger than the twin fraction

of 0.37 estimated from the Britton plot (Fisher & Sweet, 1980)

(Fig. 1d). However, both tests underestimated the true twin

fraction (0.46) considerably, as inferred by atomic re®nement.

3.2. Structure determination using twinned data

The � = 180� section of the self-rotation function in P2

showed strong twofold-symmetry elements perpendicular to

the crystallographic twofold. As no translational information

is present in a self-rotation function, the additional twofolds

may or may not intersect with each other. In the ®rst case, this

Figure 2
Characteristics of the monoclinic T10 crystal. (a) Arrangement of the P21 cell to allow twinning and
emulation of the C2221 cell. The unit cell (blue) is projected along the b axis. A 180� rotation of the
monoclinic cell about an axis perpendicular to the a and b axes (red) leads to complete
superposition of the two primitive lattices according to the relation c cos� = ÿa/2. The cell in the
other twin domain is drawn in black. The effect of the twin operator is to emulate pseudo-centring
and the resulting C2221 cell (a = 78, b = 266 AÊ ) is indicated as a dashed line. A pseudo-translation
vector, whose projection lies on the c axis of the unit cell shown in blue, is duplicated owing to the
twin operator (Fig. 3), but otherwise pseudo-translation and twinning are independent of each
other. Both vectors are indicated as green arrows. (b) The four molecules in the asymmetric unit are
shown as C� traces with the unit cell projected along the b axis. Each T10 heterodimer is coloured
individually. The molecules in blue and red and the molecules in red and green are related by a
pseudo-translation vector of fractional coordinates 0.0, 0.07, 0.5. Note that the second pseudo-
translation vector (0.5, 0.07, 0.5) in the native Patterson map (Fig. 3) cannot be reproduced by the
model, as it only represents the solution for one twin domain.



could lead to true crystallographic symmetry in an ortho-

rhombic setting, while in the second case the additional

symmetry would be local. Molecular replacement in space

group P21 with T22 as the search model using AMoRe

(Collaborative Computational Project, Number 4, 1994) or

COMO (Jogl et al., 2001) yielded two clear rotation solutions

which were related by a 180� rotation in accord with the

presence of twofold NCS as apparent from the self-rotation

function. However, although two strong translation-function

solutions were found by AMoRe, no reasonable crystal

packing could be obtained from most of the solutions. The

program COMO, which contains a built-in packing-evaluation

function, found a consistent set of four molecules with only a

single translation-function solution (Fig. 2b). Despite the very

similar scaling statistics of the data in space groups P21 and

C2221 (Table 1), no physically plausible solutions for two

molecules in the asymmetric unit were found by any program

in space group C2221, con®rming P21 as the correct space

group with a high degree of twinning that leads to pseudo-

orthorhombic symmetry.

A further test for C2221 being the incorrect space group is

whether the molecular-replacement solution in P21 does or

does not ful®l orthorhombic symmetry. XPREP was used to

calculate structure factors from an initial round of SHELXL

re®nement in P21, which did not include twin re®nement.

Merging these calculated data in space group C2221 resulted in

a very high Rr.i.m. value of 42% that would exclude ortho-

rhombic symmetry and again con®rmed monoclinic P21 as the

correct space group. The correct solution then arises from four

molecules arranged in two pairs with twofold symmetry. The

pairs are related to each other by a pseudo-translation vector

of fractional coordinates 0, 0.07, 0.5 (Fig. 2b).

Analysis of the native Patterson map calculated in P21 to

a resolution of 2.5 AÊ revealed two crystallographically

independent peaks at fractional coordinates 0, 0.07, 0.5 and

0.5, 0.07, 0.5 of 27� and 23�, respectively. While the ®rst peak

is reproduced by the molecular-replacement solution, the

second peak is a result of the twinning (see below). This

pseudo-translation is also con®rmed by calculation of the

effect of the pseudo-translation on the intensity distribution of

the data (Chook et al., 1998). Calculation of the change of

structure factors arising from a translation of 0, 0.07, 0.5 (i.e.

without taking twinning into account) reveals that re¯ections

h, k = 14n, l = 2n + 1 and h, k = 7(2n + 1), l = 2n should be

systematically weak, while re¯ections with h, k = 14n, l = 2n

and h, k = 7(2n + 1), l = 2n + 1 should be systematically strong.

The re¯ections are weak and not absent because 0.07 is only

approximately 1/14, so that the structure factor for a re¯ection

with k being a multiple of 14 will not be exactly zero. This is

indeed the case, as the mean intensities are 2695 (for 914

re¯ections) and 2194 (for 1679 re¯ections) for the weak

re¯ections, and 3703 (for 1689 re¯ections) and 4950 (for 920

re¯ections) for the strong re¯ections, with the mean intensity

of the data being 3200 (for 46 904 re¯ections). However,

twinning will also affect the re¯ection intensities, which can be

predicted by a similar treatment with the second pseudo-

translation. This calculation predicts that some of the

systematically stronger re¯ections arising from the ®rst

translation should again become weaker owing to twinning.

This change in re¯ection intensities towards `normal' values is

a result of the weighted averaging of re¯ection intensities by

twinning (see below), but in the T10 case it does not mask the

presence of pseudo-translation (Fig. 3).

As expected, the pseudo-translation peaks were also the

strongest solutions for the molecular-replacement translation

function, but only the ®rst slightly stronger translation led to

successful structure determination and re®nement. The frac-

tional ratio of the signal heights of the pseudo-translation

peaks in the Patterson map [(23/(27 + 23) = 0.46] does not

change over the resolution range 46.0±4.0 to 46.0±2.5 AÊ and is

remarkably close to the ®nal re®ned twin fraction (Table 1).

Indeed, the twin operator which relates the two twin domains

by a rotation about an axis perpendicular to the crystallo-

graphic P21 b axis (Fig. 2a) copies the pseudo-translation of

fractional coordinates 0, 0.07, 0.5 to 0.5, ÿ0.07, 0.5, which is

symmetry-related to the translation 0.5, 0.07, 0.5 seen in the

Patterson map (Fig. 3). In general, a Patterson map of a

twinned crystal contains information for both twin domains. If

pseudo-translation is present in an untwinned crystal, the

corresponding vector will appear twice in the native Patterson

map of a twinned crystal (Fig. 2a), provided that the pseudo-

translational vector and the vector de®ned by the twin

operator are not collinear. Thus, the strongest translation-

function solutions in a molecular-replacement procedure will

also be duplicated and molecules will be ®t in each of the two
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Figure 3
Detection of pseudo-translation in T10 crystals. The plot shows the native
Patterson calculated at 2.5 AÊ resolution at section w = 0.5 with a contour
level of 2�. The two pseudo-translation vectors at fractional coordinates
0.0, 0.07, 0.5 and 0.5, 0.07, 0.5 and symmetry-related peaks are visible.
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twin domains, resulting in many

solutions with physically impossible

packing.

The independence of the Patterson

maps of the individual twin domains,

i.e. the absence of cross-peaks between

them, raises the possibility of another

twinning test. If the Patterson were

from an untwinned specimen, a strong

third peak (>23�) at a position corre-

sponding to the vector difference

between the two observed peaks

(0, 0.07, 0.5 and 0.5, 0.07, 0.5) would be

expected at 0.5, 0, 0. This peak is

present at only 4� in the Patterson map

of the T10 crystal, further con®rming

the presence of twinning.

3.3. Refinement against twinned data
and model analysis

While detwinning of intensities is

common practice for structure-deter-

mination purposes, re®nement against

detwinned data is not recommended

owing to the systematic increase in the

associated intensity errors (Rudolph et

al., 2003). With a twin fraction of 0.46

and assuming that the mean intensity

errors of the twin-related re¯ections

are of the same order, the error

increase owing to detwinning is

1/(1 ÿ 2�) = 12.5-fold. Consequently,

the electron-density maps calculated

with detwinned structure-factor ampli-

tudes and model phases were of lower

quality than with twinned data (not

shown). Thus, CNS and SHELXL97,

which can directly re®ne against

twinned data, were considered for

re®nement of the T10 model. The ®rst

re®nement cycles were performed in CNS using a ®xed twin

fraction of � = 0.35 (slightly lower than estimated from the

Britton plot) and the protocols for hemihedrally twinned data.

However, the Rfree value stalled at unacceptably high values

(Rfree = 32%) for this resolution (2.5 AÊ ). Therefore, re®ne-

ment was continued using SHELXL97 (Sheldrick &

Schneider, 1997), which simultaneously re®nes the coordi-

nates, the B values and the twin fraction. As 2.5 AÊ is at the

lower resolution limit for this program, only rigid-body

re®nement using AFIX keywords was performed. The twin

fraction, which was ®xed in CNS at � = 0.35, re®ned to a value

of 0.46, which was then used in further rounds of re®nement in

CNS. This re®nement strategy converged to an Rfree of 27.2%

and produced a model (Fig. 4) with reasonable stereochemical

properties (Table 1). Although the test set of re¯ections for

cross-validation was selected to avoid the presence of twin-

related re¯ections in both the test and working set, it is likely

that the ®nal Rfree value is an underestimate, as the test set is

not entirely independent of the working set owing to the

presence of NCS and pseudo-translation (Tickle et al., 1998).

The ®nal re®ned twin fraction of 0.46, which is close to perfect

twinning, was expected from the highly similar Rsym values of

data scaled in P21 and in C2221. It also appears that in the

combined presence of pseudo-merohedral twinning and

pseudo-translation, the twin fraction estimates from the

Britton plot (0.37) and the cumulative distribution of H (0.40)

are out by up to 13±20%. Whether this observation is of more

general validity remains to be determined.

Figure 4
T10 structure and electron density. (a) The �A-weighted 3Fo ÿ 2Fc electron-density map contoured
at 1.5� of the His31±Pro32 region in the �2m molecule of T10 shows the presence of a cis-peptide
bond which was not modelled in the lower resolution T22 structure. (b) Superposition of the ligand-
binding site of T10 (¯esh coloured) and T22 (pale blue) shows that both MHC-like molecules are
very similar. (c) Ribbon representation of the T10 model. The �-strands in the left panel are
coloured blue, �-helices red and loop regions grey. The MHC-like domains are labelled. The loop
region in T10, which replaces the ®rst half of the �2-helical segments, was not visible in the electron-
density maps and is drawn as a dashed line. The right panel shows an overlay of the four molecules in
the asymmetric unit. Each heterodimer is individually coloured.



Analysis of the T10 electron-density maps revealed features

that were not resolved in the 3.1 AÊ resolution T22 maps. New

®ndings include the identi®cation of two prolyl cis-peptide

bonds, one in the T10 heavy chain and one in �2m (Fig. 4a).

These particular cis-peptide bonds are typically found in class I

MHC molecules (Madden, 1995). As the �2m in T10 is the

same as in other class I MHC molecules, a His31±Pro32 cis-

peptide bond was expected. The presence of the heavy-chain

Phe209±Pro210 cis-peptide bond in the �3 domain con®rms

that in T10, as in T22, the MHC-like structure is generally

retained, while variations in the binding groove alter its

ligand-binding capabilities.

The C� atoms of the four molecules in the T10 asymmetric

unit overlay with r.m.s.d. (root-mean-square deviation) values

of �1.4 AÊ , with the main differences in solvent-exposed loop

regions (Fig. 4b). As there are signi®cant variations in orien-

tation of the �1�2, �3 and �2m domains, this r.m.s.d. value is an

upper limit. Overlay of the individual domains resulted in

r.m.s.d. values of 1.04 AÊ for the �1�2 domains, 0.86 AÊ for the �3

domains and 0.54 AÊ for the �2m domains. No density was

visible for the region 148±157 in any molecule of the asym-

metric unit. These loop regions also showed high B values in

the T22 structure, indicating conformational ¯exibility in these

� T-cell class Ib ligands. Whether these loop regions adopt a

de®ned structure upon TCR engagement will require crystal

structure determination of a complex with their respective

TCRs.

4. Conclusions

Recently, Declercq and Evrard described a twinned mono-

clinic crystal form of human peroxiredoxin 5 (Declercq &

Evrard, 2001). Similar to the T10 case, the peroxiredoxin 5

crystal belonged to space group P21 and pseudo-merohedral

twinning was possible owing to the peculiar unit-cell para-

meters, which exhibited pseudo-orthorhombic symmetry

owing to exact overlap of the cell after a twofold rotation

about an axis perpendicular to the a and b axes. In contrast to

T10, the second moments of both intensity and structure-

factor amplitude clearly showed the presence of twinning in

the peroxiredoxin 5 data. Detwinning also shifted the second

moment to the expected value (Declercq & Evrard, 2001)

despite the presence of pseudo-translation, which rules out the

possibility that pseudo-translation skews the second moment

to values that generally mask the presence of twinning. Also in

contrast to T10, reduction of the native peroxiredoxin 5 data

in the higher symmetry space group C2221 resulted in un-

acceptably high Rsym values because of the low twin fraction

(0.24). The twin fraction of 0.46 of the T10 data is close to

perfect twinning, explaining the low overall Rsym for data

reduction in both P21 and C2221 space groups. As in the classic

merohedral twinning case, a high twin fraction can mask

twinning and may lead to a wrong space-group choice more

readily than with crystals that are only slightly twinned.

A search of the PDB for possible monoclinic twins similar

to T10 revealed two additional cases where twinning may be

present in the data but might have been overlooked during

structure determination. The unit-cell parameters of 2352

entries with space group P21 were tested as to whether they

ful®lled the relation (2ccos�)/a = ÿ1. Structures whose unit-

cell parameters ful®lled this condition but which had a �-angle

near 120� or had two equal cell edges were disregarded as they

emulate hexagonal or tetragonal metrics, respectively. 77

structures remained with unit-cell parameters that could allow

twinning, judged by their values of (2ccos�)/a being within the

interval [ÿ1.04 to ÿ0.97]. From the 31 data sets that were

available for analysis, three (PDB codes 1igj, 1jch and 1yfo)

tested positive for the presence of orthorhombic symmetry as

judged by self-rotation functions. Further tests for twinning

using cumulative intensity distributions calculated by

TRUNCATE (which also tests unit-cell parameters for the

above relation) and comparison of potentially twin-related

re¯ections using DETWIN (Collaborative Computational

Project, Number 4, 1994) strongly suggested the presence of

such twinning. In the case of 1igj, twinning was considered

during re®nement and the twin fraction was estimated to be

0.43 (Jeffrey et al., 1993), while in the other two cases twinning

may have gone unnoticed. Although NCS is present in the

asymmetric unit of 1yfo and the similarity between potentially

twin-related re¯ections weakens somewhat when higher

resolution re¯ections are compared (� = 0.25 at 4 AÊ resolution

compared with � = 0.15 at the high-resolution limit of 2.25 AÊ ),

the cumulative fractional intensity differences H indicate an

overall twin fraction of �0.3. Thus, although pseudo-mero-

hedral twinning seems to be relatively rare in crystals of

macromolecules, it should be standard practice to test for the

presence of twinning in data sets where initial space-group

assignment would not normally indicate twinning as a possible

option.
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