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The crystal structure at 1.54 AÊ resolution of a double mutant

of interleukin-1� (F42W/W120F), a cytokine secreted by

macrophages, was determined by multiple-wavelength anom-

alous dispersion (MAD) using data from highly twinned

selenomethionine-modi®ed crystals. The space group is P43,

with unit-cell parameters a = b = 53.9, c = 77.4 AÊ . Self-rotation

function analysis and various intensity statistics revealed the

presence of merohedral twinning in crystals of both the native

(twinning fraction � ' 0.35) and SeMet (� ' 0.40) forms.

Structure determination and re®nement are discussed with

emphasis on the possible reasons for successful phasing using

untreated twinned MAD data.
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PDB Reference: F42W/

W120F interleukin-1�, 1l2h,
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1. Introduction

Twinning is a crystal-growth peculiarity, common in small-

molecule crystals but apparently less frequent in macro-

molecular crystals, where two or more crystals of different

relative orientations intergrow to form a larger aggregate

(Catti & Ferraris, 1976; Donnay & Donnay, 1974; Friedel,

1926). The lattices of the individual crystals may overlap in

two or three dimensions, leading to epitaxic or merohedral

twinning, respectively. While epitaxic twinning gives rise to

separate diffraction patterns, one for each crystal, and is

therefore easily detectable and may be accounted for

(Terwisscha van Scheltinga et al., 2001; Yeates & Fam, 1999),

merohedral twinning produces a single diffraction pattern and

its diagnosis is less obvious (Yeates, 1997; Yeates & Fam,

1999). Merohedrally twinned crystals of chiral molecules may

be composed of two (hemihedral) or four (tetratohedral)

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 two or four

separate twin domains (Liang et al., 1996; Lietzke et al., 1996).

Hemihedrally twinned crystals are described by the symmetry

operation necessary to superimpose the two individual twin

domains (the twinning operator) and the fractional volume of

the less populated twin domain in the crystal (the twin fraction

�). As a consequence of the twinning operator, additional

symmetry is introduced that is not part of the Laue symmetry

group of the crystal. The twinning operator relates re¯ections

that are not symmetry equivalent in the given space group, but

are convoluted in the diffraction pattern of the twinned crystal

such that the observed spot intensities are equal to the

weighted average of these twin-related intensities,

Iobs�h1� � �1ÿ ��I�h1� � �I�h2�; �1�

Iobs�h2� � �I�h2� � �1ÿ ��I�h2�: �2�



Iobs(hi) and I(hi) are the measured and true crystallographic

intensities, respectively, of the twin-related re¯ections hi. This

linear system of two independent equations in two unknowns

can be solved for the intensities I(hi),

I�h1� � ��1ÿ ��Iobs�h1� ÿ �Iobs�h2��=�1ÿ 2��; �3�

I�h2� � ��1ÿ ��Iobs�h2� ÿ �Iobs�h1��=�1ÿ 2��: �4�
The errors of the true intensities, �(hi), can be derived from

the measured intensity errors �obs(hi) through Gaussian error

propagation,

�obs�h1� � f��1ÿ ���obs�h1��2 � ���obs�h2��2g1=2=�1ÿ 2��; �5�

�obs�h2� � f��1ÿ ���obs�h2��2 � ���obs�h1��2g1=2=�1ÿ 2��: �6�
If �obs(h1) and �obs(h2) are assumed to be equal, the error for

the detwinned re¯ections increases by a factor 1/(1 ÿ 2�). The

expressions for the intensities and the errors (equations 1±6)

become indeterminate for � = 0.5. Since the anomalous signal

amounts to only a few percent of the re¯ection intensities

(Hendrickson & Ogata, 1997), detwinning of anomalous

data, by producing an increase in the intensity errors, will

deteriorate the anomalous signal to an extent where the data

may not be useable for structure determination by MAD. This

effect is more pronounced at higher twin fractions. Twinned

data have been used previously for structure determination by

molecular replacement (Breyer et al., 1999; Contreras-Martel

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

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

et al., 2002) and single or multiple isomorphous replacement

(Ban et al., 1999; Declercq & Evrard, 2001; Mueller, Muller et

al., 1999; Mueller, Schubel et al., 1999; Terwisscha van Schel-

tinga et al., 2001). Only recently has a successful structure

determination been described that employs twinned SeMet

MAD data for phasing (Yang et al., 2000).

Interleukin-1� (IL-1�) is a cytokine secreted by macro-

phages in response to pathogens and is involved in numerous

physiological processes, such as growth regulation and

in¯ammation (Dinarello, 1996). IL-1� does not contain a

classic leader sequence for export, but still has to cross the cell

membrane in order to bind its extracellular receptor. It has

been suggested that IL-1� is exported in a partially unfolded

form, which initiated interest in the IL-1� folding pathway

(Epps et al., 1997; Yem et al., 1992). The crystal structures of

IL-1� and various mutants have been determined previously

and re®ned to resolutions of 2.0±2.8 AÊ (Finzel et al., 1989;

Priestle et al., 1989; Shaanan et al., 1992; Treharne et al., 1990;

van Oostrum et al., 1991; Veerapandian et al., 1992; Yu et al.,

1999), revealing a solvent-exposed hydrophobic cavity of

�85 AÊ 3 which hosts water molecules that bridge �-strands in

the hydrophobic core of IL-1�. The essential role of these

water molecules in IL-1� stability was recently established by

the use of the ¯uorescence of the lone Trp120 residue (Covalt

et al., 2001). In addition, the cavity has been speculated to host

mobile solvent molecules (Ernst et al., 1995; Yu et al., 1999)

which may be important for the folding of IL-1�. In addition,

residue Phe42 in the hydrophobic core plays a key role in early

folding events of IL-1�. This residue is located close to

�-strand 1, which is assumed to be unfolded during

membrane-crossing of IL-1� (Yem et al., 1992). In order to

study the effect of the F42W substitution while at the same

time preserving a single ¯uorescent probe, the IL-1� double

mutant F42W/W120F was generated. Interestingly, the mutant

was shown to fold faster than wild-type IL-1� (DKH and PAJ,

unpublished results), indicating subtle structural changes in

the hydrophobic core of this mutant compared with the wild

type.

The crystal structure of the F42W/W120F IL-1�mutant was

determined in order to ensure its three-dimensional integrity

and to reveal any structural changes in both the protein and in

the hydration of the central cavity relative to wild-type IL-1�.

In order to exclude potential model bias by a molecular-

replacement approach and to faithfully place water molecules,

we redetermined the IL-1� structure to high resolution

(1.54 AÊ ) using SeMet MAD. Unfortunately, the crystals of the

mutant exhibited a high degree of hemihedral twinning, but

this did not hamper structure determination and re®nement.

In this study, we outline the phasing of the IL-1� diffraction

data from hemihedrally twinned crystals using MAD, which

represents the second example of a MAD structure determi-

nation using twinned data.

2. Materials and methods

2.1. Protein production and purification

The IL-1� F42W/W120F mutant and the SeMet-modi®ed

protein were generated, produced and puri®ed using protocols

similar to those described previously (Finke et al., 2000;

Heidary et al., 1997). Buffers used for the puri®cation of

SeMet-modi®ed proteins were supplemented with 5 mM

dithiothreitol (DTT) and 3 mM 2-mercaptoethanol in order to

prevent oxidation of the SeMet residues.

2.2. Crystallization and data collection

The F42W/W120F double mutant of IL-1� (11.6 mg mlÿ1)

was crystallized in hanging drops from 50 mM PIPES±NaOH

pH 7.0, 2.0±2.2 M (NH4)2SO4, 5 mM DTT. Crystals were

cryoprotected in 25% glycerol, 1.5 M (NH4)2SO4 and vitri®ed

prior to data collection. An anomalous data set was collected

at three wavelengths from a single crystal (Table 1) to 1.7 AÊ

resolution at 93 K on beamline 9-2 at the Stanford Synchro-

tron Radiation Laboratory (SSRL). A 1.54 AÊ resolution

native data set was collected on beamline 19-ID at the

Advanced Photon Source (APS). Data reduction was

performed using the HKL package (Otwinowski & Minor,

1997). The space group is P43, with unit-cell parameters

a = b = 53.9, c = 77.4 AÊ . The Matthews coef®cient (Matthews,

1968), VM = 2.9 AÊ 3 Daÿ1, suggested one molecule in the

asymmetric unit, with a solvent content of 58%.

2.3. Structure determination and refinement

Self-rotation function analysis, cumulative intensity distri-

butions, analysis of second moments and reduced |E2 ÿ 1|
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values indicated hemihedral twinning for both the native and

SeMet data sets in space group P43 (Fig. 1, Table 1). The twin

fractions of the native and MAD data sets were estimated to

0.36 and 0.40, respectively, by both partial and perfect twin-

ning tests using CNS (BruÈ nger et al., 1998) and the twinning

server (Yeates, 1997) after merging of Friedel mates. Despite

the presence of hemihedral twinning, signi®cant anomalous

signal was present to 1.8 AÊ , as judged by the anomalous signal-

to-noise ratio being >1.5 using XPREP (Bruker AXS). The

substructure, consisting of six Se positions, was determined

with SOLVE (Terwilliger & Berendzen, 1996) using the

untreated twinned MAD data to a maximum resolution of

1.8 AÊ . The initial phases from SOLVE were improved by

density modi®cation using RESOLVE (Terwilliger, 2000),

which resulted in overall ®gures of merit (FOMs) of 0.51 and

0.53, respectively. While the FOMs did not increase signi®-

cantly during density modi®cation, the electron-density maps

were of signi®cantly higher quality (Fig. 2). These 1.8 AÊ

resolution maps and the twinned native data set to 1.54 AÊ

resolution were used for initial automated model building (112

peptides, connectivity index 0.87) and re®nement with ARP/

wARP (Lamzin & Wilson, 1993). The resulting electron-

density map was of excellent quality and facilitated manual

building of the remaining residues and the side chains of

residues 3±48, 55±104, 109±135 and 141±150 using O (Jones et

al., 1991).

Re®nement to 1.54 AÊ resolution was continued in CNS

against intensities using the protocols for twinned data, a ®xed

twin fraction of � = 0.35 and the maximum-likelihood target.

The model was further rebuilt into �A-weighted 3Fo ÿ 2Fc

electron-density maps. Water molecules were assigned auto-

matically in CNS at >3� Fo ÿ Fc difference density peaks and

were veri®ed by manual inspection in O. After convergence in

CNS (Rcryst = 19.7%, Rfree = 24.3%), re®nement of both the

coordinates and the twin fraction was continued with

SHELXL (Sheldrick & Schneider, 1997) and riding H atoms

were included. Care was taken to keep the test set intact

during all re®nement steps. The ®nal model (Rcryst = 15.4%,

Rfree = 19.3%; Table 1) is composed of all residues except

residues 1±3, 54, 136±139 and 153±155, which showed no

Table 1
Crystallographic data collection, analysis and structure re®nement.

Data collection² SeMet Native

Wavelength (AÊ ) 0.9791 (f 00) 0.9793 (f 0) 0.9184 (remote) 1.0332
Resolution range³ (AÊ ) 18.6±1.69 (1.73±1.69) 18.6±1.69 (1.73±1.69) 19.3±1.69 (1.73±1.69) 20.0±1.54 (1.60±1.54)
Unique re¯ections³ 52050 (3426) 52034 (3420) 52023 (3415) 31800 (3196)
Completeness³ (%) 99.7 (99.4) 99.7 (99.4) 99.7 (99.4) 97.1 (98.2)
Rsym³§}, P4 (%) [4.4] 5.3 (60.4) [3.9] 4.7 (51.5) [3.6] 4.6 (57.3) [5.6] 7.4 (51.6)
Rsym³§}, P422 (%) [7.4] 8.5 (65.3) [6.7] 7.7 (55.9) [6.5] 7.7 (61.9) [9.4] 12.6 (57.2)
Average I/�(I)³ 31.3 (2.0) 33.7 (2.4) 32.7 (2.1) 23.4 (2.6)
Redundancy³ 4.2 (4.2) 4.2 (4.3) 4.2 (4.2) 7.6 (5.2)
Mosaicity (�) 0.34 0.34 0.35 0.33
Mean |E2 ÿ 1| 0.575 0.575 0.583 0.584 (0.736)²²
h|I|2i/h|I|i2 1.64 1.64 1.66 1.68 (2.0/1.5)³³
hjFj2i/hjFj2i 0.86 0.86 0.86 0.86 (0.785/0.865)³³
hHi 0.078 (� = 0.42) 0.081 (� = 0.41) 0.077 (� = 0.42) 0.151 (� = 0.35)
hH2i 0.009 (� = 0.42) 0.010 (� = 0.42) 0.009 (� = 0.42) 0.033 (� = 0.34)
Re®ned f 0/f 00§§ ÿ5.181/7.388 ÿ6.078/3.609 ÿ1.976/4.402 Ð
FOM after SOLVE}} 0.51/0.40
FOM after RESOLVE}} 0.53/0.50
h�'i (�)²²² 60.8 and 47.1/59.5 and 44.2
Re®nement

Resolution range (AÊ ) 18±1.54
No. of re¯ections/test set 30261/1519
Rcryst/Rfree³³³ (%) 15.4/19.3
No. of residues/protein atoms 144/1168
No. of water O atoms 126
Coordinate error§§§ (AÊ ) 0.2
Re®ned twin fraction 0.37

R.m.s. deviations from ideality
Bonds (AÊ ) 0.012
Angles (�) 2.6
Dihedrals (�) 28.3

Ramachandran plot}}}
Most favoured (%) 91.3
Additional allowed (%) 8.7

Average B values (AÊ 2)
Protein 26.1 � 11.0
Waters 34.3 � 8.8

² All data-collection statistics were calculated with Friedel mates treated separately. ³ Values in parentheses refer to the highest resolution shell. § Rsym =
100

P
h

P
i jIi�h� ÿ hI�h�ij=

P
h I�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. } Values in square brackets refer

to the lowest resolution shell (20±4.07 AÊ for the SeMet data and 20±3.31 AÊ for the native data). ²² The value in parentheses is the expected value for untwinned data. ³³ Values in
parentheses are the expected values for untwinned/perfectly twinned data. §§ Re®ned using XPREP. }} Figure of merit for all re¯ections for the twinned/detwinned
data. ²²² Mean phase differences (resolution range 18±1.9 AÊ ) between phases from SOLVE and RESOLVE derived from the twinned/detwinned data and phases derived from the
®nal model without taking twinning into account. ³³³ 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 with 5% of test-set structure factors. §§§ Based on maximum likelihood. }}} Calculated using PROCHECK (Laskowski et al., 1993).



interpretable electron density, and includes 126 water

molecules.

3. Results and discussion

3.1. Detection of twinning in crystals of IL-1b

No split spots, which would indicate epitaxic twinning of

IL-1� crystals, were observed in the diffraction pattern (data

not shown). The ®rst indication of possible hemihedral twin-

ning was the observation that the data could be indexed,

processed and scaled with good overall Rsym values in the P4

space group, but only reasonably well (especially in the low-

resolution shell) in the P422 space group. Typical warning

signs for twinning have been compiled (Herbst-Irmer &

Sheldrick, 1998) and include apparent higher symmetry arising

from the twin operator introducing additional symmetry that

is not part of the Laue symmetry of the space group.

Resolution-dependent inspection of Rsym revealed that while

similar values were found in the high-resolution shells in P4

and P422, Rsym values in the lowest resolution shells were

larger by almost a factor of two for the data scaled in P422

(Table 1). Calculation of the packing density assuming

one molecule in the asymmetric unit yielded an unreason-

ably small Matthews parameter (Matthews, 1968) of

VM = 1.45 AÊ 3 Daÿ1 for the P422 case. IL-1� does not contain

any possible perfect twofold symmetry (Finzel et al., 1989;

Priestle et al., 1989), which could lead to an asymmetric unit

harbouring only half a molecule with a concomitant VM value

of 2.9 AÊ 3 Daÿ1. Thus, the scaling statistics and packing-density

considerations already indicated the likely presence of hemi-

Acta Cryst. (2003). D59, 290±298 Rudolph et al. � Interleukin-1� 293

research papers

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 and a Patterson integration radius of 15 AÊ and was contoured at <60% of the maximum peak
height using POLARRFN (Collaborative Computational Project, Number 4, 1994). The data were reduced in P4 but the plot shows 422 symmetry, with
the fourfold axis (! = 0, at the centre) and the twofold axes (! = 90�, at the perimeter) having equal heights. After detwinning of the data, the peaks for
the twofold axes are absent (not shown). (b) Cumulative distribution of Z = I/hIi, where I is the intensity, for the acentric native (black) and anomalous
(blue) data. The theoretical distribution for untwinned data is shown as a dotted line. The sigmoidal shape of the distribution 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 Britton plots (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 lines).
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hedral twinning in the crystals of the IL-1� F42W/W120F

mutant.

Further analysis of the diffraction data using XPREP

revealed lower mean |E2 ÿ 1| values than expected for non-

centrosymmetric space groups for the native and MAD data

sets (Table 1), which is another hallmark of twinning (Herbst-

Irmer & Sheldrick, 1998). The presence of pseudo-422

symmetry is apparent from a self-rotation function analysis of

the data that were reduced in space group P4 (Fig. 1a). The

� = 180� section shows twofold axes perpendicular to the

crystallographic fourfold axis. Interestingly, the peak heights

of the twofold and fourfold axes were the same and did not

correlate (as might have been expected) with the twin fraction,

but were more dependent on the resolution limits and

Patterson radius used for the self-rotation function calcula-

tion. A further indication for the presence of hemihedral

twinning is an abnormal distribution of Z = I/hIi. The cumu-

lative intensity distributions of the IL-1� data, as calculated by

TRUNCATE (Collaborative Computational Project, Number

4, 1994), are sigmoidal in shape compared with the theoretical

distribution of untwinned data (Fig. 1b), further pointing to

twinned crystals.

To assess the twin fraction of the IL-1� native and MAD

data, different twinning tests were employed (Kahlenberg,

1999) using the programs CNS (BruÈ nger et al., 1998),

DETWIN (Collaborative Computational Project, Number 4,

1994) and the twinning server (Yeates, 1997). For acentric

untwinned data, the expected ratio of the average squared

intensity to the square of the average intensities (hI2i/hIi2) is 2;

for perfectly twinned data, it is 1.5. The native data set value

was 1.68, while the values for the MAD data were�1.64 for all

three wavelengths, thus eliminating perfect twinning but

con®rming the presence of partial twinning with a high twin

fraction. A test for partial twinning (Yeates, 1988) using the

relations hHi = 0.5 ÿ � and hH2i = (1 ÿ 2�)2/3, where

H = |Iobs(h1) ÿ Iobs(h2)|/[Iobs(h1) + Iobs(h2)], yielded twin-

fraction estimates of 0.35 and 0.42

for the native and MAD data,

respectively (Table 1). These

values are slightly larger than the

twin fractions of 0.32 and 0.40

estimated from both the cumula-

tive distribution of H (Yeates,

1988) and the Britton plot (Fisher

& Sweet, 1980; Figs. 1c and 1d).

For the sake of clarity, twin

fractions of 0.35 and 0.40 for the

native and MAD data, respec-

tively, were used in all subsequent

calculations unless otherwise

noted.

3.2. Structure determination
using twinned anomalous data

During the initial stages of

structure determination, twinning

was not considered. The system-

atic absences indicated P41 and

P43 as possible space groups and

consequently SOLVE was run

with both options. Although in

both cases a consistent set of six

Se atoms was found, the electron-

density maps were only inter-

pretable in P43, thus establishing

the correct space group for this

crystal. The ®rst electron-density

map from SOLVE already

showed a clear solvent boundary

Figure 2
Comparison of the MAD-phased electron-density maps from SOLVE (left panels) and RESOLVE (right
panels) using the twinned (upper panels) and detwinned (lower panels) data. A 30 AÊ slab of the 3Fo ÿ 2Fc

electron density cut at 2.5� is shown along the c axis. The solvent boundary is already apparent from the
initial SOLVE map, but the contrast of the map is dramatically increased after density modi®cation. The
quality of the density from the twinned data is slightly higher than that from the detwinned data.

Table 2
Fractional coordinates, apparent occupancies, B values and height of the
SeÐSe Harker vectors.

Se site x y z Occupancy B value (AÊ 2) Peak height (�)

1 0.863 0.215 0.163 0.48 29.4 14.9
2 0.701 0.064 0.228 0.55 36.5 14.1
3 0.576 0.319 0.120 0.45 35.4 11.0
4 0.901 0.282 0.153 0.50 43.3 12.5
5 0.338 0.419 0.157 0.43 39.3 11.4
6 0.781 0.543 0.094 0.41 46.2 9.0



and the contrast of the map was further enhanced by density

modi®cation in RESOLVE (Fig. 2, upper panel). However, the

map quality was lower than expected for 1.8 AÊ resolution data

and appeared somewhat blurred. Also, the occupancy of the

Se atoms, which is output on an absolute scale by SOLVE

(Tom Terwilliger, personal communication), was 0.4±0.5

(Table 2) and, although the Se content of the SeMet protein

was not con®rmed by mass spectrometry, incorporation of

only 40±50% SeMet during mRNA translation seemed

unlikely. Re-analysis of the data statistics then revealed the

presence of hemihedral twinning with an estimated twin

fraction of � = 0.40 for the MAD data and of � = 0.35 for the

native data, which was taken into account during structure

re®nement (see below), but not during the initial phasing. It

appears that the lower occupancy of the Se sites, as deter-

mined by SOLVE, re¯ects the relative occupancy of the Se

atoms in the larger twin domain. Indeed, when the coordinates

of two Se atoms were arti®cially twinned, i.e. transformed

according to the twin law, and used as seeds for SOLVE, the

remaining four Se positions of the less populated twin domain

were found. However, a search for 12 Se sites was un-

successful, because there are no cross-peaks in the anomalous

difference Patterson map between Se atoms from the two twin

domains.

Similar to SOLVE, the ab initio program SHELXD

(Schneider & Sheldrick, 2002) was able to identify all six Se

positions when run against substructure structure factors (FA

values) derived from the twinned data using standard proce-

dures in XPREP (Bruker AXS). The success of both SOLVE

and SHELXD in determining the substructure can in part be

explained by the fact that the starting models are derived by

Patterson superposition methods. As the cross-vectors

between the twin-related substructures are not present in the

Patterson map, these methods deliver a single copy of the

substructure. Furthermore, the fact that the dual-space re-

cycling part of SHELXD uses only the largest E values

(typically anomalous differences with E > 1.5, corresponding

approximately to the largest 10% of all re¯ections), seems to

be an advantage when working with twinned data.

To test the latter argument, arti®cial untwinned and twinned

MAD data for IL-1� based on the ®nal re®ned model were

calculated in XPREP, anomalous difference E values were

generated and their distributions were compared with each

other (Fig. 3). If an E value for which the error introduced by

twinning exceeds �20% is deemed too inaccurate for

substructure determination, the comparison shows that for a

twin fraction of � = 0.40, only 1707 (39.3%) of the 4338

twinned E values between 10 and 3.0 AÊ resolution are still

suf®ciently accurate (dots between the dashed lines in Fig. 3).

However, for the 453 re¯ections with E values >1.5 after

arti®cial twinning, 286 (63.1%) are still within the 20% error

margin (green dots in Fig. 3). Thus, large E values seem to be

less severely affected by twinning than small E values. To

rationalize this observation, two scenarios under which an E

value in a twinned data set will be strongly in¯uenced by

twinning (i.e. >20% of its value in the absence of twinning)

have to be considered. Firstly, a twinned E value can be

diminished relative to the untwinned value (222 re¯ections;

orange and black dots in Fig. 3). For such cases, most of the

resulting E values fall below the threshold of E = 1.5 (221

re¯ections; black dots in Fig. 3) and will therefore not be used

in the real±reciprocal-space recycling procedure of SHELXD.

Secondly, a large twinned E value can originate from a

strong contribution from the second twin domain and thus

erroneously enter the set of large E values (166 re¯ections; red

dots in Fig. 3). Here, the latter situation amounts to 36.9% of

the re¯ections with an inaccuracy of >20%. Interestingly, the

real±reciprocal-space algorithm implemented in SHELXD

seems to be suf®ciently robust to cope with both the inaccu-

racy of more than a third of the normalized structure factors

and with the incompleteness of the data. It should be noted

that for cases with � < 0.4, the contribution of the smaller twin

domain will be smaller and hence the percentage of strongly

affected (i.e. inaccurate or missing) E values will decrease,

increasing the chances of a successful structure determin-

ation.
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Figure 3
Scatter plot of 4338 E values derived as anomalous differences from
generated normal (along horizontal direction) and twinned (along
vertical direction) MAD data for the resolution range 10.0±3.0 AÊ . The
diffraction intensities for the re®ned model of SeMet-substituted IL-1� in
space group P43 were produced using XPREP, employing f 0 and f 00 values
as measured for the original diffraction data. The diffraction intensities
were arti®cially twinned by calculating new intensities using equations (1)
and (2) with a twinning fraction � = 0.4 and a twinning operator of k, h,ÿl.
FA values were determined using XPREP following a standard protocol
for both the original and the twinned data. A modi®ed version of
SHELXD was used to convert the FA values to the E values that would be
used by SHELXD in the `half-baked' procedure. The regions above and
below the pair of dashed lines correspond to re¯ections for which the
deviation introduced by twinning is larger than �20%. Re¯ections whose
intensity diminished from E > 1.5 to E � 1.5 as a consequence of the
twinning are shown as black dots; re¯ections for which both the
untwinned and the twinned E values are �1.5 are shown in grey.
Re¯ections for which E > 1.5 after twinning are shown in red, green and
orange depending on whether the deviation is smaller (green) or larger
(red and orange) than �20% of the initial E value.
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The substructure could also be determined using the

detwinned MAD data, yielding the same subset of Se sites as

in the twinned case. A key issue in detwinning data with an

anomalous signal is how the indices are related for two twin-

related re¯ections that are convoluted by the twin operator.

For a pair of re¯ections that form a Friedel pair, the decision

as to which one is labelled I+ and which one is labelled Iÿ is

arbitrary. This means that for two twin-related re¯ections, the

twin law may mix I+ with I+ or it may mix I+ with Iÿ, depending

on the indices of the re¯ections or, more generally, on the

choice of the asymmetric unit of reciprocal space. For

example, if data in P4 are reduced so that h, k and l are all non-

negative, then two re¯ections related by a twofold twin

operation perpendicular to the c axis would be the (h, k, l) and

(k, h, l). However, the real twin operation is a rotation, not a

re¯ection. Those two re¯ections cannot be brought into

coincidence by one of the rotation operators in the P422 space

group; an inversion is required. Therefore, for the two

re¯ections above (and essentially for a whole data set reduced

in this asymmetric unit), I+ from one re¯ection becomes mixed

with Iÿ from another, which is the case for the IL-1� crystals.

Prior to detwinning, the data were anomalously scaled to a

resolution of 1.9 AÊ and symmetry-equivalent re¯ections were

merged to the asymmetric unit in SCALEPACK. Detwinning

was performed taking into account the correct pairing of the

anomalous intensities [i.e. I+(h, k, l) with Iÿ(k, h, l)] using in-

house software (T. O. Yeates, unpublished program). A

conservative estimate of � = 0.38 rather than the estimated

value of 0.40 was chosen to avoid possible overcorrection of

the data, i.e. excessive generation of negative intensities. The

resulting detwinned intensities were used for substructure

determination in SOLVE. However, since the ®les output by

this procedure are merged to the asymmetric unit, local scaling

in SOLVE is different with the detwinned MAD data

compared with the twinned MAD data, where the symmetry-

equivalent re¯ections were kept separate. This may limit

direct comparison of the results generated from the two

differently scaled data sets. Also, although the data extended

to 1.8 AÊ , in order to avoid generating too many re¯ections

with negative intensities detwinning was only performed to a

resolution of 1.9 AÊ . The resulting solutions from SOLVE and

RESOLVE had FOMs for all re¯ections of 0.40 and 0.50,

respectively. These are slightly lower than the FOMs from the

twinned data (Table 1). The occupancies of all six Se sites were

closer to one, as opposed to 0.4±0.5 for the untreated data (see

above), con®rming that the detwinning procedure was

successful. Also, the B values for the six Se atoms

(hBi = 38 AÊ 2) did not change upon detwinning of the data.

Counterintuitively, the SeÐSe cross-peak heights using the

detwinned data were in the range 13±18�, compared with only

9±15� for the twinned data (Table 2), although detwinning

introduces additional noise into the data. Assuming identical

errors of the twin-related re¯ections and a twin fraction of 0.4,

the errors arising from detwinning increase by a factor of ®ve

(equation 5). Given this large error increase, it is surprising

that the detwinned MAD data were not only still useable for

phasing, but apparently yield a clearer solution for the Se sites.

A possible explanation is that the increase in the random

errors of the measured intensities owing to detwinning is offset

by the removal of the systematic errors contributed by the

scattering of the minor twin domain. However, the quality of

the electron density derived from the twinned data is slightly

higher than that from the detwinned data (Fig. 2). This dele-

terious effect of detwinning is also seen in the lower overall

FOM of the ®nal result from SOLVE and after density

modi®cation in RESOLVE, where all re¯ections are used. By

contrast, the mean phase differences between the ®nal model

and the ®rst phases from SOLVE and RESOLVE are very

similar for the twinned and detwinned cases (Table 1).

Also, as might have been expected, molecular replacement

using the twinned native data and a previously determined

structure of IL-1� (Yu et al., 1999) as the search model

resulted in two solutions of nearly equal quality (R value of

34.8% and correlation coef®cient of 0.41, with values of 40.4%

and 0.39, respectively, for the best false solution), one for each

twin domain. The two rotational parts of the molecular-

replacement solutions are related to each other by the real-

space twin operator, a 180� rotation about the crystallographic

a axis.

3.3. Refinement against twinned native data and model
analysis

A partial model (112 of 155 residues) was generated using

the 1.8 AÊ resolution experimental electron-density maps

generated by SOLVE from the twinned MAD data, re®ned

with phase extension to 1.54 AÊ using the native data

performed in ARP/wARP (Lamzin & Wilson, 1993). While

detwinning of intensities is common practice for structure-

determination purposes, re®nement against detwinned data is

not recommended owing to the systematic increase of the

intensity errors. Thus, two re®nement programs, CNS and

SHELXL97, were considered for re®nement of the initial

IL-1� model. The ®rst re®nement cycles were performed in

CNS using a ®xed twin fraction of � = 0.35 and the protocols

for hemihedrally twinned data (see x2). However, the Rfree

value seemed to be stalled at unacceptably high values

(24.3%) for this resolution (1.54 AÊ ). Therefore, re®nement

was continued using SHELXL97 (Sheldrick & Schneider,

1997), which simultaneously re®nes the coordinates, the B

values and the twin fraction. This re®nement strategy

converged to an Rfree of 19.3% and produced a model (Fig. 4)

with excellent stereochemical properties (Table 1). The twin

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

slightly larger ®nal value of 0.37. This ®nal value differs by

5±14% from the values estimated by the various data statistics

(Fig. 1, Table 1), indicating that the errors on the twin-fraction

estimates are in the same range.

3.4. Conclusions

Recently, Yang et al. (2000) described a MAD structure

determination of the �-phage display platform protein gpD

using twinned SeMet data. The crystal was of P21 symmetry

and pseudo-merohedral twinning was possible owing to the



near-equality of the a- and c-axis lengths. The SeMet MAD

data extended to 1.8 AÊ resolution and allowed ready solution

of the substructure using SOLVE. Similar to the case of IL-1�
described here, the possibility of twinning was not considered

during structure determination and the initial stages of

re®nement. The high twin fractions (� > 0.35 in both cases) did

not impede structure determination by MAD phasing, but

ef®ciently hampered re®nement of the gpD and IL-1� struc-

tures. Ultimately, both structures were re®ned with SHELXL

using the twinned native data and the TWIN and BASF

options to de®ne the twin operator and to re®ne the twin

fraction, respectively. In general, it seems that the presence of

twinning neither necessarily prohibits a successful structure

determination using SeMet (or other anomalous) data, nor

renders re®nement impossible. The success of programs such

as SOLVE and SHELXD in determining substructures from

twinned MAD data is based on the use of Patterson super-

position methods, which are robust because no cross-vectors

between the twin domains exist in the anomalous Patterson

maps. The real±reciprocal-space recycling procedure, as

implemented in SHELXD, is also robust owing to the use of

large E values of the anomalous differences that are least

affected by twinning. If the twin fraction is particularly high,

the additional noise introduced into the data by detwinning

may more than counterbalance the positive effect of removing

the contribution of the minor twin domain. Thus, phasing with

twinned MAD data (without detwinning) is a possibility that

should not be excluded from consideration. In the present

case, attempts to phase using twinned and detwinned MAD

data were similarly successful. However, there may well be

cases where the twin fraction is so high that detwinning is

impossible, while the twinned data can still be phased. We

would expect that even larger substructures (>6 sites) can be

determined with twinned MAD data despite the presence of a

larger number of peaks in the Patterson maps owing to the two

twin domains. Finally, with the arsenal of statistical twinning

tests that, among others, are available in the CCP4 suite

(Collaborative Computational Project, Number 4, 1994),

XPREP (Bruker, AXS), CNS (BruÈ nger et al., 1998) and the

twinning server (Yeates, 1997), a test for twinning can easily be

implemented as part of the data analysis prior to the time-

consuming re®nement procedures.
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