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The structure of Rna1p was originally solved to 2.7 Å

resolution by MIRAS from crystals with partial hemihedral

twinning in space group I41 [Hillig et al. (1999), Mol. Cell, 3,

781–791] by finding a low-twinned native crystal (twin fraction

� = 0.06) and after twin correction of all data sets. Rna1p

crystals have now been used to examine how far twinning and

twin correction affect MIR phasing with a higher resolution

but highly twinned native data set. Even high hemihedral

twinning [�(native) = 0.39, �(derivative) = 0.24] would not

have hindered heavy-atom site identification of strong

derivatives using difference Patterson maps. However, a

weaker derivative could have been missed and refinement

would have stalled at high R values had twinning not been

identified and accounted for. Twin correction improved both

site identification, experimental phasing statistics and MIR

map quality. Different strategies were tested for refinement

against twinned data. Using uncorrected twinned data and

TWIN-CNS, Rna1p has now been refined to 2.2 Å resolution

(final twinned R and Rfree were 0.165 and 0.218, respectively).

The increased resolution enabled release of the NCS restraints

and allowed new conclusions to be drawn on the flexibility of

the two molecules in the asymmetric unit. In the case of

Rna1p, twinned crystal growth was possible owing to the

presence of a twofold NCS axis almost parallel to the twin

operator.
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1. Introduction

Rna1p is the Schizosaccharomyces pombe orthologue of

human RanGAP1, the GTPase-activating protein for Ran.

The small GTPase Ran is a key regulator in nuclear transport,

mitotic spindle assembly and nuclear envelope assembly

(Pemberton & Paschal, 2005; Ciciarello & Lavia, 2005). The

crystal structure of Rna1p was determined from partially

hemihedrally twinned crystals (space group I41) by multiple

isomorphous replacement with anomalous scattering

(MIRAS; Hillig et al., 1999). Whilst merohedral twinning is not

unusual in small-molecule crystallography and was described

early on (e.g. Buerger, 1969), this phenomenon was thought to

be more unusual in macromolecular crystallography. This has

changed over the last few years and merohedral twinning in

protein crystallography is now regularly described and has

been the subject of several review articles and method

developments (Yeates, 1997; Yeates & Fam, 1999; Chandra et

al., 1999; Parsons, 2003; Dauter, 2003; Terwisscha van Schel-

tinga et al., 2003; Padilla & Yeates, 2003; Lebedev et al., 2006).

In parallel, software tools to analyze data for twinning and to



account for it in refinement have become available. In addition

to SHELX (Herbst-Irmer & Sheldrick, 1998), the CCP4 suite

(DETWIN; Collaborative Computational Project, Number 4,

1994; Taylor & Leslie, 1998) and CNS (Brünger et al., 1998)

have been extended accordingly.

In most published cases, structures from merohedrally

twinned crystals have been solved by molecular replacement

(Redinbo & Yeates, 1993; Ito et al., 1995; Luecke et al., 1998;

Breyer et al., 1999; Ban et al., 1999; Cox et al., 1999; Weber et

al., 1999; Song et al., 2001; Contreras-Martel et al., 2001; Ko et

al., 2001; Abrescia & Subirana, 2002; Xu et al., 2003; Ramadan

et al., 2002; Harris et al., 2002; Yuan et al., 2003; Lee et al., 2003;

Barends & Dijkstra, 2003; Rosendal et al., 2004; Shimamura et

al., 2004; Govindasamy et al., 2004; Golinelli-Pimpaneau, 2005;

Schuermann et al., 2005). Here, the diffraction data need not

to be twin-corrected as the refinement software can refine the

artificially twinned model against the original twinned data. In

contrast, for an MIR structure determination partial mero-

hedral twinning introduces an additional difference between

the native and derivative crystals. A native and several

derivative data sets have to be twin-corrected and the

isomorphous differences between the resulting data sets

analyzed. As twin correction is never perfect, this will inevi-

tably introduce new errors. Therefore, it was not clear at the

beginning of the structure determination of Rna1p whether

the small isomorphous differences between the native and

derivative data sets would still be detectable after twin

correction. At this point, we were only aware of cases where

combinations of isomorphous replacement and molecular

replacement had been successful (Rees & Lipscomb, 1980;

Reynolds et al., 1985; Goldman et al., 1987). It turned out that

in our case MIRAS structure determination worked after

finding a low-twinned native crystal (twin fraction 0.06) and

after twin-correcting all data sets. In addition, a series of

further novel structures have now been reported which have

been determined from merohedrally twinned data using either

isomorphous replacement methods (Igarashi, Moriyama,

Fujiwara et al., 1997; Forst et al., 1998; Valegard et al., 1998;

Terwisscha van Scheltinga et al., 2001; Declercq & Evrard,

2001; Hamburger et al., 2004), multiple anomalous dispersion

(Yang et al., 2000; Rudolph et al., 2003; Barends et al., 2005) or

ab initio methods (Schneider et al., 2000).

1.1. Hemihedral twinning in tetragonal space groups

Twinning is a crystal-growth defect in which a crystalline

specimen consists of more than one lattice and the lattices of

the different domains are related by a defined symmetry

operation. In non-merohedral twinning, the different domains

of the crystal can be recognized from the crystal morphology

or the twinning becomes obvious from the diffraction pattern,

which shows reflections from more than one lattice. In

merohedral twinning, the lattices of the separate twin domains

superimpose perfectly in all three dimensions. Therefore, the

corresponding reciprocal lattices also overlay exactly and each

collected reflection is a superimposition of contributions from

the two or more twin domains (two in the tetragonal system).

In the tetragonal space group I41 (fourfold crystallographic

axis along the c axis), the twin domains are related by a 180�

rotation around the a or b axis or around the diagonal

between these two axes. The resulting unit-cell orientation of

the second twin domain fits into the same lattice and thus the

diffraction patterns from both orientations also superimpose.

This is expressed by the central equation of merohedral

twinning, where any observed intensity (Iobs) is a weighted

sum of the true intensities of two reflections h1 and h2 of the

untwinned crystals; the reflections h1 and h2 are related by the

twinning operation but not by crystallographic symmetry

(Yeates, 1997),

Iobsðh1Þ ¼ ð1� �ÞItrueðh1Þ þ �Itrueðh2Þ; ð1Þ

Iobsðh2Þ ¼ �Itrueðh1Þ þ ð1� �ÞItrueðh2Þ: ð2Þ

The twin fraction � represents the percentage of the less

populated twin domain. A twin fraction of � = 0.50 defines

perfect merohedral twinning, whereas cases with 0 < � < 0.50

represent partial merohedral twinning. When there are only

two possible unit-cell orientations as in the tetragonal lattice,

this specific form of merohedral twinning is called hemihedral

twinning.

As outlined, merohedral twinning can only occur when the

orientation of the unit cell generated by the twin operation

still fits into the lattice of the original unit cell and when at the

same time the orientation of the molecules in the two unit-cell

orientations are no longer equivalent. This holds true for only

a limited group of tetragonal, trigonal, hexagonal and cubic

space groups where the space-group symmetry is lower than

the lattice symmetry (Yeates, 1997). This definition also

describes the set of polar space groups where alternative non-

equivalent indexing schemes exist. Finally, merohedral twin-

ning can also occur in less symmetric space groups if under

unfortunate circumstances the unit-cell geometry is very close

or identical to a more highly symmetric one (e.g. an ortho-

rhombic space group with a = b). Structure determinations

from such pseudo-merohedrally twinned crystals have been

described (Ito et al., 1995; Ban et al., 1999; Mueller et al., 1999;

Frazão et al., 1999; Weber et al., 1999; Yang et al., 2000;

Declercq & Evrard, 2001; Larsen et al., 2002; Barends &

Dijkstra, 2003; Houborg et al., 2003; Dauter, 2003; Rudolph et

al., 2004; Hamburger et al., 2004; Golinelli-Pimpaneau, 2005;

Lehtiö et al., 2005).

1.2. Symptoms of merohedral twinning

Merohedral twinning cannot be directly recognized in the

diffraction pattern. When the data are processed in the correct

space group, data-collection statistics such as Rsym are not

affected and cannot help in identifying the problem, as all

symmetry-related reflections suffer from exactly the same

disturbance. However, correct space-group assignment is

often difficult with merohedrally twinned crystals, which in

itself may be an initial hint: in the case of perfect merohedral

twinning (� = 0.50), the two observed twin-related intensities

Iobs(h1) and Iobs(h2) become equal, which increases the

apparent symmetry of the crystal. A self-rotation function
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analysis will show additional symmetry elements and the data

set can be processed in a higher yet wrong space group with

excellent statistics. In the case of partial merohedral twinning,

depending on the twin fraction �, Iobs(h1) and Iobs(h2) become

more similar than expected for a non-twinned data set.

Processing in the wrong higher symmetric space group does

not result in excellent Rsym values, but they are also not as

poor as one would expect for a false space group. Often,

merohedral twinning can also be recognized from packing

considerations. The Matthews parameter may suggest that the

higher apparent symmetry caused by the twinning requires a

number of molecules per unit cell that cannot reasonably be

accommodated (e.g. Luecke et al., 1998).

Apart from these symmetry considerations, merohedral

twinning can be detected by analyzing whether the cumulative

intensity distribution follows Wilson statistics (Wilson, 1949;
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Table 1
Data-collection and refinement statistics (space group I41, No. 80).

Soaking conditions: HgCl2, 5 mM, 21 h; HgAc2, 5 mM, 24 h; K2PtCl4, 10 mM, 13 h; KAu(CN)2, 2 mM, 30 h; MeHgBr, 5 mM, 38 h; thiomersal, 5 mM, 17 h; EtHgCl,
1 mM, 6 h. Values in parentheses refer to the highest resolution shell.

Data set Native-A Native-B† HgCl2 HgAc2† K2PtCl4 KAu(CN)2 MeHgBr Thiomersal EtHgCl†

Twin fraction �‡ 0.34 [0.35] 0.06 [0.07] 0.12 0.18 0.19 0.21 0.23 0.24 0.24
Source BW7A,

DESY
BM14,

ESRF
BM14,

ESRF
BW6,

DESY
X11,

DESY
BM14,

ESRF
BM14,

ESRF
BW6,

DESY
BW6,

DESY
Unit-cell parameters (Å)

a 175.2 175.5 176.0 175.1 175.6 175.7 175.5 175.0 175.3
c 55.9 55.8 56.1 56.0 55.9 56.0 56.1 56.1 56.0

Mosaicity (�) 0.50 0.69 0.39 0.69 0.75 0.85 0.87 0.75 0.64
Resolution (Å) 31.0–2.2 20.0–2.6 25.0–3.2 40.0–3.0 19.7–3.0 25.0–3.2 22.0–3.2 29.7–3.2 29.7–3.0

Highest shell (Å) 2.25–2.20 2.69–2.64
Unique observations 42106 (2493) 23730 13970 17194 16829 14337 13729 14112 16912
Multiplicity 3.8 (2.0) 6.1 5.6 3.1 2.9 4.0 5.0 2.9 2.6
Completeness 0.97 (0.87) 0.98 (0.59) 0.99 0.99 0.96 0.99 0.99 0.98 0.97
I/�(I) 8.0 (2.1) 18.2 (4.2) 16.2 13.7 9.4 19.3 12.4 10.6 13.1
Rsym§ 0.137 (0.369) 0.084 (0.196) 0.093 0.077 0.086 0.061 0.103 0.095 0.072
Riso} 0.207 — 0.188 0.229 0.139 0.139 0.212 0.232 0.169
Refinement Strategy 2†† Strategy 1†,††

PDB code 2ca6 1yrg
Twin fraction used 0.39 0.06
Resolution (Å) 31.0–2.20 20.0–2.66

Highest shell (Å) 2.24– 2.20 2.83–2.66
Reflections (work/test) 37258/3957 22515/1215
Rwork 0.277 (0.338) n.d.
Rfree‡‡ 0.312 (0.378) n.d.
Detwinned Rwork§§ 0.257 (0.379) 0.228 (0.299)
Detwinned Rfree‡‡ 0.301 (0.475) 0.277 (0.373)
Twinned Rwork}} 0.165 (0.231) n.d.
Twinned Rfree‡‡ 0.218 (0.279) n.d.
Wilson B factor††† (Å2) 14.4 34.0
No. non-H atoms

Total 5673 5399
Molecule A 2690 2689
Molecule B 2690 2689
Protein 5380 5378
Water molecules 273 21

No. sulfate molecules 4 —
Average B factors (Å2)

All atoms 22.7 19.9
Molecule A 20.2 18.8
Molecule B 24.7 21.1
Protein 22.4 19.9
Water molecules 24.1 13.2
Sulfates 68.6 —

R.m.s.d. from ideal geometry
Bond lengths (Å) 0.005 0.007
Angles (�) 1.23 1.31

Ramachandran plot, residues in (%)
Most favoured regions 494 490
Additionally allowed regions 119 124
Generously allowed regions 5 4
Disallowed regions 2 2

† Taken from Hillig et al. (1999). ‡ Twin fractions determined using the program described in x2.3. For native-A and native-B, the additional value in square brackets was determined
using CNX (twin_fraction.inp). § Rsym =

P
h

P
i jIh;i � hIhij=

P
h

P
i Ih;i . } Calculated with native-B as reference using CCP4/SCALEIT and data to 2.7 Å. †† See

x3.4. ‡‡ Rfree is the same as the respective R factor, but calculated on 10% (native-A) and 5% (native-B) of data excluded from refinement. §§ Detwinned R is the conventional R
factor, R =

P
h jFo � Fcj=

P
Fo, but calculated from the twin-corrected experimental structure factors Fo and the calculated model structure factors Fc. }} Twinned R is the R factor

calculated from the original (not twin-corrected) experimental structure factors and the artificially twinned model structure factors. ††† Determined by CCP4/TRUNCATE.



Stanley, 1972). In every diffraction data set, a certain number

of reflections with weak, medium and strong intensities are

expected. (1) and (2) show that in the presence of merohedral

twinning a very weak intensity Itrue(h1) is superimposed with a

second usually stronger intensity Itrue(h2). This leads to a

reduced number of very weak (and very strong) intensities in

the collected data set. In the cumulative intensity distribution

plot, this triggers a characteristic sigmoidal deviation of the

experimental curve from the theoretical curve. This effect can

be used to identify twinning via calculation of hI 2
i/hIi2 in thin

resolution shells (Stanley, 1972; Yeates, 1997). For acentric

data, the expected value is 2.0 in the absence of merohedral

twinning and 1.5 for perfect merohedral twinning (� = 0.5). It

should be mentioned that in unfortunate cases even analysis of

the intensity distribution may not reveal merohedral twinning.

Under certain conditions, the presence of NCS translational

symmetry may systematically increase the number of very

weak reflections and thus reverse the effect of twinning (Lee et

al., 2003; Padilla & Yeates, 2003; Dauter et al., 2005).

Here, we present the symptoms which led to the identifi-

cation of hemihedral twinning during the MIRAS structure

determination of Rna1p. Different strategies during phasing

and crystallographic refinement and their influence on the

localization of heavy-atom sites, MIR map calculation and

refinement are compared, now using a higher resolution but

highly twinned native data set (� = 0.39). Rna1p was finally

refined to 2.2 Å resolution using this data set and the higher

resolution structure is discussed. This case study may help to

optimize other MIR structure determinations with highly

twinned data.

2. Experimental

2.1. Data collection

Expression, purification and crystallization of full-length

S. pombe Rna1p (43.1 kDa, 386 residues), as well as the

MIRAS structure determination (using a 2.7 Å native data set

as well as SeMet, EtHgCl and HgAc2 derivatives), have been

described previously (Hillig et al., 1999). The native data set

used in this original structure determination will hereafter be

called native-B. Here, we report the use of a higher resolution

but highly twinned native data set originally collected earlier

(named native-A) with a resolution limit of 2.2 Å and five

further data sets collected from crystals soaked in heavy-atom

solutions. These latter data sets did not contribute to the

MIRAS phasing, but were of help for detecting the hemi-

hedral twinning and validating the twin-correction procedure.

Data-collection statistics are given in Table 1. Because of the

small size of the needle-shaped crystals, all data had to be

collected using synchrotron radiation, at various beamlines at

ESRF, EMBL Outstation Grenoble and at DESY, EMBL

Outstation Hamburg. Crystals were frozen as described in

Hillig et al. (1999). All data were collected on MAR image-

plate detectors.

2.2. Data analysis

Data were processed using the DENZO/SCALEPACK

package (Otwinowski & Minor, 1997), subjected to SCALE-

PACK2MTZ, TRUNCATE and CAD and analyzed with

XLOGGRAPH (Collaborative Computational Project,

Number 4, 1994). The values for hI2
i/hIi2 per resolution shell

and the cumulative intensity distributions were extracted from

the output of TRUNCATE. Values for hI2
i/hIi2 for the indi-

vidual data sets are listed in Table 2. Self-rotation functions

were calculated using POLARRFN (Collaborative Compu-

tational Project, Number 4, 1994).

2.3. Twin correction

(1) and (2) allow the calculation of the true intensities from

the observed intensities if the twin fraction � is known. For

correction, both twin-related intensities Iobs(h1) and Iobs(h2)

have to be collected and � has to be determined. In space

group I41, the symmetry operation relating the two possible

orientations of the unit cell is a 180� rotation around the a or b

axes or the diagonal between them. A reflection (h, k, l) is

twin-related to (h, �k, �l) and to its symmetry mates

(�h, k, �l), (k, h, �l) and (�k, �h, �l). When processing

without anomalous signal, both XDS (Kabsch, 1993) and

SCALEPACK (Otwinowski & Minor, 1997) list (h, k, l) and

(h,�k, l) in their output. In this case, the reflection (h,�k, l) is
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Table 2
Twinning analysis.

Before detwinning After detwinning

Data set Twin fraction �† hI 2
i/hI i2‡ ’ (self-rotation)§ (�) Riso} (%) hI2

i/hI i2‡ ’ (self-rotation)§ (�) Riso} (%) Heavy-atom bound?

Native-B 0.06 2.08 �2.0 n.a. 2.13 �2.5 n.a. n.a.
Native-A 0.34 1.73 0.0 20.7 2.00 �1.5 15.4 n.a.
HgCl2 0.12 2.13 �2.0 18.8 2.17 �3.0 18.0 Yes
HgAc2 0.18 1.95 �1.5 20.1 2.18 �2.5 21.2 Yes
K2PtCl4 0.19 1.81 �1.0 13.9 2.05 �1.0 12.6 No
KAu(CN)2 0.21 1.84 �1.5 13.9 2.15 �2.0 11.7 No
MeHgBr 0.23 1.91 �1.5 21.2 2.16 �2.5 21.1 Yes
Thiomersal 0.24 1.90 �1.5 23.2 2.04 �3.0 23.3 Yes
EtHgCl 0.24 1.77 �0.5 18.0 2.07 �1.0 16.2 Yes

† As determined by the twin-correction program described in x2. ‡ The ratio hI2
i/hI i2 is expected to be 2.0 for a non-twinned crystal (� = 0.0) and 1.5 for a perfectly merohedrally

twinned crystal (� = 0.5). § Polar angle ’ of the NCS operator in the self-rotation function (! = 90, � = 180�). After model building and refinement, ’ was �2.1� for the final
model. } Riso calculated with reference to native-B. For native-A it was calculated to a resolution limit of 2.7 Å and for all others to the maximum resolution (see Table 1).



a Friedel mate of one of the twin-related reflections and the

two observed intensities Iobs(h1) and Iobs(h2) correspond to the

intensities of the pair of (h, k, l) and (h, �k, l). According to

Yeates (1988), the twin fraction � can be determined by first

calculating the fractional difference H with

H ¼ ½Iobsðh1Þ � Iobsðh2Þ�=½Iobsðh1Þ þ Iobsðh2Þ� ð3Þ

for each pair of twin-related reflections. For acentric reflec-

tions � is then calculated from H via

hHi ¼ 1
2� �; ð4Þ

hH2i ¼ ð1� 2�Þ2=3: ð5Þ

For centric reflections, a similar relationship exists (see Yeates,

1988). Since no program for correcting twinned data was

available at the beginning of the structure determination of

Rna1p, we wrote a program1 that first sorts out the intensities

in space group I41 which are not affected (reflections with k = 0,

h = 0 or h = k), then identifies the collected pairs Iobs(h, k, l)

and Iobs(h, �k, l), calculates � from hHi, subsequently recal-

culates the true intensities Itrue(h, k, l) and Itrue(h, �k, l) and

outputs the corrected and the unaffected intensities as the

twin-corrected data set. To handle the anomalous signal in one

of the SeMet data sets described in Hillig et al. (1999), the

program was extended. Here, I(+)(h, k, l) and I(�)(h, �k, l)

represent one twin-related pair of intensities and I(�)(h, k, l)

and I(+)(h, �k, l) represent a second one. Each of these pairs

was then used to calculate a value for H and was afterwards

twin-corrected with the twin fraction derived from hHi.

If there is an NCS axis closely parallel to one of the crys-

tallographic axes, the statistical basis for the determination of

� from H is no longer valid (Yeates, 1988; Padilla & Yeates,

2003). For this case, Forst and coworkers suggested a different

way to determine � (Forst et al., 1998). This method was

initially followed up in parallel, but was dropped when it

became clear that with Rna1p the NCS is almost parallel to,

but translated in space from, the crystallographic axes a and b.

After most of the twin-correction work described above had

been completed, a number of crystallographic packages were

extended to handle merohedral twinning: DETWIN from the
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1 The program (Fortran code) can be obtained from the authors on request.
However, newer programs such as CNS and CCP4 DETWIN may be more
useful as they are not restricted to space group I41.

Figure 1
Crystals and diffraction pattern of S. pombe Rna1p. (a) Typical sea-urchin-like crystal clusters. (b) Manually separated crystals of about 600 � 40 �
40 mm. (c) Diffraction pattern from native-A (high-resolution sweep, �’ = 0.5�, exposure time 8 min, detector edge 2 Å). Yellow boxes denote the
enlarged regions. The reflections show no signs of splitting.



CCP4 package can perform the twin correction (Taylor &

Leslie, 1998). A number of subroutines of CNS (v.0.9 and

higher) can determine the twin fraction, twin-correct the data

or take the twinning into account during refinement (Brünger

et al., 1998). SHELXL, as a program developed for small-

molecule crystallography, can handle merohedral twinning

during refinement (Herbst-Irmer & Sheldrick, 1998) and a

web-based server helps in identifying twinning (http://

www.doe-mbi.ucla.edu/Services/Twinning/).

2.4. MIR phasing with twin-corrected data

Heavy-atom sites were originally identified using SOLVE

(Terwilliger & Berendzen, 1999) with twin-corrected data and

confirmed in difference Patterson and difference Fourier maps

as described in Hillig et al. (1999). Since several recent reports

have described the use of twinned data with an anomalous

signal (Yang et al., 2000; Rudolph et al., 2003; Barends et al.,

2005), we focused here on the analysis of experimental

phasing by MIR, which is expected to require the determi-

nation of both accurate native and derivative structure factors.

For analysis of the influence of twin correction on site iden-

tification and phasing, difference Patterson maps were calcu-

lated using the original and the twin-corrected data (FFT from

the CCP4 package). For both cases, the sites were refined

using MLPHARE (Collaborative Computational Project,

Number 4, 1994) and density-modified NCS-averaged MIR

phases were calculated using DM (Collaborative Computa-

tional Project, Number 4, 1994).
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Figure 2
Self-rotation functions and cumulative intensity distributions of native-A and native-B (both processed in I4 and cut at 2.7 Å resolution for comparison).
(a) and (b) show the self-rotation function and the intensity distribution for native-A. Self-rotation function: � = 180� section, ’ plotted on the
circumference, ! along the radius (centre, ! = 0�; edge, ! = 90�), resolution 8–4.3 Å. Note that in addition to the central peak representing the
crystallographic fourfold axis, there is a peak (and its symmetry mates) at ’ = 0�. The cumulative intensity distribution for native-A (theoretically
expected curves are shown as a black line for acentric reflections and a dotted black line for centric reflections and experimentally observed distributions
are shown as a red line for acentric reflections and a dotted red line for centric reflections) shows a pronounced sigmoidal deviation from the expected
values, which is typical of merohedral twinning (see text). (c) and (d) show the self-rotation function and intensity distribution for the less twinned
native-B. Here, the self-rotation peak is at ’ = �2�, revealing a twofold NCS axis, and the intensity distributions shows only a very small sigmoidal
deviation.



2.5. Refinement against data set native-A

The model of Rna1p (PDB code 1yrg; originally built and

refined to 2.7 Å resolution using the twin-corrected data set

native-B) was refined against the original (not twin-corrected)

structure factors of native-A using CNS in normal or in TWIN

mode and employing various resolution cutoffs. 2Fo � Fc

difference maps were inspected for quality of the electron

density. For these refinement runs a new test set for Rfree

calculation was introduced using the make_cv_twin routine

of CNS, which ensures that twin-related pairs of reflections are

included either both in the work or both in the test set.

Coordinates of the initial model 1yrg (without water mole-

cules) were subjected to a random shift of 0.5 Å using ARP/

wARP (Collaborative Computational Project, Number 4,

1994) followed by a simulated-annealing refinement run

(using data to 2.2 Å resolution and NCS restraints) to remove

model bias from the new Rfree test set. The resulting model was

subjected to iterative cycles of positional refinement, indivi-

dual B-factor refinement and manual rebuilding in 3Fo � 2Fc

and Fo � Fc maps using O (Jones & Kjeldgaard, 1997) and

QUANTA (Accelrys). The final stages of refinement were

carried out using CNX (Accelrys), the commercial version of

CNS. (For simplicity, we will refer to both as ‘CNS’ in the

following.) The final model contains 684 residues (two Rna1p

molecules; NCS restraints completely released), 273 water

molecules and four sulfate ions. It was refined to 2.2 Å reso-

lution to a twinned R value of 0.165 (twinned Rfree = 0.218).

All residues except Ser257 are in the allowed regions of the

Ramachandran plot (PROCHECK; Collaborative Computa-

tional Project, Number 4, 1994). Ser257 shows well defined

electron density in both molecules. It is located in the leucine-

rich repeat LRR9 just before the beginning of �-helix H9

(Hillig et al., 1999) and is engaged in a series of hydrogen

bonds.

3. Results and discussion

3.1. Identification of hemihedral twinning

S. pombe Rna1p crystallizes in sea-urchin-like clusters of

tetragonal needles, with individual needles having a length of

up to 1 mm but a thickness of only 20–40 mm, extending in

very rare cases up to 60 mm (Fig. 1). Even with synchrotron

radiation, only needles of more than 40 mm thickness

diffracted to a resolution of better than 3.5 Å. Separated

crystals did not feature any growth defects indicative of

twinning and none of the crystals showed split reflections

(Fig. 1). Hemihedral twinning was recognized when a high-

resolution native data set and a number of potential derivative

data sets had already been collected. Up to this point, the

space-group determination had been uncertain, indicating

either I41 or I4122. Twinning could not be detected from

packing considerations as the large asymmetric unit allowed

the presence of two NCS-related protein molecules for space

group I41 or one molecule for space group I4122, both

resulting in identical and reasonable Matthews parameters.

Structure determination was initiated with highly twinned

native data sets such as native-A (Table 1). Data processing of

native-A resulted in an Rsym value of 0.069 for I41 and 0.139

for I4122 (calculated for data to 2.7 Å). This difference should

have implied that the higher symmetric space group was not

correct and may have hinted at the presence of twinning. In

particular, the R factors for the lowest resolution shell (31–

5.8 Å) were unusually high (0.096 for I4122 compared with

0.041 for I41). At the time, however, the higher value for I4122

appeared acceptable given the small crystal size, the weak

diffraction and an anisotropic diffraction pattern arising from

the needle shape of the crystals. The self-rotation function of

such highly twinned native data sets of Rna1p gave ambiguous

results. Fig. 2(a) shows the � = 180� section for native-A. The

peak at ! = 90, � = 180, ’ = 0� and the symmetry-related peaks

at ’ = 45, 90, 135� etc. could either have represented the

crystallographic twofold axes of I4122 or twofold NCS axes

(parallel or almost parallel to the crystallographic a and b

axes) in I41.

Hemihedral twinning was identified by analysis of hI2
i/hIi2

and the cumulative intensity distribution plots of all data sets.

Fig. 2(b) shows this distribution for native-A. The sigmoidal

deviation from the expected curves, a characteristic of mero-

hedral twinning, was present in all native and derivative data

sets, though sometimes more and sometimes less pronounced.

Its variation indicated partial hemihedral twinning with twin

fractions changing from crystal to crystal. Similarly, the

average value of hI2
i/hIi2 over all resolution shells was below

2.0 for all data sets but one (see Table 2). After realising the

presence of hemihedral twinning, we screened for a less

twinned crystal and finally collected native-B. This data set

showed a much better intensity distribution (Fig. 2d) and

turned out to be only very slightly twinned.

Analysis of the self-rotation function of native-B (Fig. 2c)

revealed that the observed peaks in the � = 180� section were

clearly not at ’ = 0� but at�2� and thus represented a twofold

NCS axis rather than crystallographic symmetry. In a more

highly twinned crystal, the NCS peaks at ’ = �2� of the first

twin domain and at +2� of the second twin domain would

average, resulting in a peak at ’ = 0�, which indeed was

observed with native-A (Fig. 2a). In addition, the symmetry

introduced by the twin operation itself gives rise to a peak at

’ = 0� for high twin fractions. Comparison of the peak shapes

in the self-rotation functions of native-A and native-B (Figs. 2a

and 2c) shows that the peak at ’ = 0� (introduced by twinning

in combination with the NCS axis) is broadened, whereas the

‘pure’ NCS peak at ’ = �2� is much sharper. This is consistent

with the idea that the peak of the highly twinned native-A is a

superimposition of the twin symmetry (peak at ’ = 0�) and of

the two NCS peaks at�2 and +2�. This broadening of the self-

rotation peak requires the presence of an NCS axis almost

parallel to the twinning operator. It is therefore not a general

feature of merohedrally twinned crystals. The identification of

heavy-atom derivatives and the calculation of interpretable

MIR electron-density maps finally confirmed that the true

space group was I41, with two NCS-related molecules per

asymmetric unit. The polar angle of the NCS operation
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relating the two independently refined molecules in the final

model (see x3.4) is ’ = �2.1�.

3.2. Correction of the twinned data

An intensity Iobs(h1) can only be corrected if both Iobs(h1)

and the twin-related intensity Iobs(h2) have been collected.

Missing one of the two during data collection leads to the loss

of the other during twin correction. For a data set from

merohedrally twinned crystals, extra emphasis should there-

fore be put on high completeness. In addition, completeness is

further decreased during twin correction as some of the twin-

corrected intensities become negative. In the work presented

here, both the reflection with the negative intensity and its

twin-related reflection were discarded in such cases. The twin

fractions � of all data sets were determined (Table 2, deriva-

tive data sets sorted according to �) and the intensities were

twin-corrected using the set of programs described in x2.3. For

each data set, Table 2 lists the values of three parameters

(hI2
i/hIi2, the angle ’ of the NCS peak in the self-rotation

function and Riso against native-B) for the situation before and

after twin correction. All crystals were partially twinned with �
ranging from 0.06 to 0.43 (the latter was for a poorly

diffracting crystal not reported here). The value of � corre-

lated well with the values of hI2
i/hIi2, except for the HgCl2

data set. In this case, an � value of 0.12 and the intensity

distribution pointed towards a moderately high degree of

twinning, while the value of hI2
i/hIi2 (2.13) would have

masked the presence of twinning, indicating the importance of

checking the cumulative intensity distribution.

The success of the detwinning procedure was verified by

two parameters. Firstly, the corrected data showed an

improved fit to the Wilson statistics. After twin correction, the

cumulative intensity distribution plots showed a reduced

deviation from the expected distribution (Fig. 3). Similarly, the

values of hI2
i/hIi2 increased towards 2.0 and higher (Table 2).

Secondly, the ’ coordinate of the twofold NCS axis moved

away from ’ = 0� and towards ’ = �2� or even further

(Table 2).

Data sets from derivative soaks that ultimately showed

heavy-atom binding featured Riso values of 18–23% when

compared with native-B (Table 2). The two data sets where no

heavy-atom binding was found showed lower Riso values

(14%). This value is, however, still surprisingly high and the

comparison of native-A and native-B also revealed a signifi-

cant Riso (21%). This was not correlated with changes in unit-

cell volumes compared with native-B, which were smaller than

1.2% for all data sets. Part of the large isomorphous difference

can be attributed to the difference in twin fraction, which is

low only for native-B. After twin correction, Riso between the

two native data sets decreased by about 5% (Table 2).

3.3. MIR analysis: heavy-atom site detection, refinement and
phasing

Originally, the structure was solved and refined using the

twin-corrected native-B and twin-corrected derivative data

sets (Hillig et al., 1999). The heavy-atom binding sites used for

phasing had been identified by SOLVE (with all native and

derivative data twin-corrected and the low-twinned native-B

chosen as native data set). The gold and platinum soaks

showed no heavy-atom binding sites. A series of mercury

compounds tested in soaking experiments showed binding, but

only two of these data sets were finally used: a shorter soak

with EtHgCl at a low concentration (1 mM, 6 h), which

resulted in two bound Hg atoms, and a longer soak with

HgAc2 (5 mM, 24 h), which led to the identification of four

mercury-binding sites by SOLVE. We now analyzed how far

MIR phasing would have been hindered had the twinning not

been detected.

For both these derivatives, the difference Patterson maps

were re-calculated, first using the highly twinned native-A

data set and without applying any twin correction (Fig. 4, left

maps) and then with the low-twinned native-B and twin

correction of both the native and the derivative data (Fig. 4,

right maps). The shorter soak with EtHgCl resulted in very

clear Harker peaks in both cases (Fig. 4a). Almost all major

peaks could be explained by the two sites (predicted peak

positions superimposed as green circles) and the background

noise was very low. There was an improvement upon choosing

the less twinned native-B and employing correction, but the

two sites of this derivative would have also been detected had

the twinning been completely ignored. The longer soak with

HgAc2 produced two additional weak mercury sites, but also a

considerably noisier difference Patterson map (Fig. 4b). With

uncorrected data and the highly twinned native-A, the

prominent peaks in the map do not represent the peaks

expected from the four known mercury sites. Choosing native-

B and employing twin correction more clearly brought up at

least some of the expected peaks. Owing to the very noisy

maps, the HgAc2 derivative would probably not have been

recognized as a useful derivative if twinning had been over-

looked and the data had not been corrected.

In order to test whether state-of-the art programs for heavy-

atom site identification would have retrieved all sites in

EtHgCl and HgAc2 even without twin correction, we tested

SHELXD with the twin-corrected and the original twinned

data sets. SHELXD identifies heavy-atom sites using dual-

space direct methods (Sheldrick et al., 2001; Schneider &

Sheldrick, 2002). Firstly, we retrospectively identified all

heavy-atom sites by inspection of Fo � Fc maps which were

calculated using the final model of Rna1p rigid-body refined

against the derivative structure factors (CNS in TWIN mode,

see x3.5). For EtHgCl, this revealed the two sites at Cys93 of

both Rna1p molecules, which SOLVE had also identified

correctly. For HgAc2, the two sites at Cys93 and the two at the

N-termini used for MIR phasing were confirmed. However,

the Fo � Fc maps of HgAc2 showed two further more weakly

occupied sites at both Cys166 residues and two even weaker

sites at HisB126 and CysB215. Using twin-corrected data,

SHELXD clearly retrieved all the heavy-atom sites [correla-

tion coefficients between Ec calculated from the substructure

and Eo from the data of 28.4 and 17.4% for CC and CC(weak)

values, respectively, and data to 3.9 Å]. When twinning was

ignored and the original not twin-corrected data sets native-A
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and a weak derivative such as HgAc2 were analysed,

SHELXD produced heavy-atom substructure solutions which

were incomplete and much more noisy [CC and CC(weak)

values of only 19.7 and 9.6%, respectively].

Assuming that the sites would have been identified

successfully without twin correction, either from difference

Patterson maps or using dedicated software such as

SHELXD, we analyzed what influence the correction
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Figure 3
Cumulative intensity distributions of (a) native-B, (b) EtHgCl and (c) HgAc2 before (left) and after (right) twin correction, illustrating the success of the
twin-correction procedure (theoretically expected curves are shown as a black line for acentric and a dotted black line for centric reflections;
experimental distributions are shown as a red line for acentric and a dotted red line for centric reflections).



had on site refinement and phasing. We determined the

refined occupancies and B factors as well as the resulting

phasing power for the four sites of the HgAc2 derivative and

the two sites of the EtHgCl derivative under three scenarios.

Firstly, the highly twinned native-A was used as native data set

and neither native nor derivative data were twin-corrected,

representing the worst-case scenario where twinning is not

noticed and by coincidence a highly twinned native data

set has been collected. Secondly, the low-twinned native-B

was used, but still no twin correction was introduced. This

represents the case when twinning has been identified and

as a remedy screening for a less twinned crystal was successful.

Thirdly, the low-twinned native-B was used and additionally

both native and derivative data were twin-corrected. The

results (Table 3) clearly indicate that the choice of a less

twinned native data set increased the occupancies and

reduced the B factors of the heavy-atom sites and

resulted in increased phasing power. This positive trend was

further continued when both data sets were additionally twin-

corrected.
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Figure 4
Difference Patterson maps with (right) and without (left) twin correction. Harker section z = 0.25 (10–6 Å) with predicted peak positions superimposed
as green circles. Twin fractions were 0.24 for EtHgCl, 0.17 for HgAc2, 0.34 for native-A and 0.06 for native-B. (a) for EtHgCl (contour level 2�, step 0.5�).
(b) for HgAc2 (contour level 1�, step 0.5�).



In order to verify whether these improvements ultimately

resulted in improved experimental electron-density maps,

MIR maps were calculated based on phases from the EtHgCl

and the HgAc2 derivatives. This was again performed using

native-A (� = 0.34) without twin correction, native-B (� = 0.06)

without twin correction or native-B with additional twin

correction of both the derivatives and the native data set. Fig. 5

shows a representative section of the electron-density maps,

together with the refined low-resolution structure of Rna1p

(PDB code 1yrg). The choice of a less twinned native data set

already drastically reduced the ghost peaks in the map. The

map quality was then further increased when all data sets were

additionally twin-corrected. However, the most significant

map improvement came from the use of a less twinned native.

It would probably have been possible to build an initial model

based on the MIR maps just by screening for a less-twinned

native and without twin-correcting any of the data.

3.4. Refinement against a highly twinned native data set

Native-A was collected to higher resolution than native-B

(2.2 Å compared with 2.7 Å), but was not used for refinement

in the original structure determination because of its high twin

fraction. We now analyzed whether this data set could still be

used for refinement. In principle there are two ways to handle

merohedral twinning during refinement. Either the diffraction

data are twin-corrected and refinement is carried out against

these ‘cured’ structure factors (strategy 1) or one artificially

twins the calculated structure factors derived from the model

and compares them with the untreated original diffraction

data (strategy 2) (Pratt et al., 1971; Jameson, 1982). We have

shown that twin correction as needed for strategy 1 was the

optimal way to obtain the best interpretable maps and an

initial MIR model for Rna1p. However, it can be dangerous to

use twin-corrected data during subsequent refinement. The

original diffraction intensities are the central experimental

quantity during refinement. Manipulation of these data during

detwinning will always introduce new errors. This became

obvious when for higher twinned data sets a number of

intensities became negative after twin correction and had to

be discarded (data not shown). This observation of negative

intensities during twin correction is used for the determination

of � via the ‘Britton’ plot (Britton, 1972; Fisher & Sweet,

1980). In addition, the standard deviations of the structure

factors also increase upon twin correction so that the overall

reliability of the data is reduced (Yeates & Fam, 1999).

Therefore, strategy 2 of artificially twinning the model-derived

structure factors may be the preferred way to handle twinned

data in crystallographic refinement. In the original structure

determination of Rna1p (Hillig et al., 1999), native-B was used

following strategy 1. For refinement of Rna1p against native-A

following strategy 2 (using CNS in TWIN mode), a new test set

was introduced to make sure that twin-related pairs of

reflections are both either part of the test or the work set (see

x2.5). This aspect was not accounted for during refinement of

the published 2.7 Å model against the twin-corrected data set

native-B.

For the refinement of Rna1p following strategy 2 using CNS

in TWIN mode, the twin fractions � for both native data sets

were re-calculated using the corresponding CNS input script

(detect_twin.inp). For the low-twinned data set native-B,

this resulted in a value of � = 0.07, which corresponds very

well to � = 0.06 determined using our program. For native-A,

our program and the CNS script also calculated almost iden-

tical twin fractions (0.35 in CNS, 0.34 with our program). CNS

does not allow refinement of the twin fraction as an additional

parameter during structure refinement. In order to compen-

sate for this deficiency, different twin fractions were tested

over a wide range to identify which one resulted in the lowest

R factors. This revealed that the true twin fraction was even

higher than that determined from the intensity statistics [0.41

when refinement was started with the low-resolution model

(PDB code 1yrg) at 2.7 Å and converging at 0.39 when Rna1p

was finally extensively rebuilt and refined to the full resolution

limit of 2.2 Å]. Also, for native-A the twin correction did not

result in a fully ‘cured’ intensity distribution using a twin

fraction of either 0.34, 0.35 or 0.39 (data not shown). This

suggests that very highly twinned data can no longer be fully

twin-corrected and that refinement should therefore rather be

carried out following strategy 2.

For a comparison of different refinement strategies with the

two native data sets, positional and B-factor refinement of

PDB entry 1yrg was carried out at 2.7 Å without any further

manual rebuilding. For the less twinned native-B, strategy 1

resulted in an R and Rfree of 0.223 and 0.276, respectively.

Strategy 2 revealed that the model was already better than this

conventional Rfree with twin-corrected data implied. Without

any manual rebuilding, this strategy resulted in a twinned R
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Table 3
Comparison of phasing statistics with and without twin correction.

Derivative HgAc2 EtHgCl

Twin fraction �† 0.18 0.24
No. of sites 4 2
Native data set used for phasing (twin fraction†) Native-A (0.34) Native-B (0.06) Native-B (0.06) Native-A (0.34) Native-B (0.06) Native-B (0.06)
Twin correction No No Yes No No Yes
Occupancy of sites (%) 27/26/21/16 27/27/22/19 40/39/31/28 23/23 28/27 41/39
B factors of sites (Å2) 56/67/91/96 40/45/60/75 23/30/50/60 44/46 43/45 25/32
FOM 0.25 0.34 0.36 0.31 0.33 0.34
Rcullis (acentric/centric) 0.87/0.82 0.77/0.73 0.73/0.70 0.81/0.74 0.78/0.71 0.63/0.59
Phasing power (acentric/centric) 0.87/0.68 1.34/1.04 1.49/1.14 1.12/0.87 1.30/0.96 1.96/1.49

† As determined by the twin-correction program described in x2.3.



and twinned Rfree of 0.216 and 0.228, respectively. The

detwinned R and Rfree were 0.237 and 0.251, respectively.

(‘Twinned R’ and ‘twinned Rfree’ describe the difference

between the artificially twinned model structure factors and

the original untreated observed structure factors, whereas

‘detwinned R’ and ‘detwinned Rfree’ refer to the difference

between the model structure factors and the detwinned data.

Both were calculated using model_stats_twin.inp from

TWIN-CNS.) For this model from strategy 2, the detwinned

Rfree is 2% worse than the twinned Rfree but still better than

the conventional Rfree of the model resulting from refinement

strategy 1. This improvement clearly indicates the advantage

of strategy 2 over strategy 1. Native-A was therefore subse-

quently refined using only strategy 2, for comparison first to

2.7 Å and subsequently (with several rounds of manual

rebuilding and refinement) to the full resolution limit of 2.2 Å.

Here, completely ignoring the twinning resulted in a high

conventional R and Rfree of 0.306 and 0.308, respectively, to a

resolution limit of 2.7 Å. Again, this masked the good quality

of the model because without any manual rebuilding, refine-

ment using strategy 2 converged at a twinned R and Rfree of

0.180 and 0.211, respectively, at 2.7 Å resolution, while the

detwinned R and Rfree stayed at 0.269 and 0.298, respectively.

After adding the full resolution range (2.2 Å) and with manual

rebuilding, the twinned R and Rfree converged at 0.165 and

0.218, respectively (the detwinned R and Rfree were 0.257 and

0.301, respectively).

For native-A, the detwinned Rfree is 8% higher than the

twinned Rfree, while these values differed by only 2% for

native-B. This increased discrepancy between detwinned Rfree

and twinned Rfree for native-A further suggests that such a

highly twinned crystal can no longer be accurately twin-

corrected and should thus be treated according to strategy 2.

The drastic drop in Rfree also shows that despite its high twin

fraction, native-A can be successfully used in refinement if the

twinning is identified and the refinement strategy is adjusted

accordingly.

3.5. Structure of Rna1p after twin refinement at 2.2 Å

Rna1p was rebuilt and refined to the full resolution limit of

2.2 Å using strategy 2. The final model shows a twinned R

value of 0.165 (twinned Rfree = 0.218; see also Table 1). A

representative region of the electron-density map is shown in

Fig. 6(a). Compared with the initial structure at 2.7 Å, a much

larger number of water molecules was identified. In addition,

four sulfate ions were found in or close to three crystal

contacts, which explains the requirement for sulfate ions in the

crystallization condition (200 mM Li2SO4).

Rna1p folds into 11 leucine-rich repeats (LRRs), resulting

in a crescent-shaped overall structure (Fig. 6b). The two

Rna1p molecules in the asymmetric unit were refined without

NCS restraints. Fig. 6(c) shows a superimposition of the two

molecules. The new high-resolution structure confirms the

2.7 Å model in its general features. Rna1p contains 11 LRRs,

each consisting of a �-strand, a loop region, an �-helix and a

loop connecting to the next LRR. The two molecules deviate

slightly in the backbone conformation of LRR1 (Fig. 6c),

which is still less well defined and probably flexible in the

crystal. The C-termini of both molecules (residues 345–386)

are disordered and not visible. In addition to LRR1, the region

comprising residues 71–82 of LRR3 and residues 106–111 of

LRR4 shows deviations between the two molecules. This

implication of inherent flexibility was masked in the low-

resolution structure of Rna1p owing to the NCS restraints.

This second flexible region includes the unusually long loop in

LRR3 which protrudes from the surface of the crescent and

was initially suggested to provide a catalytic arginine residue

(Arg74) to the active site of Ran (Hillig et al., 1999). Subse-

quently, the structures of Ran-GMPPNP as well as Ran-GDP

in complex with Rna1p and RanBP1 (Seewald et al., 2002)

revealed that Rna1p does not contribute a catalytic arginine,

but rather stabilizes the switch II region of Ran and orients a

catalytically crucial glutamine residue of Ran (Gln69).

A superimposition of Rna1p and the Rna1p–Ran-GDP–

RanBP1 complex (Seewald et al., 2002) revealed that the

flexible region of LRR3/LRR4 coincides with part of the

interaction interface between Rna1p and its target Ran-GTP.

In the complex with Ran, both LRR3 and LRR4 have moved

away from each other so that the side chain of Ran Leu43 can

be accommodated between the two LRRs (Fig. 6d). Ran

Leu43 is part of the switch I region and immediately adjacent

to Thr42, a residue involved in Mg coordination in the GTP-

bound form. The flexibility of LRRs 3 and 4 identified

between the two molecules in the high-resolution structure of

Rna1p may therefore indicate an inherent mobility designed

to allow an induced fit when binding to Ran-GTP.

3.6. Packing analysis: influence of NCS on twinning

We examined the crystal packing of Rna1p in order to

determine why this crystal lattice enabled hemihedral twin-

ning to occur. In the crystal packing (left section of Fig. 7a) the

Rna1p molecules form two superhelices along two of the four

fourfold screw axes. These superhelices run in parallel to axis c

through the complete crystal. There are intensive crystal

contacts between the molecules within each superhelix.

Interactions between the two superhelices are weaker. This

may explain why Rna1p crystals grew as thin needles. Hemi-

hedral twinning suggests that this same unit cell can also be

incorporated in an upside-down orientation into the lattice.

The unit-cell content of the second twin domain (right section

of Fig. 7a) was generated by rotating the original cell by 180�

around the diagonal between axis a and axis b. The orientation

of the molecules in the two twin domains is very similar. The

contents of both unit-cell orientations do not superimpose

perfectly, but do approximately.

The lattice of Rna1p with dense crystal contacts within the

superhelices and loose packing between the superhelices

suggests that the individual twin domains in crystals of Rna1p

also consist of complete superhelices in the two possible

orientations. For twinning to occur, the inter-twin-domain

crystal contacts between a superhelix of one twin domain and

a superhelix of a neighboring second twin domain would have
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to be similar to the intra-twin-domain contacts. As the

superimposition between the molecules in the two twin-

related unit cells is not perfect, such an inter-domain crystal

contact will be slightly different from the intra-domain one.

However, there are no clashes and in both cases similar

surface patches of the outer convex surface of the crescent-

shaped molecules are involved. This crystal contact between

two convex surface patches features a flat interaction surface
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Figure 6
Structure of Rna1p refined to 2.20 Å. (a) Representative view of the final 3Fo� 2Fc electron-density map. Shown is the region around leucine-rich repeat
8 (LRR8), contoured at 1.5�. (b) Ribbon representation of Rna1p. (c) Superimposition of the two independent molecules A (red) and B (blue) in the
asymmetric unit (C� backbone representation). Differences are found in the N-terminal region as well as in LRR3/LRR4. (d) Superimposition of Rna1p
(molecules A and B in red and blue, respectively) and the complex of Rna1p (green) with Ran-GMPPNP–Mg–RanBP1 (PDB code 1k5d). The Ran
backbone is shown as a grey ribbon, GMPPNP in stick representation and Mg as magenta-coloured sphere. An enlargement of the region of the flexible
loops of LRR3/LRR4 is shown. This region, which differs between molecules A and B in the high-resolution structure of Rna1p, coincides with part of
the interface between Rna1p and Ran-GMPPNP. The flexibility in Rna1p may indicate an inherent mobility designed to allow an induced fit.

Figure 5
Influence of twin correction on MIR map quality. Map comparison with and without twin correction and while using a low-twinned or a highly twinned
native data set. Shown are 2.7 Å MIR maps calculated using the derivative data sets EtHgCl (� = 0.24) and HgAc2 (� = 0.17) after solvent flattening,
histogram matching and twofold NCS averaging, contoured at 1.5�. (a) Calculated using native-A (� = 0.34) and neither native nor derivatives twin-
corrected. (b) Calculated using the less twinned native-B (� = 0.06), but still with neither native nor derivatives twin-corrected. (c) Calculated using
native-B and both derivatives and native data twin-corrected. Overlaid is the refined low-resolution structure (PDB code 1yrg).
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Figure 7
Crystal packing and comparison of the two twin-related orientations of the unit cell. (a) shows the crystal packing, looking along the c axis. The eight
NCS-related Rna1p dimers in the unit cell are depicted in different colours. The left half shows the unit cell of twin domain 1 and the right half that of
twin domain 2. Both are related by a 180� rotation around the diagonal between axes a and b. (b) Schematic representation of the packing (view along c)
with the Rna1p molecules shown as rectangles. The twofold NCS axis (red arrow) is almost parallel to axes a and b (3� offset). The unit-cell orientations
of twin domains 1 and 2 (blue and yellow) and a superimposition of both are shown. Owing to the symmetry introduced by the NCS, the inter-domain
crystal packing interactions are very similar to the intra-domain interactions. (c) The same schematic representation as in (b), but with one (asymmetric)
molecule instead of two identical NCS-related molecules in the asymmetric unit. Here, the inter-domain interactions in the ab plane differ drastically
from the intra-domain interactions.



without deeper cavities. As Rna1p crystals grew in a twinned

way, the changes were small enough to be accommodated in

the crystal lattice when a new unit cell was added to a growing

crystal in an upside-down orientation.

The schematic representation of this packing in Figs. 7(b)

and 7(c) reveals the importance of the twofold NCS axis for

the occurrence of hemihedral twinning with Rna1p. The inter-

domain crystal packing could only be that similar to the intra-

domain packing because of the presence of the twofold NCS

axis almost parallel to the twin operator (Fig. 7b). If the

asymmetric unit contained one asymmetric molecule instead

of two NCS-related identical molecules (Fig. 7c) or if the NCS

axis was not highly parallel to the twin operator twofold axis,

the inter-domain interactions would differ drastically from the

intra-domain crystal contacts and twinned crystal growth

would not be possible. A combination of NCS almost parallel

to the twin operator has been reported remarkably often for

structures from merohedrally twinned protein crystals (Rees

& Lipscomb, 1980; Forst et al., 1998; Hillig et al., 1999; Frazão

et al., 1999; Declercq & Evrard, 2001; Larsen et al., 2002; Xu et

al., 2003; Lee et al., 2003; Barends & Dijkstra, 2003; Yuan et al.,

2003; Golinelli-Pimpaneau, 2005). For crystals of Rna1p, we

now see that this NCS nearly parallel to the twin operator was

a necessary prerequisite for twinning to happen.

4. Conclusions

The presented case study shows that MIR phasing of Rna1p

was not hindered by hemihedral twinning. Heavy-atom sites of

a strong derivative data set such as EtHgCl could be detected

via Patterson techniques even without twin correction. The

sites in less strong derivatives like the HgAc2 data set required

state-of-the-art software such as SHELXD (Schneider &

Sheldrick, 2002) to be at least partially identified if twinning

had been ignored.

Identification of a lower twinned native crystal and subse-

quent twin correction of both native and derivative data sets

improved heavy-atom site identification in the weaker deri-

vatives, MIR phasing statistics and map quality. Although the

twin correction is expected to introduce new errors, the twin-

corrected data were still more accurate for heavy-atom site

identification and phase calculation than the twinned data.

Similar to our results, Igarashi and coworkers and Forst and

coworkers have reported MIR structure determinations from

merohedrally twinned crystals where twin correction provided

cleaner difference Patterson functions and was necessary for

their interpretation (Igarashi, Moriyama, Mikama et al., 1997;

Forst et al., 1998). Together, this suggests that corrected data

should be used at the initial stage of an MIR structure

determination to identify all useful derivatives, to efficiently

refine the heavy-atom binding sites and to obtain the best

possible maps to build an initial model.

Once such a model is available, the original non-twin-

corrected native data should be used for refinement. Here, the

twinning is taken into account by artificially twinning the

calculated model structure factors (as implemented, for

example, in CNS-TWIN or SHELXL). Following this strategy,

even a highly twinned native data set (� = 0.39) was success-

fully used for refinement and resulted in a more detailed

model. If twinning had been ignored at this point, refinement

would have stalled at Rfree values around 0.30, whereas iden-

tifying and accounting for the twinning revealed that without

further manual rebuilding the same model refined to a

twinned Rfree of 0.21. It would be desirable to implement a

similar approach in heavy-atom phasing programs. At present,

these cannot yet take the effects of twinning into account,

despite the fact that work on the theory and test cases of

phasing with twinned MIR data was published many years ago

(Yeates & Rees, 1987).

The presented project suffered in the beginning from

difficulties in space-group assignment caused by the additional

symmetry introduced by the twinning. Hemihedral twinning

was identified via inspection of the cumulative intensity

distribution plots. Careful analysis of the self-rotation func-

tions helped to subsequently assign the correct space group.

After space-group assignment and twin correction, MIR

structure determination proceeded smoothly and, with the

twinning taken into account during refinement, even data

from a highly twinned native crystal could now be exploited to

arrive at an improved higher resolution model for Rna1p.

When working in space groups that allow merohedral twin-

ning or with unit cells that allow pseudo-merohedral twinning,

intensity distribution plots should therefore be checked

routinely for symptoms of this kind of twinning.

5. PDB deposition

The original (not twin-corrected) structure factors of data set

native-A used in refinement and the coordinates of Rna1p

refined to 2.2 Å resolution have been deposited in the PDB

(code 2ca6). In addition, the structure factors of data set

native-B as well as of all derivative data sets listed in Table 1

have also been submitted to the PDB (same code; original

data, not twin-corrected).
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