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Severe diffraction anisotropy, rotational
pseudosymmetry and twinning complicate the
refinement of a pentameric coiled-coil structure of

NSP4 of rotavirus

The crystal structure of the region spanning residues 95-146 of
the rotavirus nonstructural protein NSP4 from the asympto-
matic human strain ST3 was determined at a resolution of
2.5 A. Severe diffraction anisotropy, rotational pseudo-
symmetry and twinning complicated the refinement of this
structure. A systematic explanation confirming the crystal
pathologies and describing how the structure was successfully
refined is given in this report.

1. Introduction

The first virus-encoded enterotoxin (Ball et al., 1996; Tian
et al., 1996), nonstructural protein 4 (NSP4) of rotavirus, is
associated with diverse functions such as membrane
destabilization (Newton et al., 1997; Tian et al., 1996),
diarrhoea induction (Ball et al, 1996; Horie et al., 1999),
double-layered particle binding (Au et al., 1993; Chan et al.,
1988; O’Brien et al., 2000; Taylor et al., 1993), calcium binding
(Estes et al., 2001), intracellular calcium mobilization (Tian et
al., 1994; Dong et al., 1997), VP4 binding (Estes et al., 2001),
inhibition of the microtubule-mediated secretory pathway (Xu
et al.,2000) and interaction with extracellular proteins such as
laminin B3 and fibronectin (Boshuizen et al., 2004), integrins
al1B1 and o281 (Seo et al., 2008), calnexin (Mirazimi et al.,
1998), tubulin (Xu et al., 2000) and caveolin (Parr et al., 2006;
Mir et al., 2007).

The pleotropic functional nature of this protein is reflected
in the variety of structures adopted by the fragment consisting
of residues 95-146 of this protein. It was reported to be a
tetrameric coiled coil in the case of the simian strain SA11 of
rotavirus (PDB entries 1glj and 20l1k; Deepa et al., 2007,
Bowman et al., 2000) and the human asymptomatic strain 1321
of rotavirus (PDB entry 20lj; Deepa et al., 2007). Recently,
this fragment of NSP4 from the human asymptomatic strain
ST3 of rotavirus was reported as a pentameric coiled coil for
the first time (PDB entry 3miw; Chacko et al., 2011).

After overcoming the initial challenge with molecular
replacement (Chacko et al., 2012), we encountered several
pathologies associated with the data set that complicated the
refinement process in the case of the pentameric structure.
The manner in which the data pathologies were identified and
overcome is described in this paper.

2. Materials and methods
2.1. Data collection

Data were collected at 100 K to a resolution of 3.2 A at the
home source on a MAR300 imaging-plate system using Cu K«
radiation of 1.54 A wavelength generated by a Rigaku RU-200
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Table 1

Crystal data and data-collection statistics obtained at the synchrotron and the home source.

Values in parentheses are for the highest resolution shell.

Synchrotron Home source

Temperature (K) 100 100 100 100
Point group 422 4 422 4
Unit-cell parameters (A)

a 63.33 63.46 63.66 64.17

b 63.33 63.46 63.66 64.17

c . 122.86 12321 122.90 123.02
Matthews coefficient (Vy; A®> Da™") 1.90 1.90 1.92 1.95
Solvent content (%) 352 35.5 35.8 37.0
No. of molecules in asymmetric unit 1 pentamer 2 pentamers 1 pentamer 2 pentamers

Resolution range (A)
Observed reflections

50-2.5 (2.6-2.5)
100818

50-2.5 (2.6-2.5)
106383

63.7-3.5 (3.7-3.5)
46164

64.2-32 (3.4-32)
52206

No. of unique reflections 8158 (785)
Completeness (%) 97.7 (96.4)
Multiplicity 12.4 (9.4)
(llo(I)) 31.0 (4.1)
Rinerget (%) 5.5 (20.0)
Unique reflections after anisotropic truncation 6926
Completeness after anisotropic truncation (%) 84
Completeness in the ellipsoid (%) 100

16133 (1254) 3557 (496) 8224 (1202)
95.1 (74.6) 100 (100) 99.7 (99.3)
6.6 (4.7) 13.0 (133) 63 (6.3)
222 (22) 10.5 (6.1) 13.7 (4.1)
55 (18.7) 20.1 (45.0) 9.9 (48.7)
12629

75

100

T Ruerge = Yopir 2o (k) — (I(hkD)| />0 = 1,(hkl), where Ii(hkl) is the ith observation of reflection skl and (I(hkl)) is its mean intensity.

X-ray generator operating at 44 kV and 70 mA and focused
with an Osmic mirror system. A total of 180 frames with an
oscillation range of 1° were collected with a crystal-to-detector
distance of 250 mm. Subsequently, 180 frames with an oscil-
lation range of 1° were collected using a 1 A wavelength at
100 K at SPring-8, Japan, yielding a data set to a resolution of
2.5 A. The crystal-to-detector distance was 184 mm. The data
were indexed, integrated and scaled using DENZO and
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Figure 1

Wilson plots of (a) the synchrotron data (showing the sharp dip) before
merging extra reflections from the home source, (b) the data collected at
the home source and (c) the synchrotron data after merging extra
reflections from the home source.

SCALEPACK from the HKL-2000 suite (Otwinowski &
Minor, 1997; Table 1).

2.2. Computations

Model building was carried out with Coot (Emsley &
Cowtan, 2004) and refinement was carried out with CNS v.1.2
(Briinger et al., 1998) and PHENIX (Adams et al., 2002).
Superposition of the structures was carried out by aligning
the main-chain atoms using ALIGN (Cohen, 1997) and SSM
superposition (Krissinel & Henrick, 2004) in Coot.

3. Results and discussion

The molecular-replacement solution was not straightforward
and was obtained from data in space group P4,2,2 (Chacko et
al., 2012) using Phaser (McCoy et al., 2007). Discussed below
are the steps in identifying the inherent crystal pathology,
which led to the determination of the true space group (P4,)
and ultimately resulted in successful refinement of the struc-
ture.

3.1. Improving data completeness

A close examination of the synchrotron data revealed
serious overloads and a missing shell of reflections corre-
sponding to the ice ring. This was reflected as a sharp dip in the
Wilson plot (Fig. 1). The missing reflections were taken from
the home-source data and appended to the synchrotron data
set after shell-wise scaling. These merged data (Fig. 1) with 277
further reflections (the completeness increased from 97.7% to
98.7%) were used in refinement.

3.2. Diffraction data analysis

In space group P4,2,2, the Matthews coefficient (Matthews,
1968) indicated the possibility of one pentamer in the
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asymmetric unit and a solvent content of 35%. The self-
rotation peaks were strongly masked by the crystallographic
fourfold and twofold peaks and hence no information could be
gained about the oligomeric state and the symmetry of the
molecule. Since a clear molecular-replacement solution was
obtained in space group P4,2,2, with a rotational Z-score of
5.6, a translational Z-score of 26.6 and an LLG of 1121
(Chacko et al., 2012), model building and refinement were
carried out in this space group. However, the R factors could
not be improved beyond an Ry of 31.2 and an Ry, of
39.0%. The map looked clean, with no

significant unaccounted density and l
little scope for further building. TLS

refinement was not stable and resulted

in abnormally high R factors. Twinning

is not a possibility in this space group

(P4,2,2) and therefore there is no need

for this correction to be applied. All of

these indications suggested that there

was probably some other anomaly in the

data which had to be taken care of

before the structure could be refined

any further.

3.3. Anisotropy

Analysis of the data using the
anisotropy-correction server (http:/www.
doe-mbi.ucla.edu/~sawaya/anisoscale/)
revealed that the data had severe
diffraction anisotropy. The server,
which identified the data to be stronger
along the c¢* axis than in the a*/b*
directions, detected an anisotropic 6B of
52.09 A2 The pseudoprecession images
clearly reflect the anisotropic nature of
the data, with more data observed along
the c¢* direction in the 40! or 0kl planes,
whereas the data appeared to be
isotropic in the k0 plane (Fig. 2). The k
output of CTRUNCATE (French &
Wilson, 1978) in CCP4 (Winn et al.,
2011) implied serious anisotropy, with
eigenvalue ratios of 0.3, 0.3, 1, which

clearly deviate from the isotropic value S
of 1.

Because of the presence of severe :
anisotropy, a three-dimensional ellip- T

soid was defined in order to use as
many significant data measurements as
possible, rather than the usual sphere
used for scaling and refinement. The
total number of reflections reduced
from 16 316 to 12 629 (Table 1) and the
resolution limits were reduced to 2.9
and 2.5A along the a* and b*/c*
directions, which is where F/o(F) fell

(@)
Figure 2

overloads.

below 3.0, defining the resolution limits for ellipsoidal trun-
cation of data. The correction was applied to exclude very
weak data so that better electron-density maps could be
generated for further model building and refinement at this
stage. In order to make the data isotropic, B-factor corrections
of 17.36, 17.36 and —34.73 A2 along the a*, b* and c* direc-
tions, respectively, were applied to the observed structure
factors, resulting in improved eigenvalue ratios of 0.79, 0.79, 1
and implying that the data were now more isotropic. This
correction of the data in space group P4,2,2 lowered the R

c* / o*
h h
a* a*
o* ! o
k k
b* b*
b* k b*
---' : D
. h = HE h
o
. a* = a*
e o s Y
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Pseudo-precession images of the data in the 40/, Okl and hk0 planes showing the anisotropic nature
of the data (a) before and (b) after adding the extra reflections corresponding to the ice ring and
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Table 2
Intensity statistic tests for the detection of twinning.
Theoretical
Observed Untwinned Perfect twin
Acentric reflections
(PYII)? 2.532 2.000 1.500
(FY*I(F?) 0.714 0.785 0.885
(E* = 1)) 0.869 0.736 0.541
Centric reflections
(PYI(IY? 3.943 3.000 2.000
(F)*/(F?) 0.564 0.637 0.785
(E* = 1] 1.204 0.968 0.736
(L) 0.541 0.500 0.375
(LI 0.386 0.333 0.200
H-test 0.48 (twin fraction)

Britton analysis 0.45 (twin fraction)

factor to 30.9% from 31.2%, but Rj.. remained the same at
about 39%.

Anisotropic scaling corrections have been used in many
cases to account for possible disorder or movement within
the protein that generates high B factors and leads to data
anisotropy, as observed in the DsbC protein from Haemo-
philus influenzae (Zhang et al., 2004), the PE-PPE protein
complex from Mycobacterium tuberculosis (Strong et al., 2006)
and the complex between G-protein-coupled receptor kinase
2 and GBy (Lodowski et al.,2003). When the number of lattice
contacts is lower in one cell direction than another, diffraction
anisotropy results (Sheriff et al., 1987). This is also observed in
the present case, where there are more lattice contacts along
the ¢ axis compared with the a or b axes (Fig. 3).

3.4. Rotational pseudosymmetry

Little support could be gained from comparing the Rpcrge
values of the synchrotron data in point groups 422 and 4, since
the Ryerge Was 5.5% in both cases. 422, being the higher point
group, was chosen for molecular replacement and initial
refinement runs. The R factors remained high even after
anisotropic correction, implying that there was some other
inherent problem. Suspecting rotational pseudosymmetry
(RPS), we refined the data in space groups P4, and P2,2,2
(subgroups of P4,2,2), where clear solutions were obtained
in molecular replacement. RPS occurs when the point-group
symmetry of the lattice is higher than that of the crystal (Zwart
et al., 2008), as observed in the structure of a cyclic nucleotide-
modulated (HCN) pacemaker channel (PDB entry 1q43;
Zagotta et al., 2003), similar to the present case. Zwart et al.
(2008) suggested that in such cases refinement should be
carried out in both lower and higher symmetry space groups
and the resulting R factors and model-quality indicators
should be compared. A significant drop in Ry and Ry Was
observed in the case of the structure of superoxide dismutase
from Pyrobaculum aerophilum, where the noncrystallographic
twofold axis deviates from the crystallographic twofold axis by
a rotation of 2° (Lee et al., 2003) when refined in the true space
group. In calcium-depleted C-reactive protein (Ramadan et
al., 2002) this angle is only 0.6°. A similar situation of RPS
occurred in the DUF55 domain of human thymocyte nuclear

protein 1 (Yu et al., 2009). In the present case, changing the
space group to P4, reduced the Ry and Ry, values to 29.9%
and 35.1%, respectively. The two molecules in the asymmetric
unit appear to be related by rotational pseudosymmetry, which
should be probed further. However, refinement in space group
P2,2,2 yielded similar statistics as refinement in space group
P4,2,2 and could not be improved.

Since no significant off-origin peak (9.66% of the height of
the origin peak) and a p-value (height) of >0.1955 (Zwart &
Adams, 2005) was observed in the self-Patterson map, the
possibility of translational pseudosymmetry was ruled out and
hence it seemed to be a case of rotational pseudosymmetry.
Anisotropy correction of the data in the true space group, P4,,
reduced the Ry, and Ry.. values to 28.4% and 29.9%,
respectively. Since the MR solutions in both P4,2,2 and P4,
had reasonable R values and good packing, it appears that the
crystal suffers from pseudosymmetry.

3.5. Twinning

Unlike space group P4,2,2, twin laws are available in space
group P4,. Data analysis by phenix.xtriage showed the
presence of merohedral twinning along the h, —k, —I direc-
tion. Although twinning could not be detected using conven-
tional tests owing to the presence of anisotropy and
pseudosymmetry, it was confirmed by other tests as described
below.

3.5.1. L-test and twin detection. The presence of rotational
pseudosymmetry (especially when parallel to the twin law) or
translational pseudosymmetry can countervail the effects of
twinning on the intensity statistics, thus making it more diffi-
cult to detect the presence of twinning. Merohedral twinning
and twin estimation can be complicated by pseudosymmetry
and/or anisotropy, as in the cases of superoxide dismutase
from P. aerophilum (Lee et al., 2003), human semicarbazide-
sensitive amine oxidase (Jakobsson et al, 2005) and Riol
kinase (Dauter et al, 2005). The L-test to detect twinning

More crystal contacts
(strong diffraction)

Fewer crystal contacts
(weaker diffraction)

Figure 3
More crystal contacts are observed along the ¢ axis, giving rise to data
anisotropy.
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Table 3
RVR test.
Present case Theoretical
lein lein
(observed)  (calculated)
Riwin Riwin when data when data
RVR test (observed) (calculated) are twinned are twinned
RPS + perfect twin  0.036 0.34 ~0 <0.5
Misspecified crystal 0 0
symmetry
No twinning R.yin (observed) =~
Riwin (calculated)
Partial twinning Rwin (observed) <
Riyin (calculated)
Perfect twinning Riwin (observed) >~ 0
No RPS Rwin (calculated) ~ 1/2
RPS Riwin (calculated) < 1/2

(Padilla & Yeates, 2003) is supposedly insensitive to crystal
pathologies such as anisotropic diffraction and pseudo-
centring. However, in the present case the L-test proved
negative (Table 2). The (|L|) and (|L?|) values were 0.541 and
0.386, respectively (the theoretical untwinned values are 0.500
and 0.333, respectively, and the twinned values are 0.375 and
0.200, respectively), ruling out the possibility of twinning.
The traditional cumulative intensity plots (Fig. 4a) and the
conventional intensity statistics also failed to detect twinning
(Table 2). However, a high value of 5.63 for the multivariate
Z-score or the Mahalanobis distance (Mahalanobis, 1936),
which is the multivariate mean in units of standard deviation,
indicated that the ((|L|), (|L?|)) pair is outside the range
expected for experimental data sets and hence showed the
presence of twinning. Z-score values larger than 3 indicate a
twin fraction greater than 6% (Zwart & Adams, 2005). The
L-test thus did not directly detect the presence of any twin-
ning, but the high Z-scores implied the presence of twinning.

3.5.2. H-test and Britton plots to estimate the twin frac-
tion. The twin fraction can be estimated by the H-test (Yeates,
1988, 1997) and the Britton analysis (Fisher & Sweet, 1980)
in addition to the L-test. The H-test and Britton plot have
proved to be more reliable than the L-test (Zwart & Adams,
2005) in estimating larger twin fractions. Twinning fractions of
0.48 and 0.45 were detected by the H-test and Britton analysis,
respectively (Figs. 4b and 4c). The ML « test, which is a
likelihood-based twin-estimation method, also detected a twin
fraction of 0.48.

3.5.3. The RvR test. When twinning occurs in association
with RPS, the RvR test can be used to distinguish between
true twinning and misspecified crystal symmetry (Lebedev et
al., 2006). In this method, R, (observed) and R, (calcu-
lated) values are compared. In cases where both RPS and
perfect twinning occur, Ry, (observed) will be approximately
zero and R, (calculated) will be less than 0.5 (Lebedev et al.,
2006). In the present case, the values of R, (observed) and
Rin (calculated) were 0.036 and 0.34, respectively, clearly
indicating the presence of both twinning and RPS (Table 3).
Misspecified crystal symmetry would give Ry, (observed) and
Rin (calculated) values close to zero. The presence of twin-

ning and RPS was also identified using this test in the case of
homologous antibody Fv fragments (Brooks et al., 2008).
The accuracy of deconvoluting twinned data suffers when
the twin fraction is close to 0.5. All of the tests described above
estimated the twin fraction to be less than 0.5, but the refined
value of 0.499 from phenix.refine was very close to 0.5.
However, twin correction using this value by the program
PHENIX resulted in significant improvement of the refine-
ment statistics and the quality of the electron-density maps.

3.6. Refinement

Although the MR solution was very clear, refinement
always resulted in high Ry and Ry, values with no apparent

0.8 1

0.6 1

S
= 04/ e
| s -=- Observed
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(a) Twinning analysis using the L-test: |L| is plotted against N(|L|). L is
given by (I; — I,)/(I, + ), where I and I, are the intensities of unrelated
reflections and N(|L|) is the cumulative probability distribution of L. (b)
The H-test: |H| is plotted against N(|H|), where H = |I, — L|/(I, + 1), I,
and I, are the intensities of twin-related reflections and N(|H|) is the
cumulative distribution of H. From the observed values, the twin fraction
is estimated to be 0.48. (¢) The Britton plot: percentage of twin fractions.
Extrapolation of the curve (green line) yields a twin fraction of 0.45.
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way to improve the coordinate set or the R factor until the
presence of anisotropy, pseudosymmetry and twinning were
detected. The refinement steps are described in Fig. 5. The
model used for refinement was initially optimized for perfect
fivefold symmetry with the interhelical angles close to 72°.
NCS was applied to all ten chains during refinement to
improve the observation-to-parameter ratio since the overall
data completeness had fallen to 78% owing to the ellipsoidal
truncation. This was released completely towards the end of
the refinement. About ten residues at the C-terminus of each
chain could not be traced in the electron-density maps owing
to disorder, as observed in the previous structures of NSP4
(Deepa et al., 2007). The geometry was initially kept relaxed
and was gradually tightened in each cycle. In the final stages,
each chain was treated as one TLS group and refinement was
carried out using PHENIX (Adams et al., 2002). Only after the
above corrections had been applied did the TLS refinement
became stable. Rotamer correction and weight optimization
finally helped to improve the model. The Ry and Rg.. Were
23.5% and 27.3%, respectively, using the anisotropically
truncated data. Towards the final cycles, reflections excluded
by ellipsoid truncation were included in the refinement and
the final Ryoc and Ry Were 26.1% and 29.7%, respectively
(Table 4). In comparison, the Ryo and Ry.. values without

Space group P4,2,2
R =31.2%, R

work

Anisotropy correction
=39.0% ¥

free

Change to lower symmetry space groups

Space group P4,

work

Anisotropy correction
(deletion of ~3700 reflections)
v
R, on = 28.4%, R..=29.9%

work free

P4, anisotropy and twin correction

¥
Ryon = 23.5%, Rip=27.3%

Full data and geometry optimization using PHENIX

4
Riyon = 26.1%, Ry = 29.7%

Figure 5
Various steps in the refinement process.

R, =30.9%, R
Unable to proceed further

Space group P2,2,2
Ryon =29.9%, Ry. = 35.1% Ryon = 27.0%, Ry, = 38.0%

No improvement in statistics

Table 4
Refinement statistics for the synchrotron data.
Space group P4,
Resolution (A) 284-25
No. of reflections 16272
Ryork/Riree 0.261/0.297
No. of atoms
Protein 3328
Ligand/ion 108
Water 162
B factors (A?)
Protein 72.88
Ligand 72.73
Water 65.00
R.m.s. deviations
Bond lengths (A) 0.013
Bond angles (°) 1.508

applying any corrections were 29.9% and 35.1%, respectively
(Fig. 5).

3.7. Post hoc analysis

Pseudosymmetry, twinning and anisotropy are known to
complicate structure solution and refinement of many struc-
tures (Dauter et al., 2005; Jakobsson et al., 2005; Lebedev et al.,
2006; Guelker et al., 2009). It is interesting to observe that in
the present case twinning, anisotropy
and pseudosymmetry did not compli-
cate the process of molecular
replacement. The presence of a pseudo-
symmetric twofold operator close to a
twinning operator made it difficult to
detect twinning by conventional means;
therefore, molecular replacement was
carried out in the pseudo (apparent)
space group P4,2,2. Indicators such as
crystal morphology did not suggest the
possibility of twinning, nor was there an
abnormally low V), value as detected in
perfect twins (Yeates, 1997); hence, all
phasing attempts by molecular replace-
ment were carried out in space group
P4,2,2 rather than P4,.

Although the mode of packing seems
to be the same for space group P4, with
two pentamers in the asymmetric unit
and for space group P4,2,2 with only
one pentamer in the asymmetric unit,
post hoc analysis revealed that the two
pentamers in P4, were indeed different.
Alignment of the first pentamer in space
group P4, with the pentamer in space
group P4,2,2 gives an r.m.s.d. of 0.44 A
and a rotation angle of 0.16°. Alignment
of the second pentamer in space group
P4, with the symmetry-related molecule
of the pentamer in space group P4,2,2
gives an r.m.s.d. of 0.5 A and a rotation
angle of 1.8°. However, alignment of the

=38.8%

free
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Table 5
Alignment parameters of the two pentamers in the asymmetric unit of
space group P4,.

Table 8
Superposition of the A chain of pentamer II on the B chain of pentamer I
in space group P4,.

Main-chain  Rotation
Molecule aligned rms.d. (A) angle (°)
Pentamer II on pentamer I 0.70 179.6
Pentamer I on P4,2,2 pentamer 0.44 1.6
Pentamer II on symmetry-related P4,2,2 pentamer 0.50 1.8

Table 6
Alignment parameters of the individual helices of two pentamers in the
asymmetric unit of space group P4,.

Direction cosines of
Alignment the fivefold axis

Angle w.r.t. the
X, y, z axes (°)

Main-chain Rotation
rm.s.d. (A) angle (°)

AonB 0.9997 —0.0245 —0.0002 1.40, 91.40, 90.01 0.55 179.2
Con D 0.9997 —0.0241 0.0021  1.40, 91.38, 89.87 0.69 179.8
EonF 0.9998 —0.0167 0.0111  1.14, 90.95, 89.36 0.52 179.8
GonH 0.9983 —0.0574 —0.0055 3.34, 93.29, 90.31 0.74 179.1
lonJ 0.9999 0.0027 —0.0020  0.81, 89.84, 90.11 0.68 179.1
Table 7

Alignment of successive helices of pentamer I and pentamer II.

Main-chain Rotation
rm.s.d. (A) angle (°)

Direction cosines of
Alignment the fivefold axis

Angle w.r.t the
x,y, z axes (°)

Pentamer I
Bon C —0.1092 0.1665 0.9799  83.73, 80.41, 11.50 0.58 69.1
Con E —0.0403 0.1667 —0.9805 92.30, 80.40, 11.33 0.78 76.6
Eon G —0.0927 0.1851 —0.9783 95.31, 79.33, 11.95 0.74 74.6
Gonl —0.12600.1769 —0.9761 97.23, 79.81, 12.55 0.69 67.7
lon B —0.1104 0.1747 —0.9784 96.33, 79.93, 11.93 0.60 70.5
Pentamer II
Aon D —0.1161 —0.1533 0.9813 96.99, 98.81, 11.09 0.76 70.5
D on F —0.1163 —0.1690 0.9787 96.67, 99.72, 11.84 0.67 76.4
Fon H —0.1296 —0.1592 0.9786 97.44, 99.16, 11.87 0.59 70.7
HonJ —0.1197 —0.1494 0.9815 96.87, 98.59, 11.03 0.55 73.9
AonJ —0.1183 —0.1706 0.9782 96.79, 99.82, 11.98 0.51 66.9

two pentamers within the asymmetric unit of space group P4,
results in an r.m.s.d. of 0.7 A, which is slightly larger than the
previously mentioned r.m.s.d. values (Table 5). The relation-

ship between the two pentamers is very close to 3 + x, 1 — y,

1 — z, with the pseudo-rotation relating the two pentamers

being offset by a small angle (<0.5°) from 180° and the

translations deviating by about 0.1-0.2 A from 1 1 1.

The rotation matrix relating the two pentamers is

0.999962 0.008415  —0.002067
0.008400  —0.999942  0.006797
—0.002124 —0.006779 —0.999975

The translation is 31.85, —31.94, —60.69 A about a vector with
direction cosines 0.99999, 0.00420, —0.00105.

The rotation between corresponding chains of the two
pentamers averaged at 179.4° (179.2, 179.8, 179.8, 179.1,
179.1°) and the average r.m.s.d. between the chains was 0.7 A
(Table 6). The mean main-chain r.m.s.d. when each chain of
the pentamers in space group P4, was superposed on the
neighbouring chain ranged from 0.5 to 0.8 A and the rotation
angles varied from 66.9 to 76.6°. The rotation angles between
successive helices in each of the two pentamers were 69.1, 76.6,
74.6, 67.7, 70.5° and 70.5, 76.4, 70.7, 73.9, 66.9°, respectively

Chains under study R.m.s.d. (A)
A and B 0.47
Cand D 1.11
E and F 0.59
G and H 1.32
IandJ 0.73

Table 9
Superposition of B chain of the pentamer in space group P4,2,2 and the B
chain of the pentamer in space group P4,.

Pentamer 1, BCEGI, space group P4,; pentamer 2, ADFHJ, space group P4,;

P4,2,2  pentamer, B,C E,Gl;; symmetry-related P4,2,2 pentamer,
B,CL,E,Gs1,.

Chains under study R.m.s.d. (A)
B and B, 0.24

C and C; 0.71

E and E; 0.97

G and G, 1.44

Iand I, 0.53

A and B, 1.34

D and G, 1.51

Fand E, 1.58

H and G, 1.15

Jand I, 1.87

(Table 7). This clearly shows the differences between the two
pentamers in the asymmetric unit. All of the alignments
carried out were in the residue range 95-135.

Only one chain of the first pentamer in space group P4,
was superposed on the corresponding chain of the second
pentamer in space group P4, and the r.m.s.d.s of all chains
were calculated (Table 8). Similarly, we superposed only one
chain of the first pentamer in space group P4, on its corre-
sponding chain in the pentamer in space group P4,2,2 and
calculated the r.m.s.d.s between all corresponding chains
(including the r.m.s.d. between the second pentamer in space
group P4, and the symmetry-related pentamer in space group
P4,2,2; Table 9). The individual chains in the two pentamers
are not related by an exact fivefold relation and the two
pentamers in the asymmetric unit in space group P4, are also
different (Table 7). In space group P4,2,2, the single pentamer
in the asymmetric unit is most likely to be the average of the
two pentamers in space group P4, (Table 6). The relation
between the pentamers is very close to the crystallographic
symmetry, but the difference between the two pentamers in
the asymmetric unit is more pronounced than the deviation
of the pseudo-symmetric axis from the perfect symmetry axis,
making this a special case of rotational pseudosymmetry.

The diffraction data (Fig. 2) are a combination of a few very
strong reflections and a very large number of weak reflections
and thus have an intensity distribution that differs from that of
a typical globular protein. The removal of the weakest of the
reflections by an ellipsoidal truncation helped in the initial
stages of model building as it resulted in better electron-
density maps. The addition of missing reflections to improve
the completeness of the synchrotron data and the detection
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and correction of the data pathologies resulted in successful
refinement of the structure. From this study, it is clear that the
diffraction data should be recorded in the best possible way
and also that all possible factors affecting the intensities of the
reflections such as anisotropy, twinning and pseudosymmetry
should be considered and evaluated critically if problems with
structure solution and/or refinement are encountered.
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