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Abstract

The structure of a procapsid of the singlc-stranded DNA
bacteriophage ¢X174 was detcrmined to 3.5 A resolu-
tion. The crystal space group was /2,3 with a unit-ccll
length of 774 A. The unit cell contained 16 icosahedral
virus particles, cach situated on a crystallographic three-
fold axis. Thus, there are two independent one-thirds of
a particle per asymmetric unit, and a total of 40-fold
non-crystallographic redundancy. To aid in the inter-
pretation of the packing arrangement, crystals werc
prepared for thin sectioning and analyzed by elcctron
microscopy. Oscillation X-ray diffraction data was
collected on image plates using synchrotron radiation
and oscillation_angles of cither 0.25 or 0.30°. A low-
resolution 6.5 A data sct collected from a single frozen
crystal was particularly helpful in the structure determi-
nation, because of its completcness and internal
consistency. The initial particle orientations were
determined using self-rotation functions, while the
initial position of onc particle was determincd from a
Patterson map. The structure was solved by molecular
replacement real-space averaging using a model based
on a cryo-clectron microscopy reconstruction as a
starting point for the phase dctermination. The initial
structure determination used the data between 20 and
13 A resolution, which was then extended one reciprocal
lattice point at a time to 6.5 A resolution. At this point, a
3.5 A resolution data set compiled from a number of
crystals collected at 277 K was introduced. Phase
extension and averaging continued to 3.5 A resolution
after re-determining the particle positions and oricn-
tations. The amino-acid sequences of most of the D, F
and G proteins and part of the B_protein could be
unambiguously built into the 35 A electron- -density
map. Partial crystallographic refinement yielded an R
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factor of 31.6%. consistent with the relatively low
resolution and lack of completcness of the data.

1. Introduction

The bactcriophage ¢X174 is a single-stranded DNA
virus of Escherichia coli (Hayashi et al. 1988). It has an
icosahedral capsid of characteristic shape with
protruding ‘spikes’ on the fivefold axes and a diameter
of approximately 260 A between twofold vertices or
330 A between fivefold vertices (Hall et al, 1959;
Sinsheimer, 1959; McKenna, Xia, Willingmann, llag,
Krishnaswamy er al., 1992). The maturc capsid contains
60 copies each of the capsid protcin F (48.4 kDa), the
spike protein G (16.9 kDa) and the DNA-associated
protein J (4.2 kDa), as well as 12 copies of the ‘pilot’
protein H (34.4 kDa) (Burgess, 1969).

During assembly, pentamers of the F and G proteins
(9S and 6S particles, respectively) form spontancously
inside the infected cells (Tonegawa & Hayashi, 1970).
The two scaffolding protecins D and B are required for
the assembly to proceed further (Siden & Hayashi, 1974;
Fujisawa & Hayashi, 1977b). In thc presence of scaf-
folding proteins, a precursor capsid, called the procapsid
or 108S particle. is assembled (Fujisawa & Hayashi,
1977a; Mukai et al., 1979). The procapsid contains 240
copics of the D protein forming an external scaffold, and
60 copies of the internally located B protein, in addition
to the F. G and H proteins. The genome is packaged into
the procapsid together with the DNA-associated protein
J, at which time the B protein exits. The resulting 1328
intermediate retains the outer scaffold. Removal of the
scaffold, which may be associated with increased Ca**
concentration encountered upon host cell lysis, yields
the mature infectious 114S virion (Weisbeek &
Sinsheimer, 1974; Fujisawa & Hayashi, 1977¢).

The structure of the virion at 3.0 A resolution was
reported previously (McKenna, Xia, Willingmann, Ilag,
Krishnaswamy er al, 1992; McKenna et al, 1994).
Recently, we rcported the structure of a scaffold-
containing procapsid particle (Dokland et al., 1997)
which for the first time shows a scaffolding protein
structure at high resolution. These proteins are of great
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importance in viral assembly and may be essential
components of many other macromolecular assembly
systems. The function of these protcins is to catalyze the
assembly of a macromolecular complex, not unlike
chaperones, which dircct the folding of proteins. Based
on comparisons with the previously determined 25 A
resolution clectron microscopy (EM) structure (llag et
al., 1995). we concluded that, during crystallization, this
procapsid had gone through part of the maturation
process normally associated with DNA packaging. The
X-ray structure was termed the ‘closed procapsid’.
because openings at the threcfold axes seen in the EM
reconstruction (the ‘open procapsid’) were absent. In
this paper, we report the crystallization and structurc
determination of the closed procapsid. The large size of
the cubic unit cell (@ = 774 A) and the presence of
two independent particles posed problems in the
structure determination. The analysis used EM images
of thin-scctioned crystals to aid in the interpretation of
the crystal lattice. The X-ray structurc of the closed
procapsid was then solved using molecular replacement
with the EM reconstruction of the open procapsid as a
starting modcl.

2. Procapsid purification and crystallization

Originally. the purification protocol outlined in llag et al.
(1995) was followed. In this protocol, lysis-defective
¢X174 am(E)W4 was uscd to infect non-suppressing
E. coli C using a standard protocol (Incardona er al.,
1985). Both virions and procapsids are produced in such
infections. The cells were lysed by trcatment with lyso-
zyme in 0.1 M boratc buffer, pH 9.0, containing 30 mM
EDTA, and thrce cycles of freezing/thawing. After
removal of dcbris by centrifugation at 25 000g for
15 min, PEG 8000 was added to a final concentration of
5%, and the solution stirred overnight at 277 K and then
centrifuged at 25 000g for 15 min. Under these condi-
tions. virions collected in the pellet, whilc the super-
natant contained the procapsids. The procapsids were
then collected by centrifugation at 270 000g for 60 min
and purified either on a 10-40% potassium tartrate
gradient in 0.1 M borate or on a 5-25% sucrose gradient
in 0.1 M borate containing 5% potassium tartrate. The
tartrate had previously been shown to enhance the
stability of the procapsid for prolonged periods of time
(Nag er al., 1995).

More recently, a different protocol was devcloped
(Dokland er al.. 1997), which increased the yield and
improved the consistency of the purification. In this
method, ¢X174 am(E)W4 was used to infect E. coli
gro89 cells which are deficient in viral DNA synthesis,
resulting in the arrest of viral assembly prior to DNA
packaging (Ekechukwu er al. 1995) and hence the
accumulation of procapsids in the host cells. The puri-
fication procedure essentially followed that of Mukai et
al. (1979). The cells were lysed by lysozyme treatment in
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buffer A [0.1 M tris-(hydroxymethyl) amino mcthane-
HCI (Tris=HCl), pH 7.5.0.1 M NaCl and 25 mM EDTA],
and three cycles of freezing/thawing. After removal of
debris by centrifugation at 13 000g for 20 min, the
supernatant was precipitated with 40%(v/v) (final
concentration) saturatcd ammonium sulfate in buffer A
on ice for 1 h. After centrifugation at 18 000g for 20 min,
the pellets were resuspended in 0.02 M Tris-HCl,
pH 7.5, containing | mM MgCl, and 0.05 M NaCl,
dialyzed overnight against buffer A and then purified
twice on 10-40% potassium tartrate gradients in 0.02 M
Tris-HCI, pH 7.5, containing 5 mM EDTA. I mM MgCl,
and 0.1 M NaCl. The puritied material produced by
cither method was finally concentrated by centrifugation
at 23 000g for 90 min and resuspended in a sample
buffer containing 10 mM Tris-HCl, pH7.5. | mM
EDTA, 1| mM MgCl, and (.25 M NaCl, to a final
procapsid concentration of 15-20 mg ml ',

The @X174 procapsids were crystallized using
hanging-drop vapour diffusion (Weber, 1997). The
reservoir contained 200 pl of 0.5 M 2-(N-morpholino)
ethane sulfonic acid (MES), pH 6.0, and 430-470 pl
saturated ammonium sulfate to a final volume of 1 ml
[43-47%(v/v) ammonium sulfate]. Usually. Spul of
procapsid solution in sample buffer was mixed with 5 pl
of the reservoir solution. The crystallization was carried
out at 277 K. Crystals typically appeared after 2-3
weeks, but sometimes only after scveral months. The
crystals were extremely sensitive to temperature varia-
tions and had to be kept at 277 K during storage,
transportation and data collection. The crystals were
commonly 0.1-0.2 mm in sizc, but sometimes grew larger
than 0.5 mm. The crystals produced from procapsids
purificd by the two methods were isomorphous, and
X-ray data was collected at 277 K from crystals
produced by both methods.

Various cryo-protectant solutions were tried for
freezing the crystals (Rodgers, 1997). The most success
was achicved using 20-25% glycerol. Crystals could be
grown with 20% glycerol present in the reservoir solu-
tion, or were soaked for 5-60 min in glycerol-containing
stabilizing solution [20% glycerol. 10 mM MES, pH 6.0,
47-50%(v/v) saturated ammonium sulfate] prior to
freezing. However, cven in this solution the crystals
were only partly stable. and significant disorder was
observed. For freezing. the crystals were picked out of
the cryo-protectant solution with a nylon loop, plunged
into liquid ethanc slush at about 123 K and stored under
liquid nitrogen until data collection. Only crystals
produced using the second method of purification were
used to collect low-resolution data at liquid-nitrogen
temperatures.

3. X-ray diffraction data collection and processing

The diffraction data was collected using oscillation
photography, with oscillation angles of either 0.25 or
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Table 1. Data-collection statistics

Frozen data set (1 crystal)

. Rnerget Completcnesst
Resolution (A) (Ricrge 20) (Ija(l)) (Completeness.2o)
00-12.97 7.5 (5.4) 20.8 95.2 (77.9)
12.97-10.31 7.3 (5.3) 21.5 96.4 (80.7)
10.31-9.01 8.9 (6.0) 18.0 96.9 (77.1)
9.01-8.19 12.8 (7.3) 12.9 97.1 (70.1)
8.19-7.60 222 (9.7) 7.4 97.4 (51.7)
7.60-7.15 33.6 (12.2) 5.0 97.6 (49.0)
7.15-6.80 44.6 (13.6) 3.6 97.7 (41.4)
6.80-6.50 54.1 (15.9) 3.0 97.9 (38.3)
All 15.0 (6.7) 10.8 97.0 (61.6)
Warm data set (22 crystals)
Resolution (A) Roerge {/a(l)) Completcnesss
oc-10.78 9.8 5.0 83.1
10.78-7.73 12.1 4.8 843
7.73-6.35 21.8 3.0 85.4
6.35-5.51 318 2.0 84.1
5.51-4.93 337 1.9 81.5
4.93-451 383 1.6 734
4.51-4.18 41.0 1.4 54.5
4.18-3.91 46.5 1.3 415
3.91-3.69 378 1.6 257
3.69-3.50 404 1.5 135
All 247 55.3
t Ruerge = 100 x 37, Z, Wy = I/ 3. It Rieege20 18 calculated

using only data for which / > 20(/). 1 Completcness = 100 x (No.
observed unique reflections)/(No. possible unique reflections); for the
frozen data, figures in parentheses are calculated using only data for
which 7 > 2a(7).

0.30° and crystal-to-detector distances varying from 350
to 600 mm. Most of the images were recorded on FUJI
image plates at the Cornell High Energy Synchrotron
Source (CHESS) beamline F-1, using 0.91 A wavelength
radiation. A few images were recorded with a MAR
30 cm image-plate scanner at the Brookhaven National
Synchrotron Light Source (NSLS) beamline X12c, using
1.10 A radiation. .

A 97% complete data set to 6.5 A resolution (Table 1)
was collected at about 103 K from a single frozen crystal
(the ‘frozen data’). Although the frozen crystals never
diffracted to beyond about 6.0 A resolution due to
disorder introduced by the glycerol soaking, the frozen
data set did offer a good starting point for the structure
determination due to its high completeness and redun-
dancy. Furthermore, as the frozen data set came from a
single crystal, we were assured of internal consistency
and no problems associated with the combination of
data from non-isomorphous crystals (see below). To
obtain higher resolution data, however, it was necessary
to combine data from a number of crystals collected at
277K (the ‘warm data’). Duec to the high radiation
sensitivity of the warm crystals, typically only 2—4 images
could be recorded from each crystal. In additiop, only
some crystals gave good diffraction beyond 4.5 A reso-
lution. Thus, the completeness of this data dropped
dramatically at higher resolution (Table 1). Further-
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more, the warm data is extremely weak, with an average
Ila(I) of less than 2.0 beyond 5.5 A.

The diffraction images were indexed and processed
using the program Denzo (Otwinowski & Minor, 1997).
The crystals belonged to a cubic body-centred space
group with Laue group m3. The average cell dimension
for the warm crystals was a = 774 A, while the frozen
crystal had a unit-cell length of @ = 769 A, consistent
with a shrinkage of the cell due to the freezing. Out of
the two possible space groups 723 or 12,3 later analysis
(see below) showed the correct space group to be /2,3.
These space groups allow two alternative axial settings
related by a 90” rotation to each other. Ry, Was used
to differentiate the two settings relative to an already
consistent reference data set. Because of the poor
quality of the data, it was oftcn not possible to distin-
guish between the two settings. This ambiguity existed
for more than half of all the crystals, and this data was
therefore rejected and not included in the final warm
data set.

The frozen data, which consisted of a continuous
series of 125 oscillation images, could be easily scaled
and merged by adding together partial reflections from
abutting images, using the program SCALEPACK
(Otwinowski & Minor, 1997). The warm data, on the
other hand, consisted mostly of sets of 1-4 images
located at random in reciprocal space. As the mosaicity
was often relatively high compared with the oscillation
range, most of the warm data consisted of unpaired
partial reflections. Since SCALEPACK would normally
reject these reflections, an alternative procedurc was
used in order to avoid losing too much of the data. In
this scheme, SCALEPACK was used initially for the
scaling and formatting of the data, but not for merging.
The reflections were then re-scaled using the program
SCALA (Evans, 1993) of the CCP4 suite (Collaborative
Computational Project, Number 4, 1994). Reflections
that could not be added to create a full reflection were
rejected if the calculated partiality was less than 0.5 or
otherwise corrected by the calculated partiality. The
data was then merged using AGROVATA in the CCP4
suite. No cutoff of weak reflections was used during this
procedure, but the sigmas of all the reflections in each
intensity range were corrected to reflect the scatter of
observations within that intensity range (Rossmann et
al., 1979; Evans, 1993). Finally, the reflection intensities
of both the frozen and warm data were converted to
amplitudes using the program TRUNCATE in the CCP4
suite, which utilizes maximum-likelihood methods to
deal with negative and very weak diffraction intensities
(French & Wilson, 1978).

4. Packing considerations

Using a molecular weight of 9.3 x 10°Da for the
procap51d particle, the Matthews coefficient (V) is
6.2 A" Da~! when there are eight particles in the unit
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not happened in the ¢X174 procapsid crystals, some
crystals were preparcd for thin sectioning and observa-
tion by EM (Johnson et al., 1974). This analysis also gave
an indication of the packing arrangement in the crystals.

The crystals were washed in stabilizing solution
[47%(v/v) saturatcd ammonium sulfate, 0.1 M MES,
pH 6.0] and fixed in 0.1% glutaraldchyde in stabilizing
solution at 277 K for 72 h. After washing briefly with
0.1% glutaraldehyde in 0.067 M phosphate buffer, they
were post-fixed in 1.0% OsO, in 0.067 M phosphate for
1 h. After a brief rinse in phosphate buffer, the crystals
were dehydrated in a graded ethanol serics (70-100%),
followed by 100% propylene oxide. After a stepwise
infiltration in propylene oxide/LX-112 resin (LADD
Research Industries, Burlington, VT) for a total of 48 h,
the crystals were embedded in LX-112 resin in Beem
capsules and polymerized at 333 K for 48 h. Silver
sections were cut, placed on 300 mesh grids and post-
stained with 2.0% uranyl acetate followed by Reynolds
lead citrate (Reynolds, 1963). The samples were cxam-
ined at a magnification of 46 000x or 60 000x with a
Philips 400 transmission electron microscope. The
negatives were digitized on an Optronics rotating-drum
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scanner and analyzed with image-analysis software
provided by Tim Baker (Purdue).

The micrographs showed a pattern of dark rectangles
with a spacing of about 360 A in the x direction and
250 A in y (Fig. 1a). Fourier analysis and filtration of the
repcat pattern revealed a unit cell of 720 x 500 Awitha
pattern of alternating inverted blocks of density (Fig.
1b). These dimensions correspond approximately to the
unit-cell length and one-half of a face diagonal length
(770 and 535 A, respectively), indicating that the crystal
had been sectioned perpendicular to the [0 1 1] axis,
which is 45° to one of the principal axes in the crystal
(Fig. 2). The reason for this is that the crystal has its
largest face parallel to a face diagonal. Apparently, on
preparation for thin sectioning, this face had oriented
itself perpendicular to the sectioning axis (01 —1).

Since the EM section is about 800 A thick, the
micrograph represents a superposition of several layers
of particles. It was, therefore, difficult to interpret the
observed pattern directly in terms of spherical virus
particles. Howcver, packing considcrations, as well as
analysis of the diffraction data (see below), limited the
number of possible particle arrangements to the two

Fig. 3. Rotation-function search for
fivefold NCS axes (x = 72°) of the
warm data set in different resolu-
tion ranges. Clockwisc, from (a)
between 45 and 15 A resolution:
(b) 15-8 A resolution: (c) 8-6 A
resolution; (d) 6-5.5 A resolution.
Note how one set of peaks gcts
weaker at higher resolution.
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possibilities of either eight or 16 particles per unit cell.
Consequently, models were made by placing cither cight
or 16 copies of the EM rcconstruction of either the
procapsid or the virion into the unit cell, and projecting
this model down the [0 1 —1] axis. This showed that only
a set of 16 procapsid-shaped particles was consistent
with thc observed pattern in the micrographs (Fig. 1¢).
The observed pattern of dark rectangles results from the
superposition of the edges of the closely packed empty
procapsid shells, which, when the unit cell is projected
down [0 1 —1], are brought into register (Fig. 2). This
analysis thus showed that, indeed. the crystals contained
procapsids, and not empty virion-like particles.
Furthermore, it strongly suggested that there were 16
particles in the unit cell in a cubic close-packed
arrangement.

6. Determination of particle positions and orientations

Self-rotation functions werc calculated in various reso-
lution ranges using the program GLRF (Tong & Ross-
mann, 1990) with a radius of integration of 180 A.
Scarches for peaks were made on the « = 72, 120 and
180" planes, which locate local five-, three- and twofold
axcs in the unit cell, respectively. Using data to about
25 A resolution, two scts of icosahedrally distributed
peaks werc found, rotated relative to each other by 90°
(Fig. 3), consistent with the presence of 16 particles in
the unit cell. Both sets had their icosahedral twofold
axes nearly parallel to the crystallographic twofolds. At
higher resolution, however, onc set of icosahedral peaks
became progressively weaker relative to the other set
(Fig. 3). This phenomenon suggested that pcrhaps one
set of peaks was an artefact. However, this was not a
very satisfactory explanation, bccause of the poor
packing arrangement that would ensue with only eight
particles in the unit cell. Furthermore, rotation functions
based on models with eight particles per unit cell did not
gencrate any such artefactual peaks. In addition, the
crystal thin-sectioning results had strongly suggested
that there were 16 particles in the unit cell.

At this stage, we were working with the older warm
data set, which was generated from a number of crystals,
as we had not yet successfully frozen crystals. We were,
therefore, considering possibilities such as that the many
crystals comprising the warm data were somehow
different to each other, that the individual crystal data
had been incorrectly merged, or that the crystals had
some kind of internal ‘twinning’, each crystal consisting
of a mosaic of lattices in different orientations. (The
latter might still be the case for those crystals that could
not be merged to the rest of the data set.) When the first
frozen data set, collected from a single crystal, behaved
in the same way as the warm data, however, it was clear
that the disappearance of one set of rotation-function
peaks at higher resolution was not due to differences
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betwecen crystals and had to be a phenomenon internal
to the individual crystal. It turncd out later that the
disappearance of the peaks was due to onc of the
particles being rotated by about 2* away from the special
sctting for which the orthogonal icosahedral twofold
axes are aligned with the crystallographic twofold axes.
This leads to a fourfold splitting of the peaks at higher
resolution, and hence a reduction in peak intensity.
The presence of non-crystallographic twofold axes
parallel to within a few degrees of the crystallographic
twofold axes should give rise to very large peaks in the
Patterson function (Tsao. Chapman, Wu et al., 1992).
These peaks can identify the position of the non-crys-
tallographic twofold axes. corresponding to the centres
of the particles, in the unit cell. In space group /23 such
pcaks would be expccted to be at (2x,2x,0), (2x,0,2x) and
(0,2x,2x), while in /2,3 they would appear at (0,2x3—2x),
1-2x02x) and (2x}j—2x0). A Patterson function
calculated using the data between 15 and 8 A resolution
showed strong pecaks at u,v,w = (0.49,0,0.01) and all its
symmetry-rclated cquivalent positions (Fig. 4). This
thereforc established that the space group was /2,3 and
that onc icosahcdral particle has its centre at x,y,z =
(0.245,0.245,0.245), i.e. close to the (3, §, i) position.
There was no sign of the second independent particle,
for which the rotation-function pcaks started to fade at
higher resolution than about 15 A. The reason that the
second particle was not detected in the Patterson map

was that the 2° rotation that had caused the
w
v
o4 @oﬂ ° 8
;9. . °
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Fig. 4. Harker section (v = 0) of the Patterson map calculated between
45 and 15 A resolution. Onc very strong peak is apparent al u,v,w =
(0.49,0,0.01), consistent with a particle with local twofold axes
aligned with the crystallographic twofold axes, located at xy.z =
(0.245,0.245,0.245) in space group /2,3. Contours start at 20 and go
in steps of 20.
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Table 2. Molecular-replacement averaging statistics

Averaging 3
Data set cycle No. Particle positionst Resolution (A) CCt R§
1 2
K x K x
Frozen data, one particle®
A0 0.00 0.2450 — — 13.0 0.147 65.7
Al 0.00 0.2450 - — 130 0.392 53.1
A3l 0.00 0.2448 - — 13.0 0.597 42.6
Frozen data, two particles
BO 0.00 0.2448 —43.40 —0.0050 13.0 0.484 48.6
Bl 0.00 0.2448 —43.40 —0.0050 13.0 0.582 43.8
B20 0.00 0.2448 —43.40 —0.0050 13.0 0.68% 36.6
B48 —0.10 0.2448 —43.36 —0.0047 13.0 0.7 354
B260 —-0.62 0.2446 —42.6%9 —0.0046 9.4 0.942 14.0
B447 —0.63 0.2446 —42.68 —0.0046 6.5 0.956 13.2
Warm data, two particles
C1 —0.63 0.2446 —42.68 —0.0046 9.0 0.677 35.1
C305 —0.04 0.2432 —41.31 —0.0052 4.0 0.927 16.4
C450 -0.03 0.2432 —41.29 —0.0052 35 0.868 233

t « is the rotation around thc body diagonal threefold axis of the cubic unit cell which relates an icosahedron in the standard orientation with
orthogonal twofold axes on the x, y and z axes (Tsao, Chapman, Wu et al., 1992) to the orientation in the crystal. The orientation of the body
diagonal is given by polar angles ¥ = 54.7 and ¢ = —45.0 (Rossmann & Blow, 1962). The polar angles give rise to a [P] matrix that relates the
coordinates (X') of the standard icosahedron to the coordinates X in the unit cell such that X = [P]X’ + t where t is the translation vector t =

(1,12, 83).

1.00000  0.00030 —0.00030 0.83425 0.46385 —0.29810
For particle 1, [P] = | —0.00030 1.00000 0.00000 |, for particle 2, [P] = | —0.29810 0.83425 0.46385
0.00030  —0.00030 1.00000 0.46385 —0.29810 0.83425

For particle 1, t = (188.082, 188.082, 188.082) and for particle 2, t = (—4.0248, —4.0248, —4. 0248) The posmon of the particle in the unit cell is

coordinates
§ R=100x ),

given by thc fractional

x—ll/a(x—y—z)
YorllFae) = Foaen)1”

| caleh

tcCc =
KF o nl! D on |Feacnl, where k = (F.)/{F,) for all reflections within each resolution

[0 {Fob) ~ Fops i) {Feaie) = Feae i/ [4llF) = nbsh) X

bin. € Imtlally only the particle at (;,3 1) was used for phasing. The particle at (0,0,0) was introduced after cycle A31.

disappearance of the rotation-function peaks at higher
resolution also led to a failurc to produce detectable
peaks.

7. Molecular replacement

Molecular replacement followed the procedure
described by Rossmann (1990) and Arnold et al. (1987).
There are two independent thirds of a particle in the
crystallographic asymmetric unit, or two independent
sets of eight particles in the unit cell. As the particles are
sitting on crystallographic threefold axes, each of the
two independent particles has 20-fold non-crystal-
lographic symmetry (NCS). The program ENVELOPE
(Rossmann et al., 1992) was used for the real-space
clectron-density averaging. A simple, spherlcal shell
with an outer radius of 180 A and an inner radius of
75 A was used as a mask, outside of which the density
was flattened. There is one orientational (rotation about
the threefold axis) and one positional (translation along
the threefold axis) paramcter that have to be deter-
mined for each independent particle. The rotation
function and the Patterson had showed that only one of
the two particles was closely aligned with the crystal-

lographic twofold axes; therefore, the position of only
one of the particles was well defined at the beginning of
molecular replacement (Table 2).

The previously determined EM reconstruction (Ilag et
al., 1995) was used as a starting model for the phase
determination. The reconstruction, however, had a
resolution of only about 25 A, while X- -ray data was
missing inside about 45 A resolution due to the presence
of the beam stop. To bridge the resolution gap between
the EM and X-ray data, a model was generated in which
the known X-ray structure of the virion (McKenna, Xia,
Willingmann, Ilag, Krishnaswamy et al., 1992) was fitted
into the EM density. This required extensive modifica-
tion of the virion structure (Ilag er al., 1995). For those
parts of the structure corresponding to the external and
internal scaffolding proteins, for which no X-ray struc-
ture was available, the G spike protein was used as a
model, as it had approximately the right molecular
weight and a compact, rounded shape. Structure factors
were then calculated to 13 A resolution. These were
used to compute an electron-density map consisting of a
single particle in the standard orientation. This density
was then placed into the crystallographic unit cell using
the previously determined positions and orientations

(Fig. 5).
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Table 4. Refinement statistics

Refinement step Ruorkingt
Initial model 42.1
40 cycles REPEL (no electrostatic potential) 389
40 cycles Powell 35.9
Regeneration of model and recalculation of W,

50 cycles Powell 33.6

20 cycles Powell 33.2
Calculation of overall B factor

20 cycles Powell 31.6
¥ R"‘“rk'"g = 100 X Zh llec h k['ohs hl/ Zh cale, ;, where
k = (F )/ (F) for all reflections within cach resolution bm

normalization factor, # arc the Miller indices of the
structurc factors, wy, are the weights for the individual
reflections and & is a scale factor. The overall weight W,
was determined by running a short molecular dynamics
calculation and comparing the normal of the gradient of
the empirical energy term to the X-ray cnergy term
(Briinger, 1992). The initial R factor was 42.1%. After
170 cycles of Powell minimization, the first 40 with the
electrostatic potential terms switched off (‘repel’ mini-
mization), the R factor had improved to 31.6% with
rcasonable geometry (Table 4). No Ry, was calculated,
as the high non-crystallographic redundancy causes Ry,
and Ruorking to be almost identical (Hadfield et al., 1997).
Individual B-factor refinement was not carried out duc
to the limited resolution of the data. About 1.6% of the
amino acids in the final structure were outside the
generously allowed regions of the Ramachandran
diagram, as expectced from the limitcd resolution. The
refined coordinates have bcen deposited with the
Brookhaven Protein Data Bank.t

9. Molecular replacement with a poor model

Various starting models have been used to solve icosa-
hedral virus structures, including X-ray structures of
rclated or unrelated viruses, EM rcconstructions and
spherical shell models. For example, in the structure
determination of bacteriophage MS2, Valegard et al.
(1990) uscd the structure of the unrelatcd plant virus
southern bean mosaic virus (Abad-Zapatero et al., 1980)
to initiate the phasing. Molecular replacement yielded a
map which was not directly interpretable, but which was
sufficiently good to define the positions of the heavy
atoms in isomorphous hcavy-atom derivatives and also
showed that the map rcpresented the Babinet opposite
solution. Once accurate particle positions had been
defined by using heavy-atom sites, averaging yielded an
interpretable map which was completely different from
the starting model (Valegard et al., 1990, 1994). Similarly,

t Atomic coordinates and structure factors have been deposited with
the Protein Data Bank. Brookhaven National Laboratory (Reference:
1ALO).
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the ¢X174 virion structure determination was initiated
using the unrelated cowpea mosaic virus (Chen et al.,
1990) as a starting mode! (McKenna, Xia, Willingmann,
Ilag, Krishnaswamy e al. 1992; McKenna, Xia, Will-
ingmann, Ilag & Rossmann, 1992). Also in this case, the
phases had refined to the Babinet opposite solution, but
did yield an interpretable map once the position of the
particle in the unit cell had been determined accurately.
Again, it was found that the starting model had little
relationship to the final structure. The only relationship
between the model and the final structurc in these two
cases was that they had similarly sized and shaped
icosahedral envelopes.

In the present work, a starting model was obtaincd by
fitting the atomic structure of the mature virion into the
procapsid EM reconstruction and using an arbitrarily
chosen protein structure for the unknown parts (llag et
al., 1995). In retrospect, it is clear that this starting model
was very poor, since the hand of the EM reconstruction
was wrong, the F capsid protecin was rotated by about
90° from the correct orientation, only 120 copies - rather
than 240 - of thc D protein werc modeled, and the D
protein was in fact almost entircly a-helical while the G
protein used as a model to represent the D proteins has
a predominantly B structure. Furthermorc, the EM
reconstruction represents the open procapsid structure,
while the X-ray data corresponded to the closed
procapsid, in which the structures of the F and G
proteins arc similar to those in the virion (Dokland et al.,
1997). In hindsight, it would probably have been better
to have used the virion X-ray structurc directly, possibly
after adding some density for the D protein. Never-
theless, placing this starting model into the crystal cell in
the positions and orientations given by the Pattcrson
and rotation functions, it was possible to find a resolu-
tion range (20-13 A) which gave a reasonable correla-
tion and R factor between F,. and F,,, A comparison
of the phases between the 16-particle starting model
(cycle B1) and the final avcraged frozen data set (cycle
B447) shows little similarity (Fig. 7a). Nevertheless,
some agreement occurs for centric phases when o' = o =
270° (the projected centres of symmetry are displaced by
! from the origin), which may be the rcason for the
eventual successful structure determination. Surpris-
ingly, the phases for the first model (cycle A1), which
contained only eight particles, arc fairly well correlated
with those of the second model (cycle B1), which
contained 16 particles (Fig. 7). In contrast. the phase
diffcrence between cither starting model and the final
solution is almost completely random (~9()") As
mentioned above, at cycle B260, a Babinet inversion was
found in the phases between 20 and 15 A resolution.
This is represented in the phase comparison plot
between cycle B260 and B447 by the lines for which o’ =
a + m (Fig. 7¢). Thus, the two opposite solutions were
‘fighting’ each other near 15 A resolution. After
recmoving the data between 20 and 14.5 A resolution, the
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phases were extended in both directions until the 6.5 A
resolution limit of the frozen data had been reached.
This data set was used successfully as a starting model
for the phasing of the warm data. The final phases of the
frozen data set (cycle B447) show relatively small
differences compared to the phases of the final warm
data set (cycle C450; Fig. 7d). Although the atoms in the
starting model had the correct handedness, the overall
features, which were based on the EM reconstructiop,
had the incorrect hand. At the low resolution (20-13 A)
at which the molecular replacement was initiated, it
might have been expected that the overall features
would be morc important in defining the hand of the
final structure, yet the structure after phase improve-
ment and extension to 3.5 A resolution was found to
have the correct hand.

Ideally, an EM reconstruction, which often can be
obtained relatively easily, would be sufficient in itself to
provide a phasing start. The problem lies in the lack of
resolution range overlap betwcen the EM and X-ray
data, although with higher resolution EM reconstruc-
tions becoming available (Bottcher er al, 1997), this
problem will be reduced. One case where the phasing

9X174 CLOSED PROCAPSID

was initiated directly from an EM reconstruction was for
an insect parvovirus, Galleria melonella densovirus
(Simpson ez al., 1998), for which the phasing was started
using a resolution rangc between 50 and 25 A. Alter-
natively, the EM reconstruction can be filled with atoms
either on a regular grid or at pseudo-random positions
to generate a starting model which extends to somewhat
higher resolution than the EM reconstruction itself. In
principle this approach is equivalent to starting the
phasing with a structurally unrelated atomic model, and
was used successfully in the structure determination of
Norwalk virus (B. V. V. Prasad, personal communica-
tion). A logical extension of this would be to start off the
phasing with a simple spherical shell model. The latter
approach was used for canine parvovirus (Chapman et
al., 1992; Tsao, Chapman, Wu et al, 1992; Tsao,
Chapman & Rossmann, 1992), where it was also shown
how the parameters for the spherical shell model could
be dctermined directly from the data without any
extcrnal information.

In this study, a number of starting models had to be
abandoned because they did not converge to reasonably
good R factors even after several cycles of averaging.
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One scnsitive measure that was used to assess whether
the starting model was successful was the frequency
distribution of the electron density in the averaged
maps. If the orientation and position of the particles in
the starting model were correct, the averaged map had
values only slightly lower than those of the unavcraged
map, otherwise it was dominated by values close to zcro.

Starting molecular replacement with poor models is
possible due to the high non-crystallographic redun-
dancy available in the icosahedral virus structures. In the
prescnt study, the crystals contained 40-fold NCS, yet
only 20-fold symmetry was applied during most of the
averaging without any noticeable dctrimental effects.
Arnold & Rossmann (1986) showed that the phasing
power of the NCS averaging is proportional to the
square root of the total redundancy (non-crystal-
lographic redundancy times data complcteness). As the
averaging power is reduced, however, it becomes
increasingly more important to have an accurate mole-
cular envelope (Acharya et al, 1989). In this study, a
simple hollow shell was used for the cnvelope
throughout. For simian virus 40, where likewisc only
fivefold symmetry was available, the map improved
significantly when the density was averaged over the
quasi-fivefold pentamers (Liddington et al., 1991). In the
present study, scaled F.,. amplitudes were used where
there were no F,, measurements. This has the effect of
improving the data completencss.

Accurate knowledge of particle orientation and
position may be especially important when the model is
poor. In some fortunate cases, the particles are situated
on special positions in the unit cell, thus allowing the
orientation and position to be known exactly. However,
this may cause problems when the starting model is a
hollow shell or a low-resolution model, which has an at
least approximate centre of symmetry. When the particle
is sitting on a special position, the initial model-based
phases will be centric. If thec NCS elements have a
centrosymmetric disposition in the space group, it would
be impossible to break away from the centric starting
phases of the model by density averaging. A way of
solving this problem would be through the introduction
of some asymmetry in the initial model, either by using a
more realistic model or by arbitrarily introducing non-
centric phases to some large low-resolution reflections.
More often, the particles found in virus crystals exhibit
slight deviations from being situated at special positions
(Muckelbauer ez al., 1995: Zlotnick et al., 1997), such as
the 6.7 A shift and less than 2° rotation seen in the
present structure (Table 2). In this case, the initial phases
will not be centric even with a spherical starting model,
but there are likely to be considerable difficulties in
determining the precise positional and orientational
parameters. The search for a suitable starting model and
finding the correct orientational parametcrs took
considerable effort and time in the initial stages of the
structure detcrmination described here. The lessons
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learned herc will hopefully permit faster and smoother
structure determinations in the future.
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