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Abstract The Wlamentous bacteriophage (Inovirus) strain
Ff (fd, f1, M13) is widely used in molecular biophysics as a
simple model system. A low resolution molecular model of
the fd protein coat has been reported, derived from iterative
helical real space reconstruction of cryo-electron micro-
graphs (cryoEM). This model is signiWcantly diVerent from
the model previously derived from X-ray Wbre diVraction
and solid-state NMR. We show that the cryoEM model
agrees neither with solid-state NMR data nor with X-ray
Wbre diVraction data of fd, and has some puzzling structural
features, for instance nanometre holes through the protein
coat. We reWne the cryoEM model against the X-ray data,
and Wnd that the model after reWnement closely approxi-
mates the model derived directly from X-ray Wbre diVrac-
tion and solid-state NMR data. We suggest possible reasons
for the diVerences between the models derived from
cryoEM and X-ray diVraction.
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Abbreviations
CryoEM Electron microscopy in vitreous ice
IHRSR Iterative helical real space reconstruction
PDB Protein data bank
rmsd Root mean square deviation

Introduction

Biological macromolecules are Xexible in solution. This is
true of globular proteins, that may have active sites that
change conformation as they act, and also of polymers that
are semiXexible (wormlike) polyelectrolytes. However,
with most experimental techniques that are used to deter-
mine structure, single molecules cannot be imaged due to
low signal-to-noise ratios, and it is necessary to combine
information from many molecules to create an image. A
widely used method to combine information is to study an
ordered array of identical molecules: a crystal of a globular
protein or an ordered Wbre of a polymer. Such experiments
can give important insights into structure and function, but
are sometimes criticized on the grounds that the molecules
are not in their native solution state. Another approach is to
computationally combine electron micrograph images from
isolated single molecules. This method can give useful
structural information without the phasing issues of X-ray
diVraction, and it does not require preparation of an ordered
array (a crystal or a Wbre). Isolated molecules seen in an
electron micrograph may be more like molecules in solu-
tion. This approach is especially useful for helical struc-
tures, because the internal helix symmetry gives additional
constraints on the structure. The way to combine these
images is clearer when internal structure is visible in the
individual images, but a method has also been developed to
combine images from electron microscopy in vitreous ice
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(cryoEM) of helical structures when no internal structure is
visible, namely the iterative helical real space reconstruc-
tion method (IHRSR), and this method has given important
insights into many systems (Egelman 2000, 2007). Even for
this method it is assumed that all images to be combined
represent molecules that are in one, or a few, conforma-
tions, so the solution is both a space average and a time
average of the true structures.

Filamentous bacteriophages are about 60 Å in diameter
and 1–2 �m long (depending on the strain). Their protein
coat is a helical shell of several thousand »50-residue iden-
tical major coat protein subunits protecting a DNA core,
with a few minor proteins capping the two ends. The
phages are interesting model systems in structural biology,
in part because of their unusual mechanism of assembly.
This includes displacement of intracellular replication-
assembly proteins from the phage DNA by the membrane-
spanning coat proteins as the nascent phage is extruded
through the bacterial plasma membrane into an ordered
helical array. The physiology and genetics of Wlamentous
bacteriophages in the Ff group, strains fd, f1 and M13, have
been studied in most detail (reviewed by Marvin 1998;
Webster 2001; Russel and Model 2006). However, the Pf1
strain of phage gives better X-ray Wbre diVraction patterns
than Ff. The architecture of Pf1 was determined initially by
direct interpretation of the positions of strong intensity on
the X-ray patterns, which showed that the major coat pro-
tein subunit is largely �-helical, with the axis of the helix
tilted at a small angle to the axis of the phage and forming
an overlapping interdigitated helical array of protein sub-
units (Marvin et al. 1974a; Marvin and Wachtel 1976).
Heavy atom derivatives were used to resolve questions
about the helix symmetry of Pf1 (Nave et al. 1981) and to
calculate model-independent electron density maps using a
maximum-entropy method (Bryan et al. 1983; Marvin et al.
1987). These electron density maps resolved the question of
the hand of the virus helix, and were also used as the start-
ing point for simulated annealing reWnement of a molecular
model with respect to quantitative X-ray data (Gonzalez
et al. 1995). Further reWnement led to the suggestion that
the helix asymmetric unit in the higher-temperature form of
Pf1 was a “group of three” polypeptide chains having
slightly diVerent orientations, rather than a single polypep-
tide chain (Welsh et al. 2000). Challenges to this sugges-
tion based on solid-state NMR data (Thiriot et al. 2004) and
magic-angle spinning unaligned NMR data (Goldbourt
et al. 2007) were based on the deposited coordinates for the
“group of three” polypeptide chains, in which there are
slight diVerences not only in the orientations of the three
subunits, but also in their conformation (because of the
reWnement method). But Welsh et al. (2000) also reported
that if the subunits in the “group of three” are replaced by
subunits with identical conformation but still with slightly

diVerent orientations, the model still explains the X-ray
data (Fig. 5c of Welsh et al. 2000). This model also
explains the NMR data (unpublished calculations), so the
“group of three” model is not ruled out. But for most pur-
poses, the simple helix model is a good working approxi-
mation to the structure.

The same architecture, with similar subunit shape but
slightly diVerent symmetry, was found for the fd strain
(Marvin et al. 1974b; Banner et al. 1981) and other geneti-
cally unrelated strains, suggesting a common geometric
theme (Marvin 1990). Building molecular models to com-
pare with the experimental data is an essential part of the
structure analysis, since the diVraction data do not contain
information at atomic resolution. Models of fd have been
revised and extended as additional data became available,
not only diVraction data but also chemical, spectroscopic
and genetic data. Especially important has been solid-state
NMR data (Zeri et al. 2003) that can give detailed infor-
mation about the structure of the subunit, although not
about the structure of the helical assembly of subunits. The
NMR data broadly conWrm the X-ray Wbre diVraction/
molecular model building studies. A model of fd reWned
against both X-ray Wbre diVraction data to 4 Å resolution
and solid-state NMR data (PDB entry 2C0X) is shown in
Fig. 1a.

Iterative helical real space reconstruction method has
been applied to cryoEM images of the fd strain of Wlamen-
tous phage, and yielded a structural model that is signiW-
cantly diVerent from models derived by X-ray Wbre
diVraction and solid-state NMR. Here we examine the
diVerences between the X-ray/NMR model 2C0X (Marvin
et al. 2006) and the cryoEM model 2HI5 (Wang et al.
2006). These diVerences are of two distinct types, the helix
symmetry parameters relating one subunit to the next, and
the shape of the individual identical subunits; we discuss
possible reasons for these diVerences. We also reWne the
cryoEM model 2HI5 against the X-ray Wbre diVraction
data, and show that the cryoEM model can be reWned to
approximate the X-ray/NMR model 2C0X.

Materials and methods

Preparation of phage and formation of Wbres has been
described (Marvin 1966; Marvin et al. 1974a; Nave et al.
1981; Welsh et al. 1996). Phage is puriWed by cycles of low
and high speed centrifugation, and the Wnal pellet is taken
up in low ionic strength buVer (e.g., 10 mM tris–EDTA, pH
8.0) at a concentration of about 30 mg/ml. A drop of this
gel is suspended between the tips of two glass rods and
excess water is evaporated under controlled humidity as the
Wbre forms. The resulting Wbres contain as much solvent as
is found in many crystals of globular proteins.
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Collecting and processing Wbre diVraction data has been
described (Marvin et al. 1994, 2006; Welsh et al. 1996).
We use a single amino acid replacement fd mutant Y21M
to avoid the problem of layer line fanning that complicates
the Wbre diVraction patterns of wild-type fd (Marvin et al.
1994; Welsh et al. 1996), but we Wnd no signiWcant diVer-
ence between wild-type and Y21M structure at the resolu-
tion of the models discussed here. In the cryoEM work it
was reported that only about half the images of wild-type fd
could be used, but all the images of Y21M (Wang et al.
2006). It is conceivable that this problem may be related to
the unusual liquid–crystalline properties of wild-type fd
that are avoided with Y21M (Welsh et al. 1996), although
the cryoEM experiments presumably use conditions where
there is no local packing of phage particles (and therefore
no liquid–crystallinity) that might aVect the structure of the
individual phage particles.

Our diVraction patterns are routinely calibrated by dust-
ing the Wbres with powdered crystalline calcite or silicon,
giving a powder ring on the diVraction pattern at 3.029 Å
(calcite) or 3.136 Å (silicon), and thereby an internal cali-
bration of distance accurate to better than one part in 500.

The subunits of fd in Wbres are arranged in groups of
Wve, related by a Wvefold rotation axis around the phage
helix axis; each such pentamer is related to the next penta-
mer along the helix by a unit height and a unit twist. Two
slightly diVerent forms of fd have been identiWed (Marvin
et al. 1994, 2006) by Wbre diVraction: fdD, with a unit
height of 16.15 Å and a unit twist of 36.0°; and fdC, with a
unit height of 16.0 Å and a unit twist of 38.77°. The overall
intensity distributions on the diVraction patterns are similar
for these two structures, but they can be distinguished by
the layer-line splitting (Marvin et al. 1994) on fdC . “Layer-

line splitting” means that diVracted intensity from diVerent
diVraction directions that is superimposed because of the
symmetry, and therefore not distinguishable on fdD diVrac-
tion patterns is slightly separated, and therefore distinguish-
able on the fdC diVraction patterns. In comparing models in
diVerent symmetries, the orientation of each subunit must
be slewed using Eq. (5) of Marvin (1990), to take account
of the fact that the elongated subunit passes between other
subunits on higher turns of the bacteriophage helix, and if
the phage helix symmetry changes, the orientation of the
subunit must also change to avoid steric clashes.

The relative solvent accessible surface areas of residues
were calculated essentially as described by Marvin et al.
(2006), but using the program AREAIMOL from the CCP4
suite (Collaborative Computational Project, Number 4
1994) to calculate the accessibilities of residues in an iso-
lated subunit and in a subunit surrounded by its nearest-
neighbours.

We use the program FX-PLOR (Wang and Stubbs
1993), a modiWcation of X-PLOR (Brünger 1992) for X-ray
Wbre diVraction data, to reWne the 2HI5 cryoEM model
essentially as described previously (Marvin et al. 1994,
2006; Welsh et al. 2000). In our discussions we use model
2C0X (reWned with respect to both X-ray and NMR data),
rather than model 2C0W (reWned only with respect to X-ray
data); the r.m.s.d between backbone atoms of these two
models (Marvin et al. 2006) is only 0.14 Å. ReWning
against X-ray data requires a full subunit, so we Wrst reori-
ent the X-ray/NMR model 2C0X so that the backbone of
residues 7–46 Wts the backbone of the corresponding resi-
dues of the cryoEM model 2HI5 to a backbone r.m.s.d of
1.7 Å for these residues. We call this reoriented 2C0X
model “2HI5-2C0X”. We use model 2HI5-2C0X as proxy

Fig. 1 Models of fd Wlamentous bacteriophage. In all cases an axial
slab about 100 Å long was cut from the array of subunits, and the phage
axis is vertical. Each subunit is represented as a twisted ribbon about
10 Å in diameter following the protein backbone. The N-terminus of
each subunit is towards the top. Every subunit in the array is colored
red except for a single subunit, colored blue to illustrate how each sub-
unit is surrounded by identical symmetry-related subunits. The back

clipping plane is adjusted so the back half of the model is deleted (this
is not apparent except in c, because in a and b the subunits are so close-
ly packed that one cannot see through the array in front). (a) Model
2C0X in the fdD symmetry, unit height = 16.15 Å, unit twist = 36.0°.
(b) Model 2C0X slewed into the symmetry of 2HI5, unit
height = 17.4 Å, unit twist = 37.4°. (c) Model 2HI5. Note the gaps be-
tween subunits in this array
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for 2HI5 with the missing residues added at the two ends.
At the resolution of the cryoEM data (8 Å), these two mod-
els are identical for residues 8–46, as tested by superimpos-
ing surface displays for the backbones of the two models:
the two surface displays sit on top of one another, except
for a slight hook at residues 6–8 of model 2HI5. We then
reWne model 2HI5-2C0X with respect to the X-ray data
using simulated annealing from 3,000 to 0 K with rigid-
body energy minimization for three segments (residues 1–6,
7–46, 47–50). The three segments were chosen so that the
residues missing from 2HI5 were reWned separately from
those residues present in 2HI5. Initially we omit energy
constraints between symmetry-related neighbouring sub-
units (this is necessary because high initial energy between
symmetry-related subunits of the starting model prevents
reWnement of the starting model) and reWne from an initial
R-value of 0.65 to an R-value of 0.38. We then continue the
rigid-body simulated annealing, again from 3,000 to 0 K,
with energy constraints now included between symmetry-
related subunits, to an R-value of 0.34, followed by simu-
lated annealing using Powell energy minimization (not
rigid-body) to an R-value of 0.19. This reWnement is not
intended to be exhaustive, but only to show that model
2HI5 is moved towards 2C0X by reWnement against the X-
ray data; however, the coordinates of this reWned 2HI5-
2C0X low-resolution model described here are available
from the authors if desired.

As a simple measure of the Wt of calculated to observed
NMR data, we compute a normalized diVerence in the
chemical shift (CSi

c  ¡ CSi
o)/5  and a normalized diVerence

in the dipolar coupling (Di
c  ¡ Di

o)/0.4,  where i is the resi-
due number, CSi

c  and Di
c  are values calculated as described

by Straus et al. (2003), CSi
o  and Di

o  are the observed values
(Zeri et al. 2003), 5 ppm is the error in the chemical shift
dimension and 0.4 kHz is the error in the dipolar dimen-
sion. We add protons to the coordinates using CNS, with
the NH distance set to 1.066 Å, as described by Marvin
et al. (2006). Then our measure of the Wt of calculated to
observed solid-state NMR data for residue i is �i = (((CSi

c  ¡
CSi

o )/5)2 + ((Di
c ¡ Di

o )/0.4)2 )1/2 . This is analogous to the
penalty function used by others but normalized to put the
CS and D parameters on a similar scale.

Results and discussion

Helix symmetry

The unit height (meridional spacing) in fd has an average
value (Marvin 1966) for hydrated Wbres of 16.1 § 0.1 Å.
The unit height remains about the same (16.26 Å) in very
wet gels of fd which show no crystal packing between
neighbouring virions (Symmons et al. 1995), conditions

similar to those used for X-ray Wbre diVraction studies of
tobacco mosaic virus. Gels of the K48A mutant of fd, that
have a lower positive charge density on the inner surface of
the protein coat and therefore lower DNA/protein ratio, still
have the same unit height in the protein shell (Symmons
et al. 1995). 

Helix parameters are determined in the IHRSR method
by averaging parameters from images of many diVerent
helix segments (Egelman 2007). For fd, the signal-to-noise
ratio of the images is low, as for all cryoEM images where
no stain is used, and it was necessary to average tens of
thousands of such images (Wang et al. 2006). Because of
heterogeneity and noise in the data, pre-selection of images
similar to two initial reconstructions was used to improve
the averaging. The resolution of the reconstructions was
estimated as 8 Å from the agreement among repeated
reconstructions. This approach has the advantage that the
chosen datasets are selected for minimum discrepancy from
the reconstruction, but has the disadvantage that as a result
the resolution estimate may be biased by the selection step.
The Wnal two representative reconstructions have similar
helix symmetry and similar density distribution at 15 Å res-
olution (Wang et al. 2006), but their density distribution
diverges as the resolution estimate is improved by the
selection and averaging process. A complication in the
averaging is that subunits within each pentamer as seen by
cryoEM might not be related by a precise Wvefold rotation
axis, and errors may be introduced by the presumption of a
perfect pentamer.

Iterative helical real space reconstruction method gives a
unit height of 17.4 Å relating successive pentamers (Wang
et al. 2006), compared with 16.1 Å from X-ray Wbre diVrac-
tion. Changes in unit height of about 5% as a function of
small changes in humidity or temperature have been identi-
Wed for Pf1 and fd (Marvin et al. 1974a; Nave et al. 1981;
Specthrie et al. 1987; Marvin 1990), so the diVerence
between the X-ray value and the IHRSR value is within the
range found experimentally in phage Wbres. If the radius of
curvature of a curved region of phage is about 1,000 Å as
seen in some electron micrographs (Wang et al. 2006),
there would be about a 5% diVerence between the inner and
outer circumference of a curved 60 Å wide phage, similar
to the observed variation in unit height. We have built the
subunit of the fd X-ray/NMR model 2C0X into the helix
parameters derived by cryoEM (Fig. 1b), and this model
suggests that the phage can be slightly stretched by the
cryoEM technique with no signiWcant local distortion of the
subunit.

Subunit shape

The signiWcant diVerence between the shapes of molecular
models for single subunits derived from IHRSR on the one
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hand and X-ray/NMR on the other hand is more diYcult to
understand than the diVerence in helix parameters relating
the subunits. The IHRSR subunit molecular model (PDB
entry 2HI5) depends not only on the shape of the density
distribution (EM Databank entry 1240), but also on the
choice of which density to associate with each symmetry
lattice point, and the choice of the register between the sub-
unit model and the density. For the X-ray/NMR model
2C0X, diVraction from phage with an iodinated tyrosine on
each subunit indicated the radius of the tyrosine (Glucks-
man et al. 1992; Marvin et al. 1994; Marvin et al. 2006).
Accessibility considerations, especially accessibility of
sidechains to non-disrupting chemical reagents, further
deWned the orientation of the subunit around its own axis
within the virion, and showed that the N-terminal region of
the protein is at the outer surface of the coat and the C-ter-
minal region is at the inner surface, where its basic residues
interact with the DNA in the central core (Marvin 1990;
Marvin et al. 1994, 2006; Symmons et al. 1995).

Wang et al. (2006) judged by inspection how best to Wt a
molecular model into the IHRSR reconstruction, in order to
derive their PDB entry 2HI5. The radial position of the sub-
unit in the reconstruction was constrained by the radius of
the inner surface of the central hole. The radius of this hole
appears signiWcantly larger than in the X-ray model. This
may indicate that the DNA-associated protein residues in
the IHRSR reconstruction are less well ordered than in the
Wbre diVraction studies, perhaps because of lower ionic
strength in the latter (Symmons et al. 1995). Placing the C-
terminal residues at the inner surface of the IHRSR enve-
lope means that the full length of the subunit cannot be
accommodated and the Wrst six residues have to be omitted
despite the larger outer radius of the reconstruction com-
pared with the X-ray/NMR model 2C0X. This larger outer
radius of the IHRSR reconstruction might be due to expan-
sion of the structure in the cryoEM experiment or possibly
to slight overestimation of the scale of the micrographs,
either of which could also explain the somewhat larger unit
height of model 2HI5.

The subunits of 2HI5 do not pack well together, leaving
nanometre gaps between subunits in the array, which is not
an expected structure for a protective virus coat (Fig. 1c).
The DNA in the interior of the phage is accessible to deu-
teration (Wen et al. 1997), but this need not require such
large holes in the coat (Hadzi 1988). Hydrophobic residues
that are buried in the X-ray/NMR model 2C0X array are
accessible to solvent in the 2HI5 array. In particular, NMR
experiments show that residues Ile39, Leu41, Phe42 and
Phe45 are not accessible to deuteration (Zeri et al. 2003).
The relative solvent accessible surface areas of these four
residues are all less than 0.06 in the X-ray/NMR model
2C0X array, consistent with the deuteration experiments;
but are, respectively, 0.12, 1.0, 0.36 and 0.83 in the cryoEM

model 2HI5 array, suggesting a possible inconsistency with
the deuteration experiments.

The Wt �i between the predicted solid-state NMR pattern
of the cryoEM model 2HI5 and the observed NMR data is
poor over the whole sequence (Fig. 2). For comparison, �i

for the X-ray/NMR model 2C0X (from Fig. 5 of Marvin
et al. 2006), also shown in Fig. 2, is much better.

ReWnement of the cryoEM model

The Wt between the predicted X-ray Wbre diVraction pattern
of the cryoEM model 2HI5 and the observed X-ray Wbre
diVraction data is poor (Fig. 3), with an R-value of 0.60,
and such a large R-value is generally taken by crystallogra-
phers to indicate an unacceptable model. The 2HI5 cryoEM
model was proposed (Wang et al. 2006) as “a starting point
for reWning the structure” of fd. To explore the possibility
of a homometric structure (a model similar to 2HI5 that
nevertheless Wts the X-ray data), we reWned the structure of
the cryoEM model 2HI5 against the X-ray Wbre diVraction
data using simulated annealing as described under “Materi-
als and methods”. The model 2HI5-2C0X could be reWned
to a model with an R-value of 0.19 (Fig. 4). In simple
terms, the reWnement is essentially the same as adding the
missing residues to the ends of 2HI5, the red model, and
then reWning this full subunit against the X-ray data to yield
the yellow model, which is close to the X-ray/NMR model
2C0X, the green model. The backbone r.m.s.d between the
start and end of this reWnement is 6.5 Å, and the Wnal model
is not far from the X-ray/NMR model 2C0X (backbone
r.m.s.d 1.1 Å). That is, the cryoEM model 2HI5 could be
reWned to Wt the X-ray data, but this involved making large
changes to the original 2HI5 coordinates, and yielded a
model similar to that determined by X-ray/NMR reWnement
alone.

Fig. 2 The Wt �i between the calculated solid-state NMR spectrum of
fd models and the observed spectrum as a function of residue number i.
Solid curves, �i computed using the calculated spectrum from PDB
entry 2C0X (see also Fig. 5 of Marvin et al. 2006); broken curves,
�i computed using the calculated spectrum from PDB entry 2HI5
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Filamentous phage in solution is well-known to be Xexi-
ble, which means that in solution there cannot be a constant
rigid relationship between subunits throughout the phage.
Model coordinates for two structural forms of fd and two
forms of the structurally similar but genetically unrelated
strain Pf1 have been deposited (Marvin 1998; Marvin et al.

2006), and these diVerent models illustrate the extent of
changes that the structures may undergo as they Xex in
solution. Helix parameters and the subunit shape must both
vary to some extent along the length of the phage in solu-
tion. But it is diYcult to see any structural explanation for
large diVerences in subunit shape between models derived
using the two experimental conditions, cryoEM and X-ray
Wbre diVraction. It might be proposed that the cryoEM and
X-ray Wbre diVraction results diVer because “dried” Wbres
are used in Wbre diVraction (Wang et al. 2006), but this sug-
gestion reXects a misunderstanding of the experimental
method for making Wbres, which does not involve a drying
step. Even Wbres of fd that have been deliberately dried far
below the solvent content usually used for Wbre diVraction
experiments (to enable calculation of the minimum unit cell
volume) contain 11% by weight water (Nave et al. 1981).
X-ray diVraction shows little diVerence in structure of Pf1
phage between Wbres and oriented solutions (Specthrie
et al. 1987). Magic-angle spinning solid-state NMR experi-
ments on unoriented samples of Pf1 show a subunit struc-
ture similar to that found by Wbre diVraction, with no
evidence for more than one subunit conformation in the
sample (Goldbourt et al. 2007). It would be interesting if
the cryoEM conditions cause the phage length to increase
slightly relative to the length in liquid crystals, but none of
the experimental evidence leads one to postulate a major
change in subunit structure.

There is no evidence in the X-ray or NMR data that
model 2HI5 or any similar model provides a reasonable
representation of the structure of the fd subunit in Wbres. If
2HI5 is used as a starting point for reWnement against the
X-ray data, it can indeed be reWned, and the result is a
model close to the X-ray/NMR model 2C0X. If no other
information were available, cryoEM might be a useful Wrst
step in the analysis of fd structure. But the idea that the
structure of intact phage fd in solution is substantially
diVerent from that in Wbres does not seem possible. Virus
coats must be locally stable, not subject to major distortion
by mild environmental conditions, and indeed fd infectivity
is known to be stable up to a temperature of 80° C, to pH
between pH 2.5 and 10.5, and to drying under vacuum.

One possible Xaw in the IHRSR method is that the sub-
units within each pentamer in the cryoEM images are pre-
sumed to be related by a precise Wvefold rotation axis. But
there may be perturbations in the relationship between unit
height, unit twist and rotation axis, as discussed in early
attempts to determine the fd symmetry in Wbres (Marvin
et al. 1974b). Errors in the reconstruction would be intro-
duced if such perturbations are present in the images but
not correctly treated in the averaging. This question is not
addressed by Wang et al. (2006). We Wnd that the X-ray/
NMR model 2C0X remains the better representation of fd
Wlamentous bacteriophage.

Fig. 3 X-ray Wbre diVraction pattern of fd Wlamentous bacteriophage.
A single quadrant is shown, with the Wbre axis vertical. The outer edge
of the diVraction pattern corresponds to about 3 Å spacing. (a) Exper-
imentally observed diVraction pattern after background subtraction,
mapped from detector space to reciprocal space and quadrant averaged
(Fig. 2a of Marvin et al. 2006). (b) Calculated simulated diVraction
pattern for model 2HI5. The arrow above the Wrst layer line on b indi-
cates a region where strong calculated intensity appears at a reciprocal
space radius of R = 0.05 Å¡1, compared with R = 0.10 Å¡1 on the ob-
served diVraction pattern

Fig. 4 ReWnement of model 2HI5 with respect to X-ray Wbre diVrac-
tion data. Red, model 2HI5 slewed into fdD symmetry, before reWne-
ment; green, model 2C0X; yellow, model 2HI5-2C0X after reWnement
against the X-ray data. Vertical line is the bacteriophage helix axis. The
N-termini of the subunits are towards the top in all cases. (a) View
along a radius of the cylindrical-polar coordinate system towards the
helix axis from outside the bacteriophage. (b) View perpendicular to a
123
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