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The Structure of a Filamentous Bacteriophage

Ying A. Wang1, Xiong Yu1, Stacy Overman2, Masamichi Tsuboi2

George J. Thomas Jr 2⁎ and Edward H. Egelman1⁎

1Department of Biochemistry
and Molecular Genetics,
University of Virginia,
Box 800733, Charlottesville,
VA 22908-0733, USA
2School of Biological Sciences,
University of Missouri-Kansas
City, 5100 Rockhill Road,
Kansas City, MO 64110-2499,
USA
Abbreviation used: IHRSR, iterati
reconstruction.
E-mail addresses of the correspon

thomasgj@umkc.edu; egelman@virg

0022-2836/$ - see front matter © 2006 E
Many thin helical polymers, including bacterial pili and filamentous
bacteriophage, have been seen as refractory to high-resolution studies by
electron microscopy. Studies of the quaternary structure of such filaments
have depended upon techniques such as modeling or X-ray fiber diffraction,
given that direct visualization of the subunit organization has not been
possible. We report the first image reconstruction of a filamentous virus,
bacteriophage fd, by cryoelectron microscopy. Although these thin (∼70 Å
in diameter) rather featureless filaments scatter weakly, we have been able
to achieve a nominal resolution of ∼8 Å using an iterative helical
reconstruction procedure. We show that two different conformations of
the virus exist, and that in both states the subunits are packed differently
than in conflicting models previously proposed on the basis of X-ray fiber
diffraction or solid-state NMR studies. A significant fraction of the
population of wild-type fd is either disordered or in multiple conforma-
tional states, while in the presence of the Y21Mmutation, this heterogeneity
is greatly reduced, consistent with previous observations. These results
show that new computational approaches to helical reconstruction can
greatly extend the ability to visualize heterogeneous protein polymers at a
reasonably high resolution.
© 2006 Elsevier Ltd. All rights reserved.
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Filamentous bacteriophages have been investi-
gated extensively using biophysical and molecular
biological techniques. Class I (Ff strains fd, f1 and
M13) and class II (Pf1), virions have been exploited
for purposes as diverse as cloning, antigen display
and small molecule alignment.1 Phage fd has been
the class I strain of choice for structural studies.2–4
The fd particle (∼7 nm×880 nm) consists of a
covalently closed, single-stranded DNA genome
(6408 nucleotides) sheathed by 2750 copies of a 50
residue α-helical subunit (pVIII) plus a few copies
of minor proteins at the filament ends. In oriented
fibers5 of the mature phage, the pVIII α-helix axis is
tilted from the virion axis by an angle of 16(±4)°.
Although structural models of fd have been
generated by X-ray fiber diffraction,3,6 and by
solid-state NMR,4 they disagree fundamentally in
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the orientation and continuity of the subunit α-
helix.
We have used electron microscopy to re-examine

fd structure. The negatively stained particle (Figure
1(a)) is visualized as a featureless, flexible rod.
Using such images to calculate the equilibrium
persistence length of fd, which is a measure of
flexural rigidity, we obtain 1.0 μm (Figure 1(b)), a
factor of 2 lower than reported previously.7 This
helps resolve a discrepancy, inasmuch as the
dynamic persistence length8 was reported as
2.2 μm and studies of other systems indicated an
equilibrium persistence length significantly smaller
than the dynamic value.9 Cryoelectron microscopy
micrographs of fd filaments (Figure 1(c)) also
appear featureless, but actually contain high-reso-
lution information compromised by a poor signal-
to-noise ratio.
The first 3D electron microscopy reconstruction

was obtained from a helical tail assembly of
bacteriophage T4 using Fourier–Bessel analysis.10
The Fourier–Bessel methods are limited in the
reconstruction of thin and relatively featureless
filaments, owing to dependence upon a signal-to-
d.
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Figure 1. Electron micrographs of negatively stained
fd (a) used to obtain the persistence length P by fitting the
contour length L between two points as a function of the
square of their separation, R2, (b) according to the
relationship:28 R2=4PL [1–(2P/L)(1–exp(−L/2P))]. The
best fit (red line) yields P=1.02(±0.06) μm, where the
error was determined by the non-linear curve-fitting
algorithm in the program Origin 7.5 (OriginLab Corpora-
tion). From prior results using both real data and
simulations,29 we expect that this is an underestimate of
the true error, but expect the error to be less than 0.5 μm. (c)
Images in ice (inset) were collected on a Tecnai 20 field
emission gunmicroscope at 200 keV. The 23Åpitch helix of
TMV was used to determine the magnification. Defocus
values of 1.4–3.8 μm from 67 micrographs of wild-type fd
were determined from the carbon film supporting the
phage or adjoining holes inwhich the phageswere imaged.
The contrast transfer function was corrected by phase-
flipping before subsequent image processing. The space
bar represents (a) 0.9 μm and (c) 0.4 μm.
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noise ratio sufficiently large that layer-lines may be
extracted from single particles. Additionally,
because uniform symmetry and structure are
imposed on the targeted filament, heterogeneous
regions may be averaged.11 We have used the
iterative helical real space reconstruction (IHRSR)
method to reconstruct fd.12 Data were obtained from
native specimens prepared under conditions that
minimize aggregation.13 Using 84,310 filament seg-
ments (each of length 240Å) extracted from filaments
in ice, we failed to achieve convergence to a common
structure from different starting symmetries. This
suggested structural polymorphism. By using two
different initial reconstructions and employing mul-
tiple iterations of the algorithm, we were able to
classify the segments into three groups, two ofwhich
(n1=25,440, n2=16,367) generated reconstructions
that converged independent of the starting symme-
try (Figure 2). The third group (n3=42,503) failed to
converge, and we were unable to sort this group into
more homogeneous subsets. The reconstructions
generated from n1 and n2 are shown in Figure 3(a)
and (b), respectively, and it can be seen that they are
different. We determined the resolution of these
reconstructions to be ∼8 Å (Figure 3(g)). While the
symmetry of these two structures is nearly indis-
tinguishable, they differ structurally, and these
structural differences explain why the IHRSR
method did not achieve convergence using the
whole population of images. The two reconstruc-
tions have a Fourier shell correlation (FSC) of 0.5 at a
resolution of 1/(14 Å). This does not mean that the
two reconstructions are indistinguishable at 14 Å
resolution, but rather that within this resolution shell
the two have a correlation of only 0.5.
We have excluded the possibility that the two

different structural states are an artifact arising from
different defocus values or some other aspect of the
microscopy, as the two states are found on the same
micrographs. Further, we have observed that the two
different states can be found in the same phage
particle, excluding the possibility that an entire phage
is entirely in one state or the other. As with all struc-
tures generated from EM images, there is an enan-
tiomorphic ambiguity in our reconstructions. That is,
each reconstruction can be mirrored to generate a
second reconstruction, and both enantiomorphs will
produce the same set of projections. We have exc-
luded the possibility that the two structures are sim-
ply enantiomorphs of each other. Because of the
symmetry of the phage, there is a rotation of 36.0+δ°
from one subunit to a subunit 17.4 Å above it, and this
can be expressed as a rotation of −36.0–δ°. That is,
+34.6° is the same as −37.4°. Because of the enan-
tiomorphic ambiguity, a reconstruction with a sym-
metry involving a +34.6° (or −37.4°) rotation cannot
be distinguishedwith our data from themirror image
of this reconstruction, which will have a rotation of
−34.6° (or +37.4°). We have relied upon the X-ray
diffraction data,2 which suggested that the subunits
are slewed in a right-handed manner, to choose the
enantiomorphs shown, which correspond to a rota-
tion of∼37.4° between a subunit and the one above it.
Numerous studies have suggested that the sub-

unit is quite malleable,1,14 which is consistent with
the capsid polymorphism evident here. In fact, a
minimized fd (M13) coat protein in which all but
nine of the 50 residues were mutated to Ala was
found to co-assemble efficiently with the wild-type
protein to produce infectious particles.15 Because
conformational heterogeneity of wild-type fd was



Figure 2. The failure of the IHRSRmethod to converge to a single structure and symmetry from different initial values
is indicative of heterogeneity. (a) Reconstructions were initiated using a solid cylinder as a starting model with different
starting symmetries. (b) and (c) The resulting reconstructions are different. By using the two different initial
reconstructions and employing multiple iterations of the algorithm, we were able to classify the segments into three
groups, two of which ((d) and (e)) show convergence independent of the starting symmetry. The axial rise per subunit is
also free to change in the IHRSR approach and, using initial values of 15.8 Å and 17.4 Å, we have always seen convergence
to 17.4 Å. One group ((d), n1=25,440) generates the reconstruction shown in Figure 3(a), while the second group ((e),
n2=16,367) generates the reconstruction shown in Figure 3(b), which is significantly different from that in Figure 3(a).
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reported to be reduced in the Y21M mutant, we also
examined the mutant.3,4 (The mutation occurs in a
region of the subunit that putatively links amphi-
pathic and hydrophobic α-helices.) We found that
all segments sampled from Y21M could be sorted
Figure 3. (a) and (b) Surfaces from two different reconstruc
top and on the phage exterior. In (b), several subunits are nu
structure (e.g. subunits i and i+6 are related by a 37.4° rotation
the reconstruction by starting with the X-ray model 1IFD and
and 26, and 35 and 36. The α-helix shown includes residues 6–4
presumed to correspond to the small additional density that i
cutaway view of the lumen, obtained by removing the front
form a right-handed five-start helical groove. The coordinates
and (e) The corresponding reconstructions from the Y21M mu
our fit (b, green), the most recently refined X-ray model (2C0W
shown are related by a 90° rotation about the helical axis (bla
resolution by comparing truly independent reconstructions,
different starting points,30–32 and (g) a value of ∼8 Å was fou
Using the more conventional approach of dividing a data set in
value of ∼8 Å was also found. Nearly identical Fourier shell co
in (b), showing that the difference between the two states is n
roughly equally into the same two (Figure 3(d) and
(e)) relatively homogeneous groups (n1≈n2≈10,000)
observed for wild-type fd, but with no major
heterogeneous population (n3≈0). The somewhat
lower resolution (∼9 Å) achieved for the Y21M
tions of wild-type fd. The subunit N terminus is toward the
mbered to illustrate the 5-fold rotational symmetry of the
and 17.4 Å axial rise). An α-helical subunit was built into
allowing additional bends between residues 15 and 16, 25
8. Residues 1–5 have been described as disordered and are
s unaccounted for by the atomic model (red arrow). (c) A
half of the reconstruction, where subunit C-terminal ends
of our model are available from the Protein Data Bank. (d)
tant. (f) The comparison of different subunit models shows
, red) and the NMR model (1NH4, cyan). The two views
ck). The IHRSR method also allows for the estimation of
each containing the entire data set, but generated from
nd by this approach for the reconstruction shown in (a).
to halves after alignment to a common reference, a similar
rrelation (FSC) curves were obtained for the reconstruction
ot due to any difference in resolution.
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reconstructions is attributed to the smaller number
of segments sampled.
A single continuous α-helical subunit does not

satisfactorily fit into the reconstruction of that in
Figure 3(a), consistent with suggested discontinuity
in the α-helix.4 In contrast, a continuous α-helix
(residues 6–48) flanked by terminal residues (1–5, 49
and 50) in unspecified conformations readily fits the
Figure 3(b) reconstruction in accord with reported
disorder of the N terminus.4 The Figure 3(b) model
Figure 3 (legend o
is consistent also with the experimental observation
that Tyr 21 and Tyr 24 are buried at a hydrophobic
intersubunit interface.16 Although atomic details of
the capsid subunit are not resolved, experimentally
determined constraints for side-chains, including
the orientations of Tyr 21, Tyr 24 and Trp 26,17 are
available for future testing of higher resolution
reconstructions. The present results provide a
novel view of polymorphism in the native state of
the fd virion.
n previous page)
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We observe an axial rise per subunit of 17.4 Å in
cryoelectron microscopy images of fully hydrated
fd (using the 23 Å pitch helix of tobacco mosaic
virus (TMV) as a magnification standard). Previous
X-ray diffraction studies of dried fibers reported a
rise of 16.0 Å.6 The shrinkage in fibers used for
diffraction is consistent with observations that both
the axial rise and the interfilament spacing change
as a function of relative humidity in fd and in other
filamentous phages.18–21
Figure 3(f) compares the capsid subunit structures

proposed on the basis of X-ray fiber diffraction (red,
PDB code 2C0W)3 and NMR (cyan, PDB code
Figure 4. Cryoelectron microscopy reconstructions of th
viewed from (a) the exterior surface and (c) the lumen, illu
diffraction (2C0W, red)3 and NMR spectroscopy (1NH4, cya
Corresponding views for the continuous α-helix reconstruction
Arrows indicate where the existing models are not contained
1NH4)4 with our continuous α-helix model
(green). Neither the 2C0W nor the 1NH4 model
fits into either reconstruction (Figure 4). Since both
the NMR and X-ray fiber diffraction models were
based upon the Y21M mutant, it does not seem
possible that those two models might fit the data
from the wild-type fd that we failed to analyze due
to apparent heterogeneity (all of the Y21M segments
were classified into one of the two structural states
shown in Figure 3(d) and (e)).
The average subunit α-helix tilt angle (θh) in our

model (Figure 3(b)) is 21°, which is close to the range
(θh=16±4) found in oriented fibers.5 The small
e discontinuous α-helix structure shown in Figure 3(a)
strating the inability of atomic models from X-ray fiber
n)4 to fit the density distribution accurately. (b) and (d)
the discontinuous α-helix structure shown in Figure 3(b).
within the density envelope.
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difference in average helix tilt may be due to effects
of filament aggregation and dehydration in the
fibers. While there are not enough constraints to
determine an atomic model for the subunit uniquely,
given the resolution of the reconstruction, we think
that it will be a starting point for refining the
structure as well as understanding the structural
polymorphism that exists.
Our results demonstrate that the thin and very

weakly scattering fd helical assembly, which had
been regarded as an unsuitable candidate for
electron microscopic 3D reconstruction, can indeed
be visualized at a moderately high resolution
using the IHRSR approach.12 In spite of the
weak scattering, we have been able to visualize
directly a structural polymorphism within the fd
capsid, showing that there is not a single unique
structure for the virion. This is consistent with the
growing body of literature suggesting that other
helical protein polymers, such as F-actin,22,23
RecA-like proteins,24–26 and EspA,27 can exist in
a multiplicity of conformational states. In the case
of fd, intravirion polymorphism may allow for the
flexibility required for host infection and extrusion
mechanisms.

Data Bank accession number

The coordinates of our model are deposited with
the Protein Data Bank with accession number 2HI5.
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