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The filamentous bacteriophages are flexible rods about 1 to 2 um long and 6 nm in diameter,
with a helical shell of protein subunits surrounding a DNA core. The approximately
50-residue coat protein subunit is largely a-helix and the axis of the a-helix makes a small
angle with the axis of the virion. The protein shell can be considered in three sections: the
outer surface, occupied by the N-terminal region of the subunit, rich in acidic residues that
interact with the surrounding solvent and give the virion a low isoelectric point; the interior
of the shell, including a 19-residue stretch of apolar side-chains. where protein subunits
interact mainly with each other; and the inner surface, occupied by the C-terminal region of
the subunit, rich in basic residues that interact with the DNA core. The fact that virtually
all protein side-chain interactions are between different subunits in the coat protein array.
rather than within subunits, makes this a useful model system for studies of interactions
between a-helix subunits in a macromolecular assembly.

We describe molecular models of the class T filamentous bacteriophages. This class
includes strains fd, f1, M13 (these 3 very similar strains are members of the Ff group), Ifl
and IKe. Our model of fd has been refined to fit quantitative X-ray fibre diffraction data to
30 A resolution in the meridional direction and 7 A resolution in the equatorial direction.
A simulated 3-3 A resolution diffraction pattern from this model has the same general
distribution of intensity as the experimental diffraction pattern. The observed diffraction
data at 7 A resolution are fitted much better by the calculated diffraction pattern of our
molecular model than by that of a model in which the a-helix subunit is represented by a rod
of uniform density.

The fact that our fd model explains the fd diffraction data is only part of our structure
analysis. The atomic details of the model are supported by non-diffraction data, in part
previously published and in part newly reported here. These data include information about
permitted or forbidden side-chain replacements. about the effect of chemical modification.
and about spectroscopic experiments. The side-chain comparisons include the other class 1
wild-type strains, which have similar diffraction patterns and similar overall distributions of
amino-acid residues by type, but different detailed sequences; previously reported mutants
of Ff strains, especially in the acidic N-terminal region and the basic C-terminal region; and
new mutants in the interior of the protein shell, some of which are viable (F11Y, Y2IM,
122V and Y24M), and others of which carry apparently lethal mutations (F11M, A27P and
exchanges of Tle22 and I1e32 for other apolar residues).
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1. Introduction

Filamentous bacteriophages (Inovirus) are assem-
bled as they extrude through the bacterial
membrane without lysing or otherwise killing the
bacterial host. The major coat protein (g8pt) is
inserted into the bacterial inner membrane as a
membrane-spanning precursor protein with a short
leader sequence which is then removed. The single-
stranded circular viral DNA is passed from an intra-
cellular complex with the gop DNA-binding protein
to the final assembly with the g8p. The virion (the
virus particle) of all Inovirus strains is a flexible
nucleoprotein rod about 6 nm in diameter and 1 to
2 um long, comprising a helical tube of g8p subunits
surrounding a core of DNA. A few minor proteins
that are involved in initiating (g7p and g9p) and
terminating (g3p and gbp) the assembly process are
found at the two ends of the completed virion.
Foreign DNA can be inserted into the genome and
carried through future generations, either as a
separately expressed gene or as an addition to an
existing gene. Understanding the molecular struc-
ture of the virion is essential to understand in detail
this complex and interesting process of macro-
molecular assembly (for general reviews, see
Rasched & Oberer, 1986; Model & Russel, 1988; for
a review of the virion assembly process, see Russel,
1991).

Virions from different [Inovirus strains have
similar molecular architecture but different coat
protein sequences and different values of some
structural parameters. The g8p is largely a-helix,
with about 50 amino-acid residues {+109,). There
are two symmetry classes of Inowirus. Class 1
includes strains fd, Tfl1 and IKe. Class IT includes
strains Pf1 and Xf. Strain fd belongs to the Ff group
within class I. The members of the Ff group have
virtually identical g8p sequences and only slightly
different genome sequences. Two other commonly
studied Ff strains are fl1, which has the same g8p

t Abbreviations used: To describe gene products. we
use abbreviations of the form g8p for the gene § protein
(in its processed form with the leader sequence removed,
if appropriate).

To describe mutants of the virion, we use the notation
“virus strain/gene number/original residue type/residue
number/new residue type”. For example. fdg8K48Q is a
mutant of fd in which K at position 48 of g8p has been
replaced by Q: this may be shortened to simply K48Q if
no ambiguity would be created.

We compare aligned amino acid sequences of fd. Ifl
and IKe using square brackets to define position
number. which is not the same as the distance along the
Ifl or IKe sequence (see Table 1). For example Lys[48]
(or Lys48) of fd corresponds to Arg[48] (or Arg5l) of
TKe.

To discuss interactions between an arbitrary origin
subunit £ = 0 and a neighbouring subunit &, we use the
notation “‘subunit index/residue type/residue number’'.
For example residue 0Trp26 is residue Trp26 on subunit
k = 0: residue 11Tyr2] is residue Tyr2l on subunit
k= 11. If no ambiguity would be created, the index 0
may be omitted.

sequence as fd, and M13, which has an Asp to Asn
exchange at position 12. The length of the virion
depends on the size of the DNA and on the positive
charge density along the inside surface of the pro-
tein tube. The wild-type DNA has about 6500
nucleotides (+109,), but longer DNA can be encap-
sidated by simply adding more subunits to the
protein tube during assembly (for a review of the
virion structure, see Marvin, 1990).

X-ray fibre diffraction patterns of the virion show
that the long axis of the a-helical protein subunit
lies at a small angle to the long axis of the virion.
Direct interpretation of the strong intensity distri-
bution on low-resolution diffraction patterns,
followed by molecular model-building, energy
refinement, and comparison of calculated Fourier
transforms with observed diffraction data, gave the
orientation of the a-helix within the surface lattice
of the virion and indicated a common subunit shape
and a common molecular architecture for all strains
(Marvin et al., 1974a, b; Marvin & Wachtel, 1975,
1976). The proposal of a common architecture was
supported by the discovery that, despite differences
in detail, both class I and class II g8p sequences
have the same characteristic distribution of amino-
acid residues, with several acidic residues near the
N terminus, a 19-residue apolar domain near the
middle and a cluster of basic residues near the
C terminus (Nakashima et al., 1975). The subunits in
the model are gently curved a-helix rods in an over-
lapping interdigitated helical array. Each subunit
slopes from the outer to the inner radius of the
virion, with the acidic N terminus facing outwards
to explain the low isoelectric point of the virion, the
apolar region maintaining interactions between sub-
units, as indicated by the sensitivity of the assembly
to organic solvents and its resistance to extremes of
pH and ionic strength, and the basic residues facing
inwards to neutralize the charge on the DNA at the
core. The neighbours of an arbitrary subunit,
indexed 0, have indices along the helical array
defined by the Fibonacci sequence 1,4, 1 + ¢, 1 +
2q, 2 + 3q (with ¢ a positive integer), as discussed in
detail by Marvin (1989, 1990).

The early X-ray data could not resolve some
symmetry ambiguities: the choice of enantiomorph
(the hand of the helix followed by the subunit axis);
the virion helix symmetry (is ¢ 4 or 57); and the
relationship between the class I and class II sym-
metries. Although the ambiguities of symmetry do
not affect conclusions about the architecture of the
virion, it was necessary to resolve them to be able to
proceed with more detailed structure analysis.
Several attempts, in part successful, were made to
infer the symmetry (Marvin & Wachtel, 1976; Day
& Wiseman, 1978; Makowski & Caspar, 1978, 1981),
but none gave the correct enantiomorph. The
development of methods using the diamagnetic
anisotropy of Inovirus to improve alignment in
fibres (Nave et al., 1979; Torbet & Maret, 1979;
Maret & Dransfeld, 1985) enabled closely spaced
layer lines to be resolved and small intensity differ-
ences between native and heavy-atom derivative
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virions to be measured. These experimental
advances enabled resolution of the symmetry ambi-
guities (Banner et al., 1981; Nave et al., 1981; Bryan
et al., 1983; Bryan, 1987; Marvin et al., 1987;
Glucksman et al., 1992). The subunit axis follows a
right-handed helix; the virion helix symmetry obeys
g = 5; and class I can be described as a step-
‘function perturbation of the class IT helix.

Under standard external conditions, the three
class I strains fd, Ifl and IKe have similar virion
helix symmetry and similar high a-helix content in
the subunit despite substantial differences in the
g8p sequence (Table I). Marvin (1990) defined this
common symmetry as the ‘“‘canonical’’ symmetry,
having a 1-97 u/t screw axis along the virion axis
relating successive groups of five g8p subunits which
are themselves related by a 5-fold rotation around
the virion axis. Molecular models of the protein coat
of fd, Ifl and IKe in the canonical 1-97 u/t
symmetry were described by Marvin (1990), and the
co-ordinates of the fd model have been deposited in
the Protein Data Bank (Bernstein et al., 1977) under
entry 1IFD. Here we discuss and compare
molecular models of wild-type and mutant class 1
virions in the canonical symmetry. The fd
symmetry can be changed slightly by external
agents (such as pH) from the canonical 1:97 u/t
symmetry (fd€) to a 2-00 u/t diad symmetry (fdP),
and we also discuss models with the fd° symmetry
to illustrate the small changes in the subunit that
accompany changes in the symmetry.

2. Materials and Methods
(a) Experimental methods

Mutants of fl were generated by site-directed muta-
genesis using standard methods (Sambrook et al.. 1989).
The 5 oligonucleotides used to prepare the fl mutants
were:

R52: Ile or Val or Leu or Phe in place of Tle22
5-ACGCATAACCAANATATTCGGTC-3

R53: Ile or Val or Leu or Phe in place of Ile32
5-TTGCGCCGACGANGACAACAACC-3’

R60: Tyr21 to Met
5'-CATAACCGATCATTTCGGTCGCT-3

R61: Ala27 to Pro
5'-ACAACCATCGGCCACGCATAA-3’

R104: Tyr24 to Met
5'-CATCGCCCACGCCATACCGATATATTC-3'

The R52 and R53 oligonucleotides should produce each of
the 4 replacements at the same frequency. Although the
Ile replacement gives a wild-type protein, at the DNA
level it is a mutant. This provides an internal control for
mutagenesis frequency. The mutagenesis method was that
of Kunkel as described by Sambrook et al. (1989),
involving selection against template strands containing
uracil.

Wild-type and mutant virions for X-ray diffraction
experiments were grown and purified using standard
methods (e.g. Nave ef al., 1981) and purified samples were
dialysed into 10 mM Tris- HCl. 1 mM EDTA (pH 80).

Fibre preparation and X-ray diffraction techniques were
essentially as described for Pfl (Nave ef al.. 1981).

(b) Calculations

The methods that we use for X-ray data processing,
Fourier transform calculation and model refinement of
I'novirus have been described (Nave of al., 1981; Marvin &
Nave, 1982; Bryan. 1987. Marvin ef al.. 1987, 1992
Marvin, 1990). Intensity is confined to a set of layer lines
of index I = Zc. where Z is the reciprocal space distance
normal to the layer line and ¢ is the helix repeat. For a
single Bessel function term of order n. the amplitude of
the Fourier-Bessel transform as a function of distance K
along a layer line ! is G, (R). If there is an .V-fold rotation
axis relating asymmetric units. the Bessel function terms
are systematically absent unless n is an integral multiple
of N. Diffracted intensity on layer line I is [, (R) =
Z,IG. (R)|%. In the low resolution region (spacings greater
than about 10 A). calculated diffraction patterns of bio-
logical macromolecules cannot fit the observed data
unless solvent is included. In single crystal studies the
space between the molecules can be filled with solvent.
either as explicit solvent molecules or as uniform electron
density. In our fibre diffraction studies. there is no well-
defined crystal unit cell and we include solvent by
defining all electron density relative to uniform solvent
density. Then outside the molecular boundary (Richards.
1985) the relative electron density is zero, and within the
molecular boundary the relative density is that of the
molecule minus that of uniform solvent filling the
molecular boundary.

Fibre diffraction data seldom extend either to high
resolution or to 3 dimensions, and such diffraction data
cannot uniquely define atomic positions in a molecular
model. Nevertheless we use molecular models right from
the start of our structure analysis. Non-bonded interchain
contacts between nearest-neighbour asymmetric units in
the assembly are as close as intrachain contacts in many
globular proteins, and provide important constraints on
the model; models also enable testing against non-diffrac-
tion information. Since the diffraction data are so limited.
we reduce the effective number of independent variables
in the model by constraining backbone (¢. ¥) torsion
angles and O; to N;,, hydrogen-bond lengths to be near
the values found for a-helices (Baker & Hubbard. 1984:
Morris et al., 1992). We also define side-chain torsion
angles at the start of the refinement to have the idealized
values for a-helices. Side-chains in proteins solved at high
resolution are found to be limited to a relatively small set
of conformations, and this limitation is especially strin-
gent for x' of side-chains on a-helices (McGregor ef al..
1987: Ponder & Richards. 1987; Summers et al., 1987). For
many side-chain conformations surveyed in proteins. and
especially for those in a-helix regions, x' is in the —60°
rotamer (that is, —120° < x! < 0°). For Val, the 180°
rotamer is more frequent, but this is a trivial consequence
of the TUPAC-IUB conventions, and here we use x' for
Val measured to the ("2, as discussed by Summers et al.
(1987). We supplement the diffraction data and the
stereochemical data with specific chemical and spectro-
scopic data that define the absolute or relative positions
of specific side-chains in the model, and genetic data that
define the effect on the structure of specific side-chain
exchanges.

We refine models using the Levitt energy refinement
program (Levitt, 1974, 1983), modified to include van der
Waals contacts between neighbouring symmetry-related
subunits. We take convergence of refinement as the point
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Table 1
Class I coat protein sequences and environment
Sequence Environment}
Positiont fd If1 IKe fd If1 IKe

-2 A E
-1 E- P1
0 A P P1 Bl
I A D- N E P2 P2

2 E— D—- A E E E
3 G A A E P1 Pl
4 D—- T T Pl Pl Pl

5 D—- b N E E E
6 P Q Y P2 | ] P2
7 A A A Pl P1 P1
8 K+ K+ T B3 P2 P2

9 A A E— E E E
10 A A A Pl Pl P1
11 F F M Bi Bl Bl
12 D— D- D— P2 P2 P2
13 b S S E P2 P2
14 L L L B2 Bi B1
15 Q T K+ B2 Pl B3

16 A A T E E E
17 S Q Q P2 B3 B3
18 A A A Pl Pl P1
19 T T I p2 P1 P1
20 E— E—- D— P2 P2 P2
21 Y M L Bl B1 B2
22 I S 1 Bl Pl Bl
23 G 3 S E E Pl
24 Y Y Q B3 B3 B3
25 A A T P1 Pl P1
26 W W W B2 B2 B2
27 A A P E E P2
28 M L A Bl Bl B1
29 \4 \Y \% Bl Bl Bl
30 v Vv T Pl Pl P1
31 Ay L T P2 P2 Pl
32 I \Y A% Bl B1 Bl
33 Ay \Y \'% B2 B1 Bl
34 G G V E E Bl
35 A A A Pl P1 Pl

36 T T G P1 P1 E
37 I \Y L B1 Bl Bl
38 G G \% E E B2
39 1 I [ Bl Bl Bl
40 K+ K+ R+ B3 B3 B3
41 L L L Bl Bl Bl
42 F F F Bl B1 Bl
+3 K+ K+ K+ B3 B3 B3
+4 K+ K+ K+ B3 B3 B2
45 F F F Bl Bl Bl
46 T \Y S P2 B3 Pl

47 S S 8 E E E
48 K+ R+ R+ Bl Bl B2
49 A A A P1 P1 P1
50 S ] A% P2 P2 P2

tPosition in the set of aligned sequences is defined by the fd sequence, so sequences that extend
beyond the N terminus of fd are given negative position numbers. These negative position numbers
should not be confused with the negative numbers assigned by some authors to positions in the gene 8
leader sequence. The sequence of the Ff strain f1 is identical to that of fd, and M13 differs from that of
fd by a single Asp to Asn exchange at position 12. Positively charged residues are marked + and
negatively charged residues are marked —. Sequences are taken from Model & Russel (1988), who give
the original literature references.

{Environment categories for side-chains on a single subunit surrounded by its nearest neighbours in
the canonical assembly. The environment categories are defined in detail by Bowie et al. (1991).
Abbreviations are: B, buried; P, partially buried; E, exposed, as measured by total side-chain surface
area covered by other atoms in the structure. Increasing value of the numbers on categories B and P
indicate an increasing fraction of side-chain surface area covered either by solvent or by polar (N and
0) atoms in other parts of the assembly. The secondary structure was assumed to be all a-helix.
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wheré¢ the standard deviation of C-C bond lengths from
the ideal value is less than 0-03 &, corresponding to an
energy about 0:2 kcal/mol above the minimum energy for
a single C—C bond. Deviation from the ideal of other bond
lengths, bond angles, torsion angles. non-planar distor-
tions and van der Waals contacts are within this energy
range.

We use the method of Jack & Levitt (1978) to minimize
the difference between calculated and observed diffraction
for quantitative X-ray data by way of a difference elec-
tron density map calculated within the molecular volume
of a single asymmetric unit of the virion helix with respect
to solvent background. We do not refine the temperature
factor B, but instead use a constant B = 10 A2, Where
Bessel function terms for several (n, !) overlap on the
same layer line [, observed intensity I, (R) was separated
between different » in the same ratio as the calculated
intensities |G, (R)|>. We call the observed intensity that
has been separated in this way the “‘observed |G, (R)|*",
and compare its square root, the “observed |G, (R)|"", with
the |G, (R)| calculated from the model. To calculate the
“observed’’ electron density distribution for the difference
map, phases calculated for the current model were used
with the observed amplitudes. The resultant map is
biased towards the model, but iteration of this procedure
minimizes the difference between observed and calculated
|G,|. The R-factor commonly used to assess single-crystal
structure analyses is not ideal for assessing the fit between
calculated and observed continuous transform fibre
diffraction amplitudes, and we use the correlation coeffi-
cient to compare models. We determine the correlation
coefficient between calculated and observed |G,| on layer-
lines other than the equator, because the calculated
diffraction on the equator is especially sensitive to the
precise DNA model and the precise solvent density. For
the work described here, this calculation is limited to | =
1, where it defines the lateral packing of the a-helices.

The arrangement of subunits in the surface lattice and
the indexing system that we use to define the different
subunits are illustrated by Marvin (1989, 1990). To
generate co-ordinates x; (k), y; (k). z; (k) of the j'* atom in
unit k from the given co-ordinates x;, y;. z; of the j'* atom
in unit 0 in a class I helix with parameters (z. p). we write
eqn (3) of Marvin (1990) as:

ri (k) = r;, (1a)
¢; (k) = ¢; + 12k + [K/5] 7. (1b)
z; (k) = z; + [k[5] p. (le)

where [k/5] is the integral part of k/5, and angles are in
degrees. The subunits can be considered in groups of 5
that are invariant to a 5-fold rotation around the z axis.
One group of 5 subunits is related to the next along a
helix of unit rise p and pitch P, so the unit twist relating
one group to the next is p/P turn or 1 = 360p/P degrees.
The neighbours in contact with unit 0 are units £k = +1.
15, £6, +11 and +17. These symmetry-related copies
were used to determine the energy of interchain van der
Waals contacts during energy minimization. Contacts
between the reference subunit and the k™ subunit are
called 0 to k contacts. The 0 to k contacts are identical to
the (—k) to O contacts. The N-start helices are a set of N
helices, each of which passes through subunits &, k + N, &
+ 2N .... The path followed by the N-start helix from
the O subunit is called the 0 to N direction. The canonical
class T helix parameters are 1 = —3323°, p = 16:00 A in
eqns (1a) to (lc). The co-ordinates of the asymmetric unit
slewed into a new unit cell with slightly different para-
meters (7', p’) were determined using eqn (5) of Marvin

(1990). For the perfect screw dyad symmetry, v =
—36:00°, p' = 16:15 A. Slewing the co-ordinates gives rise
to small local distortions in bond lengths and bond angles
which can be corrected by a few cycles of energy minim-
ization. The array of subunits generated by eqns (la) to
(lc) with T = —36° is invariant to both a 5-fold rotation
around the z axis and a 2-fold screw along the z axis. and
can be described as having ("8, symmetry (Makowski &
Caspar. 1981).

3. Results
(a) Structural characteristics of the Ff model

The fd model described by Marvin (1990) was
slewed into the fd® symmetry and refined to fit the
low-resolution diffraction data, including non-
diffraction constraints. The refined fd® model was
then slewed back into the fd€ symmetry and further
refined by a few cycles of energy minimization to
remove distortions due to slewing. The root-mean-
square difference (using the method of McLachlan,
1982) between the co-ordinates of the non-hydrogen
atoms in the original fd€ model 1IFD and in the
refined fd© model that we use here is (0-21 A for the
backbone and 0-35 A for the whole subunit. The
only significant differences between the two fd€
models are in the orientation of the Trp26 side-chain
and in the details of the a-helix between residues 46
and 48. Each subunit of the fd© model is represented
as a single gently curved 50-residue stretch of
a-helix {Fig. 1(a) and (b)). The model is consistent
with the model for the protein backbone of residues
40 to 45 reported by Cross & Opella (1985) on the
basis of n.m.r. experiments (Fig. 1(¢)).

The interaction between nearest-neighbour sub-
units in the fd model is illustrated in Figure 2.
Figure 2(a) represents the axes of neighbouring
o-helices. The distance between axes of neighbours
is similar in both the 0 to 6 and 0 to 11 directions.
The crossing angle between nearest neighbours in
the 0 to 11 direction is negative, but in the 0 to 6
direction the curves are nearly parallel (Table 2).
The orientation of the a-helix axis changes only
slightly from fd° to fd®, with corresponding slight
changes in distances and crossing angles. Figure 2(b)
shows interlocking of side-chains on neighbours.
Apolar side-chains are buried and polar side-chains
are exposed in the virion assembly (Table 1).

The g8p assembly forms a cylindrical hollow shell,
with space in the centre for DNA, as shown in
Figure 3. Figure 3(a) illustrates the indexing that we
use to discuss symmetry-related subunits. Figure
3(b) and (c) show interlocking of side-chains, and
the way in which basic residues are directed towards
the inner surface of the protein shell. The molecular
boundary used for calculation of solvent exclusion
(discussed in Materials and Methods, section (b).
above) was used to determine the cross-sectional
area of the central hole. This area varies along the
length of one 16 A repeat unit in the virion. The
mean for a set of sections through the model, calcu-
lated at intervals of 4 A along the 16 A repeat, is
370(+£35)A2. Glucksman et al. (1992) estimated
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(a)

Figure 1. Molecular model of the fd€ a-helix subunit. Virion axis is vertical, with the N terminus of the subunit
towards the top. Atom types are coded by circles whose size increases with atomic number: C < N < O < S. Atoms are
shaded as if illuminated from the upper right. The stereo pairs are (a) Single subunit. View along a radius towards the
virion axis. from larger to smaller radius away from the viewer. (b) View perpendicular to (a), along a tangent to a circle
centred on the helix axis. from smaller to larger ¢ away from the viewer, so the outside of the virion is to the right and
the inside to the left. (¢} View as (a) of residues 40 to 45 (backbone atoms plus C* atoms). Lighter lines show the model of
Cross & Opella (1985), translated parallel to the x. y and z axes and rotated around z to superimpose their model onto our

model.

from electron density maps that the area of the
central hole varies along the length of one repeat
from 200 to 500 A2,

X-ray fibre diffraction patterns of wild-type fd at
neutral pH (Fig. 4(a)) show an effect (layer-line

fanning) that complicates the layer-line pattern and
therefore the analysis of the diffraction patterns.
This effect was reported by Banner et al. (1981) and
Bhattacharjee et al. (1992), and is discussed in more
detail in section (b), below. There are two ways of
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Fig. 1.

dealing with this problem to enable the analysis of
the diffraction pattern, both of which involve
changing the properties of the virion surface. The
first way is to prepare wild-type fd fibres at a pH
below the isoelectric point, which also changes the
virion to the fd® symmetry (Banner et al., 1981;
Bhattacharjee et al., 1992). The second way is to use
a mutant with an altered amino-acid residue on the
outer surface of the virion, which may leave the
virion near the canonical symmetry (Fig. 4(b)).
Different kinds of surface exchanges have a similar
effect (Bhattacharjee et al., 1992), and we define the

canonical Ff symmetry to be the same as that of the
other class I virions (Marvin, 1990).

As illustrated in Figure 5, the Fourier transform
calculated for the fd® model is similar to the
observed fd® diffraction pattern (Fig. 4(b)) to a
nominal resolution of 3-3 A, and the calculated fdP
transform is similar to the observed fd® pattern
(Banner et al., 1981; Bhattacharjee et al., 1992;
Glucksman et al., 1992). The distribution of strong
and weak intensity is the same on the calculated
simulated transforms as on the observed diffraction
patterns. Changing from fd€ to fd® causes resolved
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Bessel function terms to merge into one another,
but does not otherwise significantly change the
distribution of intensity along the layer lines
(compare the 2 halves of Fig. 5).

The diffraction data used for refinement extend to
a nominal resolution of 7 A in the equatorial direc-
tion and 30 A in the meridional direction. This
region includes the strong 10 A near-equatorial
o-helix diffraction, and the fit of calculated to

observed amplitudes in this region supports the
lateral packing of a-helices in the model (Fig. 6(a)).
The diffraction data in this region give less informa-
tion about periodicities along the a-helix, but this
aspect of the structure is constrained by two factors:
the side-chain interlocking in the model and the fit
of calculated to observed data on higher layer lines
(Fig. 5).

The calculated transform on I=1 of the rod

Table 2
Comparison of the fd° and fd° models
fd¢ £d®
A. Properties of the a-helix axist
x(rad/A) 0-0065( +0-0010) 0-0044( +0-0015)
t(rad/A) 0-0146( £+ 0-0029) 0-0112(£0-0041)
B. Contacts of the axis lo neighbourst
Distance (4) Angle (°) Distance (A) Angle (°)
k=0tok=86
Top 10-4 -5 107 -5
Middle 95 —4 97 -2
Bottom 91 5 90 3
k=0tok=11
Top 104 —18 10-6 -16
Bottom 10:7 -17 10-2 —15
C. Properties of the protein subunits§
¢:(deg.) (i = 2 — 49) —634(+38) —655(+58)
W, (deg.) (i = 2 — 49) —40-3(+51) —386(+61)
w; (deg.) (i =1 — 49) 179-8(+21) 180-8( +3-2)
O;N;.4(4) 3-09(+0-27) 3-06(1+0-28)
C{OiN;, 4 (deg.) 152(+ 6) 152(+6)
1! (deg.) —73(116) —73(115)

tCurvature (x) and torsion (t) were calculated for the segmented approximation to the helix as
described by Marvin (1990). The units of & and t used by Marvin (1990) should be rad/A, as here, and

not turn/A, as given there.

{Contacts from the axis of subunit k=0 to k=6 or k=11 are measured at the straight line
segments shown in Fig. 2(a). Crossing angle is defined using the convention of Chothia et al. (1981), that
“the angle is negative if the near helix is rotated in a clockwise direction relative to the far helix™.

§Subscript i is position number in the sequence (Table 1). The residues used to calculate the mean x!

value are discussed in the text.
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Figure 2. Nearest-neighbour interactions between subunits. View along a radius from outside the virion. towards the
virion axis, as Fig. 1(a). Three subunits are shown. The central (lowest) subunit. has index k = 0: to the right is the
neighbour with & = 6; to the left is the neighbour with £ = 11. (a) Axes of the subunits. generated by fitting a segmented
helix approximation (Marvin, 1990) to the a-helix, with 5 segments of 10 residues each. Continuous curves, fd%: broken
curves, fdP. The fd® model has been rotated around z and transiated parallel to z so that the (¢. z) co-ordinates at the N
terminus of k£ = 0 coincide with those of the fd€ model. The local distances between the axes and the torsion angles
between axes are measured at the points on the fd® curves joined by straight line segments. and at corresponding points
on the fd® curves, and are listed in Table 2. (b} Interactions between a-helix subunits. Heavy lines join (* atoms of the

fd® model, and lighter lines join the atoms of the side-chains.

model of Glucksman et al. (1992) is remarkably
similar to that of the a-helix model (without side-
chains) of Banner et al. (1981), even though the two
models have subunit axes of opposite hands. At this
resolution, neither the difference between a helix
and a rod nor the enantiomorph can be
distinguished using native data alone. The trans-
forms of both these models fit the observed data
much less well than the transform of our model with
side-chains (Fig. 6(a)), even though our model is
constrained to fit chemical data as well as X-ray
data. The poor fit of models without side-chains can
be traced to the minimum in the radial electron
density distribution caused by the girdle of apolar
side-chains in the interior of the Inovirus protein
shell (Marvin & Wachtel, 1976), which is not taken
into account if side-chains are omitted.

In unpublished experiments (cited by Marvin,
1990), Dr R. S. Brown applied to fd the methods for
iodination that he developed for Pfl (Nave et al.,
1981) and found that both Tyr2l and Tyr24 are
accessible to iodination. The fact that Tyr21 is not
on the surface of the model (Fig. 1(b)) might seem
inconsistent with this observation, but the flexible
N-terminal region proposed by Opella et al. (1987)
and discussed in section (c¢) (iii), below, as an
explanation for the partial accessibility of Trp26
could also make Tyr21 accessible to iodination. To
attach iodine atoms to the tyrosine residues in the
model, we replaced the bonds linking C*! and C** to
hydrogen by bonds of length 2-:05A to I. Trial
models show that only small adjustments of the fd
model are necessary to accommodate the two iodine
atoms on Tyr2l, and Tyr24 on the surface of the
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k=0

(b)

Fig. 2.

virion can be iodinated without difficulty.

The amplitude differences observed by X-ray
fibre diffraction of M13 with and without iodination
(Glucksman et al., 1992) are similar to those
predicted by our model (Fig. 6(b)) and further
support it. We assume with Glucksman et al. (1992)
that both Tyr are di-iodinated. The calculated
amplitude at about 004 A~! on I=1 is greatly
increased by attaching iodine to Tyr21 and Tyr24
on the model (Fig. 6(b)) as observed experimentally
(Glucksman et al., 1992), and there are further
maxima at 0:063 A, 0:088 A~! and 0-107 A~! on
this layer line of the calculated iodinated transform,
roughly corresponding with the observed amplitude
changes. The differences are less dramatic on / = 2
and [ = 3, but the qualitative consequence of iodi-
nation is similar for the model and for the observed
data. For instance on [ = 2, the iodinated ampli-
tude is higher than the native around 003 A~! and
008 A~! for both the model calculations and the
observed data; and on [ = 3 the iodinated amplitude
falls below the native at about 004 A~' and is
above the native in the region 0-10 to 0-12 A~! for
both calculated and observed data.

The native data for M13 on [ =1 presented by
Glucksman et al. (1992) differ somewhat from those

of f{d° measured by Banner et al. (1981) that we
present in Figure 6(a). These differences probably
reflect not the differences between the structures of
the two virions, but instead the difficulty of
extracting an accurate molecular transform from
experimental fibre diffraction data. There is fine
structure in the data of Glucksman et al. (1992), in
particular a significant minimum in amplitude at
about 0-10 A=! on I = 1 not observed by Banner et
al. (1981). The low-order Bessel function terms
predicted on [ =1 for a single Ff virion of 35 A
maximum radius cannot have the rapid fluctuations
in amplitude that are implied by this fine structure.
There may be uncorrected interference effects or
crystal sampling in the data.

Some properties of the fd¢ and fd® models are
compared in Table 2. The mean O; to N; 4 hydro-
gen-bond length and the mean C,O;N;, , angle are
within the range found in surveys of a-helices
(Baker & Hubbard, 1984). Backbone torsion angles
(¢, ¢) are within the standard a-helix range
{—65(+12)°, —39(£11)°) cited by Morris et al.
(1992), and are essentially unchanged between the
two structures. The slight change in curvature and
torsion of the a-helix axis does not introduce any
significant distortion into the o«-helix. The only
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(b)

Figure 3. Model of the protein coat of the fd virion. View direction is parallel to the virion axis, from larger towards
smaller z away from the viewer (i.e. from smaller towards larger residue number in the amino-acid sequence). A full array
of symmetry-related copies of the subunit was generated by the operation of the virion helix parameters. (a) A slab about
20 A thick was cut from the array of subunits, with subunits represented schematically by a stack of disks 9 A in
diameter and 1-5 A thick. The indices k of the symmetry-related subunits are shown within each subunit, as calculated
from-eqn (1). Subunits with origins at smaller z than the reference (k = 0) subunit, corresponding to k¥ < —4, are cut by
this slab at larger radius than the reference subunit (compare Marvin et al., 1974a, Fig. 10). (b) Slab as (a), with the
backbone of the subunit represented by heavy lines connecting C* atoms, and with lighter lines connecting the
side-chains atoms. (c) Section perpendicular to the virion axis, through the van der Waals outline of the fd protein coat.
Fiducial marks are at intervals of 10 A. Centres of all atoms within +0'5 A of the section are shown as points. Group
radii (including hydrogen atoms) are used instead of atomic radii (Richards, 1985) so overlaps of non-bonded circles
should not be taken to indicate poor van der Waals contacts. The basic residues are shown with jagged van der Waals
outlines. The section is taken at a z value between the N of residues Lys43 and Lys44. The 5 symmetry-related copies of
these 2 atoms are seen (jagged) on the inside of the shell, and N° of Lys8 is seen on the outside of the shell.

residues that fall outside the —60° rotamer rule for
side-chain yx! torsion angles are Asp4 (+60°
rotamer) and GInl5 and Met28 (180° rotamer),
which are also acceptable rotamers for a-helix. The
mean value of the remaining 32 x' angles differs
little between fd€ and fdP (Table 2), and is similar to
the mean value y! = —67(+15)° for side-chains in

the —60° rotamer found by Morris et al. (1992) in a
survey of high-resolution protein crystal structures.

Ser and Thr residues at position ¢ in an «-helix
often form hydrogen bonds to the backbone
carbonyl oxygen atom on residue ¢ — 3 or i — 4 on
the same helix when y' is in the —60° rotamer
(Baker & Hubbard, 1984; Gray & Matthews, 1984).
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(a)

Figure 4. X-ray fibre diffraction patterns of Ff. The meridian (fibre axis direction) is vertical, but the fibre has been
tilted by about 13° away from perpendicular to the X-ray beam to bring the diffuse 3-4 A meridional intensity (top) onto
the sphere of reflection. The right half of each photograph has been printed lighter to reveal more detail in the regions of
very strong diffracted intensity. (a) Diffraction pattern of wild-type fd. (b) Diffraction pattern of f1g8Y21M.
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(b)

Fig. 4
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Figure 5. Simulated diffraction patterns (single quadrant) of the fd model. The calculated water-weighted Fourier
transform of the protein coat Z,|G, (R)|* was convoluted with a disorientation function corresponding to 3° standard
deviation of disorientation, and a coherent particle length of 1000 A, using the CIN subroutine (Provencher & Glickner,
1982: Marvin ef al.. 1987). The simulated diffraction patterns extend to 0-3 A~! in the equatorial direction and 0-35 A~!
in the meridional direction. Bessel function orders to » = 30 are included; increasing the order gave no detectable change
in the diffraction pattern. The simulated patterns are at roughly the same magnification as the experimental pattern
(Fig. 4), but have not been converted from reciprocal space to film space, and are therefore not precisely comparable to
the experimental pattern. Sharp spots near the meridian result from flaws in the display program, and are not
significant. Left. canonical symmetry, fd*: = —3323°, p = 1600 A. Right, diad symmetry, fd®: © = —36-00°,

P =1615A.

The argument favouring these hydrogen bonds in
membrane proteins (Gray & Matthews, 1984) also
applies in the apolar interior of the coat protein
shell. Tn both the fd€ and fdP models, the distance
from O} to O;_, is 28 to 30 A for Serl7, Thrl9,
Thr36 and Ser50, consistent with a good hydrogen
bond. Serl3, Thr46 and Ser47 have O} to O,_,
distances of 30 to 34 A, but these residues are
exposed to solvent (Table 1) and competition with
hydrogen bonds to water is likely (Barlow &
Thornton, 1988). All O} to O;_; distances for the Ser
and Thr residues are greater than 3-5 A.

{b) Polymorphism of class I virions

Some class T diffraction patterns have a typical
pattern of layer lines which can be considered as
“split”’ from that expected for a perfect screw dyad
axis. In some cases there are crystalline reflections
on non-equatorial layer lines, and indexing these
reflections helps to define the precise amount of
layer line splitting (Marvin et al., 1974a). For the
class T strains there is a meridional reflection at
about 1/Z =16:0A (or /=13 for ¢ =208 A). The
value of this meridional spacing depends on the
hydration of the fibre, and for a 160 A meridional
spacing, the hexagonal unit cell dimension defined
by the equatorial reflections is about a =57 A
(Dunker et al.. 1974). For some fibres with this
degree of hydration, crystalline reflections are

observed on the non-equatorial layer lines with 1/Z
about 32 A. For Ifl, these non-equatorial reflections
index clearly on a larger hexagonal lattice with
three molecules passing through the unit cell,
defining a hexagonal unit cell with dimension about
@ =99 A (Marvin et al., 1974a). This indexing
defines layer lines split slightly from 1/32 A, with
1/Z =347 A and 297 A (I =6 and 7). The strong
10 A intensity is observed on the layer line with
1/Z=2974 (1="1).

For fd the indexing is less clear, but we use the
same canonical symmetry for Ff and IKe as for
Ifl. Unpublished measurements with C. Dohle and
E. Marseglia suggest that fd patterns obtained at
neutral pH (Fig. 4(a)) can be explained by a skew
pseudo-hexagonal unit cell which gives rise to layer-
line “fanning”, as for fibre diffraction patterns of
collagen (Fraser et al., 1983). This effect cannot be
seen clearly for fibres that have not been aligned in
a magnetic field. But the comparison of fd and Ifl
crystalline reflections on the layer lines at about
1/Z = 32 A (Marvin et al., 1974a) suggests that the
difficulty in indexing the crystalline reflections on
the fd patterns may have been a consequence of
layer line fanning: that is, fanning is a property of
fd, not of the magnetic field. This interpretation is
supported by consideration of the liquid crystal
properties of fd (Booy & Fowler, 1985).
Bhattacharjee ef al. (1992) proposed helical aggre-
gates to explain these diffraction patterns.
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Figure 6. Low resolution Fourier-Bessel transforms of fd models showing the strong 10 A near-equatorial region.
Curves correspond to 1 quadrant of the fibre pattern, with the meridian vertical and the equator horizontal. Each curve
represents 1 layer line. The index [ is shown to the left of the layer line. Bessel function orders to » = 15 are included;
increasing the order did not add appreciable calculated intensity. Amplitude |G|, not intensity, is plotted. Where more
than one Bessel function order contributes to the layer line, the amplitude |G| calculated for each Bessel function order
was squared, the contributions were summed, and the square root of the sum was plotted. Horizontal scale divisions
along B = 2sin /1 are at intervals of 0-025 A~* from R = 0 at the left-hand side of each curve. Data for R < 0075 A~!
are not included on ! = 0 because the DNA contributes substantially to the observed diffraction in this region (Wachtel et
al., 1974), and our model of f{d DNA has not been refined. The DNA is about 12%, by weight of the virion, but it does not
have the same helix symmetry as the protein coat and does not contribute to the protein layer lines except on the
equator. Therefore we omit the DNA from our calculations. (a) Model of fd® (2-00 »/t). The 4 layer lines for I = 25, 30, 35
and 40 in (c) coalesce for this symmetry onto a single layer line I = 1 for ¢ = 32-3 A. Observed amplitudes |/, (R)|! from
Banner et al. (1981) are shown as continuous curves. Calculated amplitudes |G, (R)| are shown as broken curves. The
correlation coefficient between observed and calculated amplitudes on I = 1 is 0-96. (b) Model as (a). Continuous curves,
native calculated transform; broken curves, transform of model with di-iodinated Tyr21 and Tyr24. (¢} Continuous
curves, fd® (1-97u/t, Table 3), showing that the strong 10 A amplitude (at about 0-1 A~') appears on ! =35 for
¢ = 1040 A. Broken curves, model of fd with 2-03u/t, showing that for this option, strong 10 A intensity is predicted on
! =30, not ! = 35.
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Table 3
Layer-line splitting and n values for the dyad symmetry and the
two possible canonical symmetries

P(4) p(A) n m ZAY Yz i uft
323 16:15 5 -2 0-03096 323 2:00
— — -5 3

31515 16-0 5 -2 003365 297 7 1-97
— — -5 3 0-02884 347 6

325 160 5 -2 002884 347 6 2:03
— — -5 3 0-03365 29-7 7

tThe layer line position Z in reciprocal space is given by the selection rule Z = n/P + m/p, with n the
Bessel function order, m any integer, P the pitch of the helix, and p the unit rise of the helix. It is
convenient to define a rational approximation using the smallest integers u and ¢ such that p/P = t/u
within experimental error. Then there are integral numbers « (units) and ¢ (turns) in the helix repeat
¢ = up = tP, diffracted intensity appears only on layer lines with [ = Z¢, and the selection rule becomes

l=tn+ um.

tFor ¢ =208 A (Marvin et al., 1974a; Marvin, 1990). In this case u = 13. For the integral
approximation of ¢, ¢ = 1040 A, u = 65; and ¢ = 33 for 1-97u/t or ¢t = 32 for 2:03u/t. The layer lines
corresponding to ! = 6 and 7 for ¢ = 208 A then become ! = 30 and 35 for ¢ = 1040 A.

§We take the approximate 2-fold screw to be right-handed, represented as positive values of u/t, but

note that 2:03u/t is identical to —1-97u/t.

At a pH below the isoelectric point, the fd layer
line fanning disappears, and the helix symmetry
changes slightly so the two layer lines merge into
one at 1/Z = 32:3 A (Banner et al., 1981) with a
meridional reflection at 16:15 A. The five subunits
per 16:15 A repeat are related by an exact 2-fold
screw axis, with u/t = 2-00. The same slight twist to
an exact screw dyad symmetry can be induced by
genetic modification of the charge on the surface of
the virion at neutral pH, for instance by a DI2N
exchange (strain M13, Bhattacharjee et al., 1992).
The canonical pattern at neutral pH can then be
understood as a slight twist away from a perfect
dyad, giving rise to layer line splitting (Table 3).
But which way is the twist: to u/t slightly less or
slightly more than 2:00? To determine this we need
to know the orientation of the «-helix within the
virion. In our models, the a-helix axis is right-
handed; this choice is supported by calculations for
heavy-atom derivatives (Glucksman et al., 1992 and
Fig. 6(b)). There will be strong intensity for Bessel
functions of order n on a layer line at position Z
only if the argument z;,Z — n¢; of the exponential is
constant for most of the j atoms in the subunit (see
eqn (6) of Marvin et al., 1987). That is, n/Z = z;/¢;.
Since the layer line spacing Z is positive, and for a
right-handed helix z;/¢; is positive, n must be posi-
tive. The strong intensity in the 10 A region is
indexed on 1/Z =297A, not 1/Z=347A (Fig.
4(b); see also Marvin et al., 1974a), so u/t = 197, not
2:03 (Table 3). This was the reasoning that led to the
choice of the canonical symmetry by Marvin (1990).
This type of argument is discussed in more detail by
Marvin & Nave (1982).

The question of whether the canonical symmetry
is slightly less or slightly more than 2-00 u/t can be
illustrated by calculating transforms of molecular
models for the two options. These transforms are
shown in Figure 6(c) for fd© with 1-97 /¢t and for the
(rejected) 2-03 u/t symmetry.

(c) Comparison of class 1 wild-type and
mutant strains

(i) Side-chain environment in class I models

The environment of the amino-acid side-chains in
a protein model is a useful measure of the validity of
that model. In the method of three-dimensional
profile analysis (Bowie et al., 1991; Liithy et al.,
1992), the environment of each side-chain is defined
by three parameters: the surface area of the side-
chain that is masked from solvent by other parts of
the structure, the fraction of the side-chain surface
area that is covered by solvent or by polar residues
on other parts of the structure, and the local
secondary structure. The probability of finding a
given type of side-chain in a given environment has
been defined (Bowie et al., 1991) by analysis of a
large database of known three-dimensional struc-
tures, so any new model can be tested against these
probabilities. The environments of side-chains in
our canonical class I models are given in Table 1.
Most side-chains in the apolar domain (positions 21
to 39) are buried in the virion assembly, and apolar
side-chains nearer the two ends of the subunit are
also generally buried. Pro6, Ala9 and Alal6 are all
relatively accessible in fd, but these positions are
occupied by polar and/or charged residues in Ifl
and/or IKe (Table 1). The profile scores of the
canonical models are 26 for fd, 29 for Ifl and 23 for
IKe. These values are all in the range expected for
proteins of about 50 residues, as extrapolated from
highly refined structures (Liithy et al., 1992).

Profile window plots of the models are illustrated
in Figure 7. The profile score of the fd protein in the
virion assembly is substantially higher than the
score of the isolated subunit along most of its length
(Fig. 7(a)). This supports the calculation of Marvin
(1990), that the protein subunit has a lower solva-
tion free energy in the virion than in the monomer.
The profile score of the virion assembly along the
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Figure 7. Profile window plots for class I models. The vertical axis gives the average score for residues in a 7-residue
sliding window, the centre of which is at the residue position (defined in Table 1) indicated by the horizontal axis. Scores
for the first 3 and the final 3 positions have no meaning. (a) Profile for the fd protein subunit surrounded by its nearest
neighbours in the fdP symmetry {continuous curve) and for the isolated fd subunit (broken curve). (b) Profile for the class
I protein subunit surrounded by its nearest neighbours in the canonical symmetry. Continuous curve. fd; broken curve,

Ifl; broken curve with symbol (X), IKe.

length of the sequence is generally as high as for the
correct model of various small proteins, and higher
than for incorrect or misfolded models (Liithy et al.,
1992). There are exceptions at the two ends. At the
N terminus the profile tends to be low; the score of
the first few residues at the N terminus of the fd
subunit in the assembly is actually lower than the
score for the single isolated subunit (Fig. 7(a)). This
effect would be consistent with a tendency for the
N-terminal region to bend away from the body of
the virion (Opella et al., 1987). The profile scores of
the class I models are also low at the C terminus,
especially for the basic residues at positions 44 and
48, but this can be attributed to the absence of the
DNA core in our models. The fd° and fd® profiles
are essentially indistinguishable (compare Fig. 7(a)
and (b)).

(ii) The inner surface of the protein shell

The array of a-helix subunits forms a cylindrical
hollow shell with space in the centre for DNA (Fig.
3). The inner surface of the protein shell is remark-
able for the concentration of Lys residues facing
towards the DNA (Fig. 8), where they can function
to neutralize the DNA negative charge. They prob-

ably also interact with the C terminus of the a-helix
dipole (Scholtz & Baldwin, 1992). Replacements
allowed in the wild-type class I strains If] and IKe
are shown in Table 1. Lys48 in fd can be replaced by
a neutral residue using genetic engineering, and
these charge-change mutants are about a third
longer than wild-type, whereas if Lys48 is replaced
by Arg (thus conserving the charge), the length of
the virion is unchanged (Hunter et al., 1987). This
observation is consistent with the proposal that the
positive charges on the C-terminal end of the pro-
tein neutralize non-specifically the negatively
charged phosphodiester bonds of the DNA molecule
by matching the linear charge density of the nega-
tively charged DNA rod and the positively charged
protein sheath (Marvin & Wachtel, 1976).

The 847K exchange is lethal, probably because
the DNA already fills the core of the virion and
cannot be further compressed to match the
increased positive charge density on the protein.
Hybrid virions containing a mixture of S47K and
K48Q subunits can be produced, however, and their
length (i.e. their DNA/protein ratio) depends on the
ratio of the two types of subunit (Greenwood et al.,
1991). Figure 8 shows that Ser47 can be replaced by

L k=8 k=5 R k=5
K48 Kee K48,
x«?\f_ x:;%«o K40 R K40
K 3 5
Kes K K44 K44
Ke8 K48 K48
k=1 k=0 Pr k=0 k=-1

Figure 8. Basic residues near the C terminus of the fd® model. Virion axis vertical. View from inside the virion along a
radius. The a-helix backbone is shown as a thin line connecting successive C* atoms, and side-chains are shown as heavy
lines. Atom types are coded by size as in Fig. 1. The reference (k = 0) subunit is in the centre, showing residues K40, K43.
K44 and K48 (labelled) and S47 (not labelled); the other residues in this segment of a-helix have been removed for
clarity. To the left and right of the £ = 0 subunit at the same level are the £ = 1 and —1 subunits, showing the same sets
of residues. Also to the left and right of the k = 0 subunit are the & = 6 and 5 subunits; these subunits are 16 A higher
than the k£ = 0 subunit, so only residues 847 and K48 appear in this view.
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Figure 9. Intercalation of Phe residues in the model. View parallel to the axis of the virion, showing parts of units
k=0, —11 and —17. All side-chains except those labelled have been removed for clarity. The a-helix backbone is shown
as a thin line correcting successive C* atoms, and side-chains are shown as heavy lines, with atom types coded by size and
shaded as in Fig. 1. (a) Wild-type fd©. (b) Mode! of hypothetical fdg8F11M. (c) Wild-type IKe.
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Figure 10. Environment of Trp in the model. Virion axis vertical. View from outside the virion along a radius (as Fig.
1(a)), showing central regions of units £ = 0, 5 and 11; and the N-terminal region of k = —86. All side-chains except those
labelled have been removed for clarity. The a-helix backbone is shown as a thin line connecting successive C* atoms, and
side-chains are shown as heavy lines, with atom types coded by size and shaded as in Fig. 1. (a) Wild-type fd€, with
hydrogen bond shown as a broken line between W26 and Y21. (b) Model of flg8Y21M. (¢) Wild-type Ifl.
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Lys without steric problems, supporting the inter-
pretation that the effect has to do with overall
charge distribution on the inner surface of the pro-
tein shell, not detailed molecular structure.

(iii) The interior of the protein shell

Most of the residues involved in interactions
between subunits in the interior of the protein shell
are apolar and small. The degree to which a residue
is buried in the interior can be measured by environ-
mental analysis and Table 1 shows which residues
are buried by this criterion. There are 13 sites with
identical apolar residues in strains Ff, Ifl and IKe
(Table 1), and these are all either buried or partially
buried. Residues Tyr21 and Phell are both buried
by neighbouring subunits in the model of wild-type
fd, and comparison with analogous class I strains
suggests possible amino acid exchanges at these
sites (Figs 9 and 10).

The three Phe residues are arranged in the Ff
model so that Phell on one subunit intercalates
between Phe42 and Phe45 on a neighbouring sub-
unit (Fig. 9(a)). Laser Raman spectroscopy indi-
cates less stacking of Phe rings at low ionic strength
than at high ionic strength (Thomas et al., 1983).
This is consistent with a bending of the N-terminal
region away from the body of the virion at low
ionic strength, as discussed below to explain the
response of Trp26 to ionic strength. In IKe, the
residue at position 11 is Met, and this suggested that
an F11M exchange in fd might be feasible. We have
constructed this mutant and find that the F11M
protein is expressed in infected bacteria and
processed for membrane insertion, but no viable
virions are produced. Figure 9(b) illustrates that the
F11M exchange may be forbidden because Metll in
fd would interfere with Lys8, Tyr2l and Tyr24,
whereas positions 8, 21 and 24 are all occupied by
smaller residues in IKe (Fig. 9(c)). We then
reasoned that the F11Y exchange in fd might be
feasible, because Tyr could occupy the same inter-
calation site as Phe, and indeed fdg8F11Y is viable.

We have tried several mutagenesis experiments
on fl at sites in the apolar interior of the protein
shell. Comparison of Ff with Ifl at position 21
(Table 1; Fig. 10) suggests that a Y21M exchange
might be feasible. Both Y2IM and Y24M muta-
genesis experiments were successful at a frequency
of 309%. The X-ray diffraction pattern of the
flg8Y2IM mutant at neutral pH (Fig. 4(b)) does
not have the layer-line fanning observed for fd in
Figure 4(a). The model of wild-type fd in the Tyr21
region is shown in Figure 10(a), and the model of
Y21IM is shown in Figure 10(b).

Numerous attempts to generate the A27P
exchange in fl1 were unsuccessful, even though IKe
has Pro at this position (Table 1). Inspection of the
models shows no obvious reason why Pro[27] should
be permitted in IKe but forbidden in fd. However,
there may be an indirect effect on Trp[26]. The
disruption of the a-helix hydrogen-bonding pattern
caused by inserting Pro (Barlow & Thornton, 1988)
would change the orientation of the Trp[{26] side-

chain and thereby disrupt its hydrogen bond to
Tyr(21] in fd (Fig. 10(a)); but in IKe position 21 is
occupied by Leu, and no such hydrogen bond is
present.

Non-specific mutagenesis using oligonucleotides
that should replace Ile with Ile, Val, Leu or Phe
gave eight Ile mutants (that is, with a mutant
codon) and two Val exchanges at position 22 out of
ten mutants analysed. The same kind of experiment
at position 32 gave only Ile (mutant codon) out of
two mutants analysed, even though position 32 is
occupied by Val in both Ifl and IKe (Table 1). Since
Val is smaller than Ile, this exchange should be
acceptable in the completed virion, and the failure
of the mutation may reflect specific requirements
during assembly.

The model shows that the Ff Trp26 is covered
only by the N-terminal region of the k = —11 sub-
unit (Fig. 10(a)), which may well bend away from
the helix axis (perhaps using Pro6 as a hinge) at low
ionic strength, when the negative charges on the
surface of the virion become unshielded and repel
each other. For strains Ifl and IKe, the covering of
Trp(26] by the N terminus is greater than for fd
because of the additional residues at the N
terminus, and Pro[6] is replaced (Fig. 10(c)). Both
these facts suggest that for these two strains, the
sensitivity of Trp[26] to ionic strength might be less -
than for fd. In both Ifl and IKe, position 21 is
occupied by an apolar residue, but a hydrogen bond
from Trp[26] to Thr{4] might be possible (Fig.
10(c)), comparable to the Trp26 to Tyr2l hydrogen
bond in Ff.

(iv) The outer surface of the protein shell

Titration of the intact fd virion over the range pH
3 to pH 9 is consistent with the location of the
charged groups (NH, terminus, Glu2, Asp4, Asp5,
Lys8, Aspl2 and Glu20) on the exposed outer surface
of the model (Zimmermann et al., 1986), as illus-
trated in Figure 11(a). There is one basic residue on
the outside surface of the class I model: Lys[8] in fd

Table 4
Amino acid residue exchanges in the Ff
N-terminal region

Residue position

Strain 2 5 6 12
fd/fl E— D- P D-
M13 E— D-— P N
D53 E- D- S N
am8HI1R1 Q D- S N
am8H1R2 S D-— S N
am8H1R5 Y D- S D-
am8H1R6 L D— S D—
R240(su-Ser) S D- S D-
R235 E- H P D-
am8H1R268(su-Ser) S D- P D-—
am8H1R265(su-Ser) S D— F N

Data are from Boeke et al. (1980) and Moses & Horiuchi (1982).
The amber mutants were grown in suppressor strains that insert
Ser (su-Ser) at the amber codon.
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k=$§

Figure 11. Side-chains on the outer surface of the virion. Virion axis vertical, view from outside the virion along a
radius towards the virion axis (as Fig. 10), showing central regions of units &k = 0 and 5. and the N-terminal region of
k = —6. All side-chains except those labelled have been removed for clarity. The a-helix backbone is shown as a thin line
connecting successive C* atoms, and side-chains are shown as heavy lines. with atom types coded by size and shaded as in
Fig. 1. (a) Charged groups on the outer surface of the fd€ model. Pro6 has been replaced by Ser and Aspl2 by Asn in this
Figure to illustrate the D53 mutant (see Table 4). (b) Charged groups on outer surface of Tke.

and Ifl, and Lys[15] in IKe (Table 1). The fd Lys8
is accessible to amidination without disrupting the
virion, whereas the other four Lys in fd are not
accessible (Armstrong et al., 1983).

Salt bridges between residues 7 and ¢ + 4 in an
o-helix have been discussed as stabilizing features in
the a-helix (Dao-pin ef al., 1991; Scholtz & Baldwin,
1992). Such salt bridges are feasible between Lys[8]

and Asp(12] in fd and Ifl, and between Asp4 and
Lys8 in fd (Fig. 11{a)). Extensive hydrogen-bond/
salt bridge networks between, as well as within,
subunits of both fd and IKe appear feasible from
Figure 11. For example, in the fd and Ifl models,
—6Lys(8] can make a salt-bridge to Glu[20] (Fig.
11(a)). In IKe, 5Lys[15] can make a salt-bridge to
—6Glu[—1], and GIn[24] can donate hydrogen
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bonds to Asp({20] and to —6Asp{12] (Fig. 11(b)).

A single amber mutant in Ff gene 8 has been
isolated (Pratt et al., 1969), at position 2. This has
enabled isolation of strains with various amino-acid
residue exchanges at this position, either pseudo-
revertants or suppressed amber mutants. Some of
these replacement amino-acid residues are
uncharged, so any requirement for an acidic residue
in position 2 (see Discussion, below) cannot be strin-
gent. Mutants have also been isolated with amino-
acid exchanges at positions 5 (D5H), 6 (P6S or P6F)
and 12 (D12N). Combinations of these exchanges
that have been found in viable virions are listed in
Table 4. Exchanges between charged and neutral
side-chains have been identified at positions 2, 5 and
12, and these exchanges cause -corresponding
changes in the electrophoretic mobility of intact
virions (Boeke et al., 1980), supporting the view that
these positions are on the outside surface of the
virion (Fig. 11(a)). M13 wild-type g8p differs from fd
by a single amino-acid residue exchange: Aspl2
in fd becomes Asnl2 in M13. Since Aspl2 is acces-
sible (Table 1) on the outside of the model, this
exchange haslittle effect on the structure, but it would
permit hydrogen-bonding from —6Asnl2 to Tyr24
(Fig. 11(a)).

(d) The ends of the virion

At the ends of the virion, extensive apolar regions
of the g8p subunit array would be exposed to
solvent if it were not for the minor proteins that cap
the two ends and probably stabilize the array by
masking the apolar g8p sequences. Fibre diffraction
studies of the virion do not give direct information
about structure at the ends of the g8p array, but
this structure can be explored by molecular
modelling (Makowski, 1992). If the g8p subunit
shape, symmetry, and nearest-neighbour contacts in
the virion are maintained all the way to each end of
the array, the N-terminal end of the array will have
a hollow cup shape, and the C-terminal end will
have a pointed arrowhead shape (Fig. 12).

To analyse the nature of the surface exposed at
the two ends of the model, we use the methods of
Eisenberg & McLachlan (1986). The net solvation
free energy of the fd model, subdivided by atom
type, is presented in Table 5. The subunit in the
virion is stabilized by about 37 kcal/mol with
respect to the isolated subunit, which is similar to
the value 34 keal/mol calculated using a slightly
different set of atomic solvation parameters and a
slightly different model (Marvin, 1990). The reduc-
tion of solvation free energy upon assembly comes
entirely from masking apolar C. Masking other
atoms which favour a polar environment reduces
this value slightly. The model is stabilized by apolar
interactions, as predicted from the resistance of the
virion to extremes of salt and pH, and its sensitivity
to apolar solvents. The stabilization of the subunit
at the two ends of the array by the solvation free
energy (Table 5) was calculated using accessibility
of one subunit in contact with an appropriate sub-
set of its neighbours. The g8p subunits at each end
of the virion are stabilized by interaction with
neighbouring subunits to about half the extent
calculated for subunits within the virion array.
Apolar g8p surfaces that are involved in contacts
with other g8p subunits along the array are exposed
at the two ends of the array, where they can
interact with apolar surfaces of the minor proteins.
The minor proteins g7p and g9p are at the end of
the virion that is extruded first, and the g3p and
gbp are at the end that is extruded last (Russel,
1991). It is often assumed that the N terminus of
the g8p array is extruded first, and that therefore
the initiator proteins g7p and g9p are associated
with this end (Russel, 1991), but a model for initia-
tion at the C terminus of the array has also been
proposed (Marvin, 1989).

Residue accessibility (Table 6) at the N-terminal
end of the array is as high as in the isolated subunit
for residues near the N terminus of the g8p, and is
the same as in the virion for residues near the C
terminus of the g8p. The C-terminal end of the
array shows a complementary pattern of access-

Table 5
Solvation free energy of fd°

Net energy AGs(kcal/mol)

Type Virion N terminus C terminus
Non-polar (C) —485 —264 —255
Polar (neutral N/O) - 20 17
Sulphur ¥ 0-2 02
(*harged O~ 2 13 10
Charged N* ‘ - 33 48
ZAGy —366 - 197 179

Calculated as described by Eisenberg & McLachlan (1986), using the modified atomic solvation
parameters of Eisenberg et al. (1989). The solvation free energy of the virion was calculated using
accessibility of a subunit surrounded by nearest neighbours in the +1, +5, +6, +11 and +17
directions. The accessibility at the N terminus of the virion (that is, the end of the virion towards which
the N terminus of the subunit is directed), was calculated by surrounding the 0 subunit with only the
subunits for k = —17, —11, —6, —5, —1 and 1. The accessibility at the C terminus of the virion was
calculated using subunits k = —1, 1, 5, 6, 11 and 17. From the total solvation free energy for each type
of array. the solvation free energy of a single isolated subunit was subtracted, to give the net solvation

free energy AGs of the array.



282

Structure of Filamentous Bacteriophage

( )
)
>»)))))////4 )

7

{b)

Figure 12. Ends of the fd virion. Each subunit is represented by a solid rod, as in Fig. 3(a). Symmetry-related copies of
the subunit were generated using the virion helix parameters. View parallel to the virion helix axis. (a) View of the
N-terminal end, towards decreasing unit number (decreasing z), units ..., —6, =5, —4, —3, —2, —1, 0. (b) View of the
C-terminal end, towards increasing unit number (increasing z), units 0, 1, 2, 3, 4, 5, 6, .... Units | to 4 are the same as

units —4 to —1 (Marvin, 1989).

ibility, although the C terminus of the g8p is not
completely accessible even here, because symmetry-
related units + 1 make close contacts with unit 0 at
the C terminus (Fig. 8) but not at the N terminus of
g8p (Fig. 12).

4, Discussion

Laser Raman spectroscopy of wild-type class I
virions indicates that Tyr2l and Tyr24 of fd and
Tyr[24] of Ifl accept hydrogen bonds from positive
donor groups (Thomas et al., 1983). The evidence
that Trp26 may donate a hydrogen bond to
—5Tyr21 is discussed below and illustrated in
Figure 10(a). Residue Tyr[24] of both fd and If]l can
accept a hydrogen bond from Lys[8], as shown in
Figure 11(a). These experiments on wild-type fd are
further supported by spectroscopy of the Y21M and
Y24M mutants (G. J. Thomas Jr, personal com-
munication). The spectrum due to Tyr24, deter-
mined by measuring the Y2IM mutant, is consistent

with Tyr24 being both a donor and an acceptor of
hydrogen bonding, and is therefore consistent with
the position of Tyr24 on the outside surface of the
model, where it can donate a hydrogen bond to
water, but is near enough to Lys8 to accept a
hydrogen bond. The spectrum due to Tyr2l was
determined in two ways: by taking the difference
between the spectrum of the Y2IM mutant and the
spectrum of wild-type fl, and assuming this to be
the spectrum due to Tyr2l; and by measuring the
spectrum of the Y24M mutant. Both measurements
are consistent with Tyr21 being a strong hydrogen-
bond acceptor, and are consistent with the proposal
that Trp26 donates a hydrogen bond to Tyr2l.
Residue Tyr[6] in IKe is both a hydrogen-bond
donor and acceptor, and is therefore probably
accessible to solvent (Thomas et al., 1983), con-
sistent with the partial accessibility calculated for
position 6 (Table 1 and Fig. 11(b)).

The Trp26 conformation has also been studied by
laser Raman spectroscopy (Thomas et al., 1983;
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Table 6
Environment and accessibility at the ends of fd°
Environmentt Accessibility}
Position N-term C-term Centre N-term C-term
1 E E 0-9 1-0 08
2 E E 1-0(1:0) 1-0(1-0) 1-0(1-0)
3 E E — — —
4 E P1 0-1(0-3) 1-0(1-0) 0-1(0-3)
5 E E 1-0(1-0) 1-0(1-0) 1-0(1-0)
6 E P2 09 1-0 09
7 E P1 00 1-0 0-0
8 p2 B3 0-4{0-7) 1-0(1-0) 0-4(0-6)
9 E E 1-0 10 1-0
10 E P1 02 1-0 02
11 E B1 0-0 10 0-0
12 E P2 07(0°7) 140(1:0) 07(0°7)
13 E E 09 09 1
14 P2 B2 02 10 02
15 E B2 02 10 02
16 E E 1-0 1-0 1-0
17 P2 P2 0-2 03 10
18 E P1 00 1-0 00
19 E P2 08 09 08
20 P2 P2 0-6(0-5) 0-6(0:6) 1-0(1:0)
21 B2 B2 0-0 04 03
22 P2 B1 00 1-0 00
23 E E — — —
24 B3 P2 03 03 0-9
25 E Pl 01 10 01
26 B3 B3 01 05 05
27 E E 07 07 1-0
28 P1 B2 00 05 03
29 P2 Bl 00 1-0 00
30 P1 P2 04 04 08
31 Pl E 03 03 1-0
32 P1 B1 01 09 02
33 P1 B2 0-0 06 01
34 E E — — —
35 P1 E 01 0-2 09
36 E P1 01 1-0 0-0
37 Bl P2 00 01 0-8
38 E E — — —
39 B2 Pl 00 03 06
40 P2 B3 0-3(0-7) 1-0(1-0) 0-3(0-6)
41 Bl P2 00 01 1-0
42 B1 E 0-0 00 1-0
43 B3 B3 0-2(0°1) 0-5(0-8) 0-4(0-1)
44 B2 B3 0-3(04) 0-4(04) 0-5(0-4)
45 Bl E 0-0 0-0 1-0
46 P2 E 03 ol 07
47 E E 1-0 10 10
48 Bl P2 01(0-1) 0-1(0-3) 0-8(0-4)
49 P1 E 00 0-0 1-0
50 P2 E 0-6 06 1-0

tEnvironment calculations are described in Table 1. N-term, refers to the environment at the N
terminus of the virion (that is, the end of the virion towards which the N terminus of the subunit is
directed); C-term, refers to the environment at the C terminus of the virion, calculated using subsets of
the neighbouring subunits as described in the legend to Table 5.

}Accessibility of fd side-chains was calculated as described by Richards (1985), using a rolling sphere
of 1:4 A radius, for side-chains on the subunit surrounded by its nearest neighbours in the assembly,
and on the isolated single subunit. The Alal accessible area includes N, and the Ser50 area includes
COO. The relative accessibility (ratio of accessibility in the assembly to accessibility in the isolated
subunit) is tabulated. Numbers in parentheses are the relative accessibilities of charged atoms (0 of
Glu, 0% of Asp and N¢ of Lys). Centre, is accessibility along the shaft of the virion, corresponding to
the environment calculations of Table 1; N-term, is accessibility at the N terminus of the virion;
C-term, is accessibility at the C terminus of the virion, corresponding to the environment calculations
in this Table.
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Aubrey & Thomas, 1991). The indole 1-NH donor
group forms a hydrogen bond,. probably to a
hydroxyl oxygen acceptor (Aubrey & Thomas,
1991). In our refined fd© model, the hydroxyl O of
—5Tyr21 in the model is 273 A from the indole 1-
NH of Trp26, a good hydrogen-bonding distance
(Fig. 10(a)).

Flow linear dichroism spectra of fd and IKe indi-
cate that the angle between the plane of the Trp[26]
side-chain and the virion axis is no more than 43°
for fd and 41° for IKe (Clack & Gray, 1992). To
determine this angle for our models, we calculate
the direction cosines of the line normal to the least-
squares plane through the Trp ring, and take the
angle that this normal makes with the virion axis as
the complement of the angle between the plane and
the virion axis. For our fd® model, the angle
between the plane of the Trp and the virion axis is
10°, increasing to 16° for fd°, and for our IKe model
it is 37°.

Oxidation of Trp26 with N-bromosuccinimide is
accompanied by changes in spectra attributed to
electronic coupling between Trp and Phe (Arnold et
al., 1992). Trp26 and Phe42 are in van der Waals
contact in the model (Fig. 10(a)), with 3-54
between C*! of Trp26 and C*! of 6Phe42. The spec-
troscopic and oxidation experiments indicate that
the Trp26 is partially buried and immobilized, and
yet is accessible to solvent. A flexible N-terminal
region would be consistent with these observations.

If Pro6 is replaced by Ser in M13 (strain D53 in
Table 4 and Fig. 11(a)), the buoyant density of the
virion in a CsCl gradient is increased by about
0-01 g/ml, or about 0-89,, and other mutants in g8p
also have altered buoyant density (Pratt et al.,
1969). The Pro6 is accessible (Table 1), and in the
P6S model, the Ser oxygen atom is also accessible to
solvent (Fig. 11(a)). Solvent interacts more closely
with polar Ser than with apolar Pro, so the excluded
volume of the P6S virion is expected to be less and
its buoyant density greater than wild-type M13.
Quantitative calculations using the residue volumes
tabulated by Nave et al. (1981) show that the
increase in partial specific volume expected for the
P6S mutant is about 0-39,, consistent with the
observed change in buoyant density. Replacing
Glu2 by Tyr or Leu in M13P6S is always accom-
panied by a further N12D mutation (Table 4). There
is no obvious reason why E2L/P6S and E2Y/P6S
should be forbidden in the M13 structure, but the
mutations may interfere with processing of the
leader sequence on the precursor protein (Boeke et
al., 1980). Virions can be produced from bacteria
that are expressing both wild-type fl and
P6S/D12N, E28/P6S/D12N or E2S/P6S coat pro-
teins, and these virions have mixtures of the two
proteins (Moses & Horiuchi, 1982).

The interlocking of side-chains on neighbouring
subunits is a direct consequence of close-packed
nearly parallel a-helices (Chothia et al., 1981). Slight
changes in length of the virion axial repeat with
hydration (Dunker et al., 1974) reflect the fact that
the interlocking of side-chains is slightly flexible,

but in the completed virion, the pattern of inter-
locking cannot change. Before assembly of the
virion, neighbouring a-helix subunits in the
membrane are thought to pre-assemble as uniform
rods, but they cannot have the same side-chain
interlocking as in the finished virion. During
assembly, neighbouring o-helices must therefore
slide along their length with respect to one another,
until the final local side-chain packing is reached.
This sliding must be relatively independent of
specific side-chains, but it is possible that certain
side-chain replacements could interfere with the
sliding mechanism and thereby be lethal. The local
packing of a-helix rods in the membrane pre-
assembly may be geometrically related to the final
symmetry of the virion, or it may be unspecific
(Marvin & Wachtel, 1976; Marvin, 1989; Dunker et
al., 1991): this question remains to be answered.
The protein model that we use here is 1009,
a-helix, consistent with some spectroscopic experi-
ments (Clack & Gray, 1989), but some variations in
the secondary structure may appear as further
evidence is accumulated. The last few residues at
either end might have ¢ to ¢ + 3 or ¢ + 5 rather than
a-helix (¢ to ¢ + 4) hydrogen-bonding patterns, as
sometimes found in globular proteins (Baker &
Hubbard, 1984). The first few residues at the N
terminus may be non-helical (Opella et al., 1987).
There must be some disruption of «-helix hydrogen-
bonding in Ff at Pro6. The suggestion that some
ionic-strength dependent spectroscopic properties of
the virion are caused by bending of the a-helix at
Pro6 could be tested by comparative studies on
mutants with Pro6 replaced by Ser. Electrostatic
interactions between the N terminus of an a-helix
and an acidic residue second along the helix have
been discussed by Richardson & Richardson (1988)
and Nicholson et al. (1991). The acidic residue does
not just interact with the charge on the N terminus
of the polypeptide chain, because the effect is found
for o-helix segments embedded within the poly-
peptide chain. Instead, the acidic residue is thought
to be involved in compensating the charge of the
a-helix dipole. The second residue of g8p in all three
wild-type class I virions is Glu or Asp (Table 1).
Our model has been refined against quantitative
low-resolution X-ray data and is supported by
qualitative comparison with higher resolution data.
The model is also consistent with spectroscopic
experiments, chemical modification experiments,
comparison of related viruses, and the effects of
side-chain mutation. Although some details may
change after additional refinement, especially at the
two ends of the subunit, the model presented here
forms a useful basis for design and interpretation of
further spectroscopic, chemical modification and
genetic manipulation experiments, and for
exploring detailed proposals about viral assembly.
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