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ABSTRACT: The filamentous bacteriophage Pf1, which infects strain PAK of Pseudomonas aeruginosa, is a
flexible filament (~2000 x 6.5 nm) consisting of a covalently closed DNA loop of 7349 nucleotides sheathed
by 7350 copies of a 46-residue a-helical subunit. The subunit a-helices, which are inclined at a small average
angle (~16°) from the virion axis, are arranged compactly around the DNA core. Orientations of the Pf1
DNA nucleotides with respect to the filament axis are not known. In this work we report and interpret the
polarized Raman spectra of oriented Pf1 filaments. We demonstrate that the polarizations of DNA Raman
band intensities establish that the nucleotide bases of packaged Pf1 DNA are well ordered within the virion
and that the base planes are positioned close to parallel to the filament axis. The present results are combined
with a previously proposed projection of the intraviral path of Pf1 DNA [Liu, D. J., and Day, L. A. (1994)
Science 265, 671—674] to develop a novel molecular model for the Pf1 assembly.

The filamentous bacterial viruses (Inovirus) are members of a
genus of morphologically similar virions that infect different
bacteria via molecular recognition of a host-specific pilin (2).
Each packages a single-stranded (ss)' DNA genome within a long
and thin flexible capsid of either class I (5-start helix, C,S5) or
class IT (1-start helix, C1Ss 4) symmetry (3). The class IT Pf1 virion
(~2000 x ~6.5 nm), which infects Pseudomonas aeruginosa strain
PAK, is about twice the length of other well-characterized
filamentous bacteriophages and is the most easily drawn into
highly ordered fibers that are amenable to X-ray diffraction (4),
solid-state NMR (5), and polarized spectroscopic (6) analyses.
Liquid crystalline arrays of Pfl are also effective for the align-
ment of associated macromolecules, a phenomenon that facil-
itates the measurement of dipolar couplings in NMR structure
determinations (7, 8). Like other filamentous bacteriophages, Pf1
provides an attractive model for studying molecular mechanisms
of nucleoprotein assembly and membrane transport.

The Pf1 virion comprises a ssDNA loop of 7349 nucleotides
sheathed by 7350 copies of a 46-residue o-helical subunit (‘\GVI-
DTSAVES "AITDGQGDMK *'AIGGYIVGAL *'VILAVA-
GLIY “'SMLRKA) plus a few copies of minor proteins at the
filament ends. The capsid subunits of Pf1 provide the only known
example of filamentous bacteriophage architecture exhibiting a
nucleotide-to-subunit ratio of 1:1 (3). Although Pf1 structure has
been investigated by a variety of methods over the past few
decades (1, 4—6, 9—21), relatively little is known about the overall
organization of the ssDNA genome within the capsid and the
specific orientations of DNA nucleotides with respect to the
filament axis. A loop of ssDNA at the capsid core and spanning
its length is feasible if the deoxyribosyl—phosphate backbones of
the two apposing antiparallel strands are proximal to the virion
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axis and the bases project distally from the axis (1, 16, 22). In this
model, termed P-DNA (1), the proposed nucleotide axial repeat of
6 A is about 75% greater than that of canonical B-DNA. Raman
and ultraviolet—resonance Raman (UVRR) studies of Pfl have
established that the packaged Pfl DNA molecule incorporates
C2-endo/anti deoxyribosyl sugar puckers as well as unpaired
and unstacked bases, structural features that are consistent with
a P-DNA-like conformation (6, 17, 20, 23, 24). Such an axially
extended P-DNA structure exhibiting phosphates “in” and bases
“out” has also been suggested as a prototype for DNA molecules
subjected to high mechanical or torsional stress (25—27).

In previous work we have implemented methods of polarized
Raman spectroscopy (28) in conjunction with known Raman
tensors (29) to determine the axial orientations of several mole-
cular subgroups of the ssDNA genome and capsid subunits in
oriented fibers of the native Pfl virus (6, 19). Here, we further
exploit this methodology to revise the structural model of Pfl
proposed by Liu and Day on the basis of X-ray fiber diffraction
studies (/). Because our goal is to refine the Liu and Day model by
determining additional structural details of the packaged Pfl
DNA molecule, including the orientations of the nucleotide purine
and pyrimidine rings with respect to the viral filament axis, we
have not evaluated alternative DNA structural models that might
also be consistent with the polarized Raman data. We use these
new results in combination with previously determined structural
constraints to propose a novel model for the native Pfl assembly.

EXPERIMENTAL PROCEDURES

Sample Preparation. Wild-type Pfl virus was grown using
P. aeruginosa strain PAK as the host in MS medium containing
1% glucose and 4 mM CaCl,. Mature viral particles, extruded
through the bacterial cell membrane and into the growth
medium, were collected by precipitation with poly(ethylene
glycol) (2%) and NaCl (0.5 M) followed by low-speed centrifu-
gation. The virus precipitate was resuspended in 10 mM Tris (pH
7.8 £ 0.2), and the resulting suspension was purified by four
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cycles of pelleting at 330000g for 1.5 h and resuspension of the
pellet in 10 mM Tris buffer. This procedure accomplishes essen-
tially complete removal of excess NaCl (20). Typically, 30—50 mg
of purified Pf1 is obtained per liter of growth medium. PfI con-
centration was determined by UV spectrophotometry assuming a
molar extinction coefficient &,7p = 2.06 mL-mgfl-cm*1 (30).
Growth media and reagents were obtained from Sigma-Aldrich
(St. Louis, MO) and Fisher Scientific (Pittsburgh, PA).

Oriented Pfl fibers of ~0.5 mm thickness were prepared for
polarized Raman spectroscopy by slowly drawing a droplet of
Pf1 solution (~100 mg/mL in 10 mM Tris, pH 7.8) in a fiber
pulling device maintained at 20 °C and 92% relative humidity (6).
The oriented fiber was sealed in a hygrostatic chamber and placed
on the microscope stage for subsequent polarized Raman mea-
surements. Samples contained >95% of Pfl particles oriented
unidirectionally (317).

Raman Instrumentation. Polarized Raman spectra were
excited at 532 nm using a Nd:YVOy laser (model Millenium-V;
Spectra Physics Inc., Mountain View, CA) and collected on a
microspectrophotometer (model Labram Infinity; Jobin-Yvon
Inc., Edison, NJ) equipped with a polarizing microscope (model
BX-40; Olympus America Inc., Melville, NY). The radiant power
at the laser head was maintained at 200 mW. The laser beam was
directed into the 40x objective of the microscope and onto the
oriented fiber of the filamentous bacteriophage through a cover
glass that sealed the specimen within a hygrostatic chamber
maintained at 92% relative humidity. The backscattered (180°)
Raman photons were collected with the same objective and then
passed through a notch filter, polarization analyzer, and scram-
bler to the entrance slit of the Labram Infinity polychromator.
Raman scattered photons were detected using a low-temperature,
charge-coupled device detector (model Spectrum One; SPEX
Inc., Edison, NJ).

Polarized Raman spectra were also excited at 632.8 nm using
the dedicated He—Ne laser of the Labram Infinity. The data were
collected and analyzed as noted above. The radiant power at the
He—Ne laser head did not exceed 100 mW.

We note that the above system provides superior throughput
and resolution for polarization studies compared to an earlier
Raman microprobe analysis that utilized a beam splitter and
triple monochromator (6). In effect, weak spectral features are
better resolved and may appear more pronounced than in a
previous polarized Raman study of Pf1 (6).

Raman Spectral Polarization. The polarized Raman spec-
tra are characterized by the measured spectral intensities (Z;) for
specified polarization axes of the incident (i = b, ¢) and scattered
(j = b, ¢) radiation with respect to the axis (c) of orientation of
the Pfl fiber. The polarized Raman spectra I.. and I, were
measured respectively by maintaining the fiber in a fixed orienta-
tion and then rotating the polarization analyzer by 90°. These
intensities correspond to the fiber tensor components cc and cb,
respectively, where ¢ is the fiber (virion) axis and b is perpendi-
cular to ¢. Rotation of the fiber by 90° on the microscope
platform allows Iy}, and /. to be measured in succession using
the same procedure as above. If the laser beam is precisely
focused on the same portion of the sample throughout this
protocol, then we expect I, = I,.. This was the case in the present
experiments. Further details regarding the measurement of
polarized Raman spectra of oriented fibers of filamentous viruses
and the quantitative analyses of the spectral data have been
described (28, 29). Here, we report the polarized Raman spectra
(Lees Topy Ines Iep) used in subsequent calculations.
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FIGURE 1: Polarized Raman spectral intensities (Iec, Typ, Tpe, and Ip)
obtained from an oriented fiber of Pfl using 532 nm excitation.
Contributions from Pfl DNA nucleotides in the interval 600—850
cm” ! are labeled. Raman bands assigned to coat protein tyrosines
(640 cm™ ") and other protein residues (dashed lines) are also indi-
cated (6, 36).

RESULTS AND INTERPRETATION

Raman Spectral Data. Polarized Raman spectra (I, Iyp,
L, I, representative of oriented Pf1 fibers are shown in Figures 1
and 2 for excitation wavelengths of 532 and 632.8 nm, respec-
tively. Similar spectral data at both excitation wavelengths were
collected from at least five independently prepared Pfl fibers.
Here, we are concerned with the Raman bands that are diagnostic
of the four DNA bases of packaged Pfl DNA and for which
Raman tensors are available, namely, those assigned to the
purine and pyrimidine ring breathing modes at 680 (guanine),
720 (adenine), 750 (thymine), and 782 (cytosine) cm ™' (9, 12).
Table 1 shows the polarized Raman intensity ratios ../l and
I/ I obtained and averaged from the five sets of Pfl spectra.
The results demonstrate that within the estimated limits of
experimental error the polarized Raman intensity ratios are
independent of excitation wavelength. We note that the relatively
large error estimate in I/ Iy, for the 750 cm ™' band of thymine is
due primarily to overlap of the thymine marker with an under-
lying broad band near 741 cm ™!, which is attributable to the
a-helix amide IV mode of the capsid subunit.

DNA Base Orientations. For each of the Raman markers of
the packaged Pf1 DNA molecule (Table 1), we find that I../ly, > 1,
which indicates that each type of base residue is on average non-
randomly oriented with respect to the viral filament axis (c) (29).
To determine the average base orientations from the observed I/
Iy, values of specific Raman markers (680, 720, 750, and 782 cm” !
bands), we require the corresponding Raman tensors. These ten-
sors, which have been determined from studies of oriented fibers of
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FIGURE 2: Polarized Raman spectral intensities (Iec, Iob, Ipe, and Iop)
obtained from an oriented fiber of Pfl using 632.8 nm excitation.
Contributions from nucleotides in the interval 600—850 cm™! are
labeled. Raman bands of coat protein tyrosines (640 cm ') and other
residues (dashed line) are also indicated (6, 36).

double-helical B-DNA (32), are assumed to be transferable to the
nucleosides of Pf1 DNA because the latter incorporate the same
canonical C2'-endo/anti nucleoside conformations. The tensors
(defined by r; = /o and r, = @,,/a..) are given in Figure 3.
In each case, the tensor principal axis z is perpendicular to the base
plane, while both x and y are in the base plane, as shown.

The orientation of a given DNA base residue (i = A, C, G, T)
in the oriented Pf1 fiber can be represented by specifying the two
Eulerian angles, 6; and y;, where 6 is the angle between the fiber
axis (¢) and the normal (z) to the plane of base i and y; is the angle
between the y axis and the line (O—N) that represents the
intersection between the xy plane of base i and the fiber ab plane
(perpendicular to ¢ or z) (29). For each base i the polarized
Raman intensity ratios [I.o/lyp); and [I../Iyc]; are related to 6;, y;,
ri;, and ro; by egs 1 and 2.

(Iec/Iob); = 41 sin” 6; cos’ %+ 1 sin” 6; sin’ ¥+ cos’ 0i]2/
[r1i(cos 6; cos® y; 4 sin? y,)
+ ryi(cos® ; sin® y; + cos? y;) + sin Hi}z (1)
oo/ Inc)y = 2[rii sin’ 6; cos® 2%+ sin’ 6; sin’ % + cos? 01}2 /
[sin® 6; cos® 6;(ry; cos® y; +ry sin® g, — 1)°

+ (sin® 6; sin® y; cos® ) (r1i — )’ (2)

(A) Guanine. Use of eq 1 with the guanine Raman tensors
(rg = 0.2, g = 3.3) and the polarized Raman intensity ratio
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Table 1: Coordinates of Pfl DNA Bases

guanine adenine thymine cytosine
Experimental Data
Raman (cm ™) 680 720 750 782
Loo/Ivp 1.26 £ 0.05 1.30 £ 0.10 1.30 £0.20 1.24 £0.05
Leo/Tne 2.6£0.1 39+02 33£02 26+£0.1
tensor axes G2 G2 C3 c3
r 0.20 0.35 2.2 2.6
ra 33 2.6 0.20 0.10
0" (deg) 63 +£2(63) 63 +£4(63) 68 £8(63) 67+ 3(63)
2 (deg) 45+ 1(26) 47+ 2 (17) 45+2(44) 44247
rotation angle 16 19 5 4
(deg)

rotation axis
PDB reference” GMPOLD

1 plane at C1* L plane at C1* CI*-~N1  CI*—NI
AMPOLD TMPOLD CMPOLD

Proposed Coordinates

0,y (deg) 63, 46 63, 47 68, 44 67, 46
PDB reference® GMPOMT AMPOMT TMPOMT CMPOMT
rotation (deg) 35.5 263.7 131.8 0

rise (A) 18.3 12.2 6.1 0

up strand GMP6MT AMPAMT TMP2MT CMPOMT

down strand GMP7MT AMPSMT TMP3MT CMPIMT

“Values in parentheses are based upon energy minimization of the
proposed structure of Liu and Day (). See text. “Data of Liu and
Day (/). “Coordinates are available from the authors upon request.

for the guanine 680 cm ™" marker ([I.o/Iyp]g = 1.26 £ 0.05) at the
lower (1.21) and upper (1.31) experimental limits yields the two
contours drawn in fg,yg space as solid lines in Figure 4a.
Similarly, with corresponding [/../Iy]g data eq 2 yields the two
contours represented as dashed lines in Figure 4a. The range of
O:,xc values allowed for the orientation of the average guanine
ring is given by the area enclosed within the four contour lines,
whence O = 63 £ 2° and yg = 45.5 £ 1.0°.

(B) Adenine. Corresponding application of eqs 1 and 2
with [Ioo/Ipp]a = 1.30 £ 0.10, I.o/Iie = 3.9 £ 0.2 for the adenine
720 em” " band (114 = 0.35, roa = 2.6) vields the results shown
in Figure 4b. Accordingly, for adenine 5 = 63 &+ 4° and y5 =
47 £ 2°,

(C) Thymine. Similarly, the 61yt plot generated for thymine
by egs 1 and 2 and the data for the 750 cm ™" band ([Le/Tos}r =
1.30 £ 0.20, [Ioe/Inc]t = 3.3 £ 0.2, 1y = 2.2, ro1 = 0.2) is shown in
Figure 4c, which gives O = 68 & 8° and yr = 45 £ 2°.

(D) Cytosine. Finally, application of eqs 1 and 2 for the
cytosine 782 cm ™! band ([Ioo/Top)c = 1.24 + 0.05, [I/ e =2.6 +
0.1, ric = 2.6, r,c = 0.1) yields Oc = 67 + 3° and yc =44 £ 2°
(Figure 4d).

Pfl DNA Atomic Coordinates. Coordinates proposed
previously for the backbone of packaged Pfl DNA (/) and
geometric data specific to base residues A, C, G, and T (33) were
combined with presently determined base orientation angles (6;,y;
values) to calculate refined atomic coordinates for each Pfl
nucleotide base. (Here, we reference the coordinates deposited
previously by Liu and Day in the Protein Data Bank by the
notation AMPOLD.pdb, CMPOLD.pdb, GMPOLD.pdb, and
TMPOLD.pdb (/).) To illustrate our approach, we consider the
case of cytosine. With the Raman tensor of the 782 cm ™' cytosine
marker defined such that the tensor y axis is parallel to the line
intersecting ring atoms C2 and C4, the tensor x axis is perpendi-
cular to y in the base plane, and the tensor z axis is normal
to the base plane (Table 1 and Figure 3), we obtain 6 = 63° and
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FIGURE 3: Raman tensors associated with the vibrational modes of the Pf1 DNA bases that are labeled in Figures 1 and 2. The in-plane tensor

principal axes (x and y) are indicated by broken lines; principal axis z is perpendicular to the xy plane. The Raman tensor ratios, r; =

2 = 0,,/0., are also indicated.
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FiGure 4: Contour maps in 6,y space showing the I /Iy, and I/, values for the Pfl DNA Raman markers of Figures 1 and 2. (a) Raman
marker of G (682 cm™"). Solid lines show contours corresponding to limiting I/, values (1.21 and 1.31). Broken lines show contours
corresponding to limiting ../ values (2.5 and 2.7). The parallelogram represented by the area between solid and broken lines defines the allowed
rangesof @and y, 1.e., Ioc/lp, = 1.26 £0.05and I.¢/Ipe = 2.6 £ 0.1, which restrict the 8,y pair to 63 +2°,45.5 + 1.0°. (b) Corresponding data for the
Raman marker of A (720 cm™"). Ioe/Ipp = 1.30 £0.10 and Ioo/Ipc = 3.9 £ 0.2, which restrict the 6,y pair to 63 4 4°, 47 4 2°. (c) Corresponding data
for the Raman marker of T (750 cmfl). Lo/l = 1.30 £0.20 and I../I,. = 3.3 £ 0.2, which restrict the 0,y pair to 68 £ 8°, 45 & 2°. (d) Corres-
ponding data for the Raman marker of C (784 cm™ l). I.o/lvy, = 1.24 £ 0.05and I /I, = 2.6 £ 0.1, which restrict the 6,y pair to 67 & 3°,44 + 2°.

¥c = 47°. Experimentally, however, we observed that 6 = 67°
(Figure 4d). Accordingly, the cytosine base requires a rotation of
4° about the C1*—NI1 bond to generate a refined set of coordi-
nates (labeled CMPOMT) that is consistent with the experimental
results. The CMPOLD and CMPOMT structures are compared in
Figure 5.

We applied the same procedure to refine the existing PDB
coordinates (/) of the A, G, and T nucleotides to achieve con-
sistency with the corresponding experimental results. The re-
quired rotations about the nucleoside glycosyl bonds are 19° for
2as 16° for yg, and 5° for y1. The refined coordinates for
AMPOMT, GMPOMT, and TMPOMT lead to the entries of
Table 1. The AMPOMT structure is shown in the top of Figure 6.

The structures AMPOMT, CMPOMT, GMPOMT, and
TMPOMT correspond to one strand (“up” strand) of the packaged
ssDNA loop. The coordinates of the apposing (“down”) strand,
which are designated as AMPIMT, CMPIMT, GMPIMT, and
TMPIMT, respectively, are generated by an operation comprising
a 180° dyad rotation, a 6.10 A translation along ¢, and a —114°
rotation about ¢ (matrix 1 (/)). The CMPIMT and AMPIMT
structures are shown in Figures 5 (bottom) and 6 (middle),
respectively. Extension of the DNA up and down strands within
the context of the Pfl capsid assembly involves successive opera-
tions of rotation by 131.84° about ¢ in combination with a 6.10 A
translation along ¢. An example of an extended DNA segment,
consisting of eight nucleotides (up strand, CMPOMT, TMP2MT,
AMP4AMT, GMPOMT; down strand, CMPIMT, TMP3MT,

AMPSMT, GMP7MT), is depicted in Figure 7. In the discussions
which follow we refer to this DNA structure as PfI-DNA.
Finally, we include in the PfI-DNA model of Figure 8 a set of
eight subunits (Subl, where I = 0, ..., 7) of the Pf1 capsid, the
coordinates of which were obtained from the 1PFI model of
Marvin and co-workers (34). The capsid subunits are related to
one another by the operations of a rotation by 65.92° about ¢ and
a translation of 3.05 A along ¢, consistent with the operations that
interrelate the nucleotides of encapsidated Pf1 DNA (/).
Model for the Pf1 Virion. The procedure above generates
coordinates for a segment of the Pf1 virion comprising 8 of the 7350
nucleotides of encapsidated Pfl DNA and an equivalent number
of capsid subunits. The coordinates (labeled PfINSP8*) of this
segment include nucleotides numbered as CMPOMT = 801, TM-
P2MT = 802, AMP4MT = 803, GMP6MT = 804, GMPTMT =
805, AMPSMT =806, TMP3MT =807, and CMPIMT =808 and
subunits numbered as Sub0 = 1 (or 46), Subl =101 (146), Sub2 =
201 (246), Sub3 = 301 (346), Sub4 = 401 (446), Sub5 = 501 (546),
Sub6 =601 (646), and Sub7 = 701 (746). In this coordinate set we
found five steric clashes, two of which involved subunit/subunit
interferences (Val31 Cyl:--Leu343 Cdl, Vald31l Cyl---Leu743
Cd1) and three of which involved subunit/nucleotide interferences
(C801 0O2---Argldd Cg, T802 C7---Lys545 Cy, Ade803
N3---Arg344 Ny). Clashes were eliminated by use of the CNS
program (35). Energy minimization was carried out by allowing
fluctuations in the coordinates of side chain atoms (Cf and bey-
ond) of the amino acids Val31, Argl44, Arg244, Leu343, Arg344,
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FIGURE 5: Structures of cytidylic acid residues of Pfl DNA as
modeled by Liu and Day (CMPOLD (/7)) and in the present analysis
(CMPOMT and CMPIMT; see text). The views are along the
direction of the virion axis (¢). Note that CMPOMT is derived from
coordinates of CMPOLD by rotating the cytosine moiety by 4°
around the C1*—N1 bond to achieve consistency with the experi-
mental 0,y values (67°, 44°); CMPIMT represents a residue of the
apposing strand and is derived from CMPOMT by applying the
appropriate rotation/translation matrix (/).

E")ﬁ
1 AMPOMT

N%‘f AMP1MT

~

b

[y =
ot

AMP5SMT

FIGURE 6: Structures of adenylic acid residues of Pf1 DNA viewed
along the direction of the virion axis (¢). AMPOMT is derived from
the coordinates of AMPOLD (7) and data of Saenger (33) followed by
arotation of the adenine moiety by 19° about an axis perpendicular to
its plane to achieve consistency with the experimental value of y (47°).
AMPIMT represents a residue of the apposing strand and is derived
from AMPOMT by applying the appropriate rotation/translation
matrix (/). AMPSMT is derived from AMPIMT by a further
rotation of 263.7° about the virion axis and translation of 12.2 A
along the axis.
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FIGURE 7: Stereo molecular model proposed for a segment of Pf7-
DNA consisting of four arbitrary nucleotides of one strand
[d(CpTpApG)] and four arbitrary nucleotides of the apposing anti-
parallel strand [d(GpApTpC)]. The intertwined strands are viewed
along (top) and perpendicular (bottom) to the virion axis.

Vald31, Lysd45, Lys545, Lys645, and Leu743, while constraining
the coordinates of all other atoms (nucleotide and amino acid).
This procedure eliminated all unacceptable contacts and resulted
in a significant energy reduction (~3 x 10° kcal/virion). The
coordinates of the energy-minimized structure (PfINSPS) are
available from the authors upon request.

DISCUSSION

The present study establishes that the nucleotides of the single-
stranded DNA loop packaged within the Pfl virion adopt
specific orientations with respect to the filament axis. This finding
is contrary to the inference of a random Pfl DNA structure,
which was proposed on the basis of fiber X-ray diffraction
studies (34). The DNA base orientations determined from the
polarized Raman measurements and the sugar—phosphate con-
formations deduced by Day and co-workers (/) allow us to
propose a novel structure for the packaged Pf1 DNA molecule in
which each nucleotide interacts stoichiometrically with a capsid
subunit. The proposed PfI-DNA structure exhibits many simila-
rities to the Pauling-like P-DNA structure previously proposed
by Allemand et al. (25), including values for the base rise and
rotation of 6.10 A and 131.8°, respectively, that compare
favorably with those (5.85 A and 137°) of P-DNA. Importantly,
in both PfI-DNA and P-DNA the bases project outwardly
from the antiparallel sugar—phosphate chains that wind
around one another to form the spine of the double helix. Two
important differences may be noted between PfI-DNA and
P-DNA. (i) Whereas P-DNA is generated in vitro by applying
mechanical stress to B-DNA, the structure of PfI-DNA is
proposed as the in vivo conformation of the packaged Pfl genome.
(i1) Whereas the bases on apposing antiparallel strands of P-DNA
are complementary to one another (a consequence of stretching
B-DNA), those of PfI-DNA are not (owing to the genomic
sequence).

In the proposed Pf1-DNA structure the glycosyl bond torsion
angle chi (X), which is defined by the dihedral angle of either the
pyrimidine O4'—C1'=N1-C2 or purine O4'—CI'-N9—C4
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F1GuRE 8: Molecular model proposed for the Pf1 viral assembly. The
viral segment shown, which represents about '/ goth of the full virion
length, consists of eight coat protein subunits and eight nucleotides
of the packaged genome. Arbitrary sequences d(CpTpApG) and
d(GpApTpC) are represented in the apposing DNA single strands.
(A) View perpendicular to the virion axis. (B) View along the virion
axis. Atomic coordinates of this model are available upon request
from the authors.

nucleoside linkages, is —139° for dC, —137° for dT, —143° for
dA, and —143° for dG. These are all within the so-called anti
range (—90° > X > —270°). Thus, the X values of PfI-DNA are
similar to those of B-DNA, while distinct from those of
A-DNA (33).

The base residues that project radially from the central axis of the
packaged PfI-DNA molecule make no apparent close contacts with
neighboring capsid subunits (Figure 8). As previously suggested by
Liu and Day (), electrostatic interactions between basic side chains
of the subunit C-terminus (Arg44 and Lys45) and DNA phosphates
appear to be the basis of DNA/subunit interaction. Accordingly,
virion assembly, which takes place within the periplasm of the host
cell, presumably proceeds via extrusion of a covalently closed loop
of single-stranded Pfl DNA through the membrane in such a

Tsuboi et al.

manner to allow nonspecific interaction between a nucleotide
phosphate and subunit C-terminus in 1:1 stoichiometry.
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