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ABSTRACT: Pf1, a class II filamentous virus, has been investigated by ultraviolet resonance Raman (UVRR)
spectroscopy with excitation wavelengths of 257, 244, 238, and 229 nm. The 257-nm UVRR spectrum is
rich in Raman bands of the packaged single-stranded DNA (ssDNA) genome, despite the low DNA mass
(6%) of the virion. Conversely, the 229-nm UVRR spectrum is dominated by tyrosines (Tyr 25 and Tyr
40) of the 46-residueR-helical coat subunit. UVRR spectra excited at 244 and 238 nm exhibit Raman
bands diagnostic of both viral DNA and coat protein tyrosines. Raman markers of packaged Pf1 DNA
contrast sharply with those of the DNA packaged in the class I filamentous virus fd [Wen, Z. Q., Overman,
S. A., and Thomas, G. J., Jr. (1997)Biochemistry 36, 7810-7820]. Interestingly, deoxynucleotides of
Pf1 DNA exhibit sugars in the C2′-endo/anticonformation and bases that are largely unstacked, compared
with C3′-endo/anticonformers and very strong base stacking in fd DNA; hydrogen-bonding interactions
of thymine carbonyls are also different in Pf1 and fd. On the other hand, coat protein tyrosines of Pf1
exhibit Raman markers of ring environment identical to those of fd, including an anomalous singlet at
853 cm-1 in lieu of the canonical Fermi doublet (850/830 cm-1) found in globular proteins. The results
indicate markedly different modes of organization of ssDNA in Pf1 and fd virions, despite similar
environments for coat protein tyrosines, and suggest strong hydrogen-bonding interactions between DNA
bases and coat subunits of Pf1 but not between those of fd. We propose that structural relationships
between the protein coat and encapsidated ssDNA genome are also fundamentally different in the two
assemblies.

Pf1 is a long and thin filamentous virus (∼2000 nm length
× ∼6 nm diameter) that infectsPseudomonas aeruginosa
strain K. The mature virion comprises a single-stranded (ss)
and covalently closed DNA genome of 7349 nucleotides
sheathed by 7350 copies of a 46-residueR-helical subunit
(sequence1GVIDT SAVQS AITDG QGDMK AIGGY
IVGAL VILAV AGLIY SMLRK 46A) (1-3). The arrange-
ment of subunits in Pf1 defines a filament architecture (class
II) that is distinct from the well-characterized architecture
of class I filamentous viruses, such as fd, f1, and M13 (1).

The structure of Pf11 has been investigated by fiber X-ray
diffraction (4-7), neutron diffraction (8, 9), solid-state
nuclear magnetic resonance (NMR) spectroscopy (10, 11),
Raman spectroscopy (12-14), fluorescence spectroscopy
(15), and circular dichroism (CD) (16) and linear dichroism
(LD) methods (17). Molecular modeling has also been
employed to suggest plausible helical arrangements for the
coat protein subunits and their relationship to the packaged
ssDNA molecule (1, 18). However, details of intersubunit
packing, genome organization and putative interactions
between the packaged DNA and coat subunits have remained

largely unresolved. Because the Pf1 DNA molecule com-
prises only a small percentage (6%) of the total Pf1 mass, it
has represented a particularly formidable challenge to the
structural methods applied previously. Up to the present, the
Pf1 system has not been investigated by ultraviolet resonance
Raman (UVRR) spectroscopy.

Recent application of UVRR spectroscopy to the fd
assembly demonstrates that the method combines the sen-
sitivity and selectivity required to probe specific residues of
both DNA and coat subunits in a filamentous virus (19, 20).
In the UVRR approach, the laser-excitation frequency is
tuned into resonance with the target chromophore, and
thereby the resonance-enhanced Raman spectrum of the
chromophore is selectively obtained. Reviews of UVRR
applications to biological molecules have been given by
Austin et al. (21) and Thomas and Tsuboi (22). Until recently
(19, 23-25), however, UVRR spectroscopy of nucleopro-
teins has not been feasible, due principally to limitations in
UV laser and detector technologies. Improvements in spec-
trometer design and performance now permit exploitation
of the UVRR method to probe the bases of packaged ssDNA
and the aromatic side chains of coat protein subunits in
filamentous viruses, despite the fact that these residues
represent only a small fraction of the total virion mass.

In this paper, we report the use of UVRR spectroscopy to
probe DNA base and coat protein tyrosine environments in
the Pf1 assembly. UVRR spectra of Pf1 in H2O and D2O
solutions were obtained with excitation wavelengths of 257,
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244, 238, and 229 nm. Assignment of UVRR bands has been
facilitated by parallel examination of deoxynucleosides and
aromatic amino acids using identical laser-excitation wave-
lengths and sampling protocols (26). The results obtained
on Pf1 are also discussed in relation to those reported in a
recent UVRR investigation of the class I filamentous virus
fd (19). The present findings indicate that while UVRR
markers of tyrosine residues of the Pf1 coat protein are
virtually identical to those of the fd coat protein, the UVRR
markers of packaged Pf1 and packaged fd DNA molecules
are radically different. A quantitative analysis of the UVRR
signatures indicates completely different modes of genome
organization in the Pf1 and fd filaments.

EXPERIMENTAL PROCEDURES

(1) Materials.Growth medium (LB), standard reagents,
amino acids, and nucleosides were obtained from Sigma
Chemical Co. (St. Louis, MO) and Fisher Scientific (Pitts-
burgh, PA). The Pf1 virus was grown onPseudomonas
aeruginosastrain K in LB medium using stocks obtained
originally from Dr. Loren A. Day, Public Health Research
Institute, New York. General procedures for phage isolation,
purification, and pelleting for Raman spectroscopic analysis
have been described (13). The purified virus was pelleted
from 10 mM Tris buffer at pH 7.8 and resuspended in the
same buffer at 10 mg/mL.

For UVRR measurements, Pf1 solutions were diluted to
approximately 4 mg/mL in 10 mM Tris buffer (pH 7.8). D2O
solutions of Pf1 were prepared in an identical manner, except
that D2O replaced H2O in the pelleting and dilution buffers.
Sodium sulfate was added to virus solutions at a nominal
concentration of 100 mM for use of the 981 cm-1 band of
SO4

2- as an internal Raman intensity standard. In each
sample preparation the precise Na2SO4 concentration was
determined gravimetrically. Sodium and sulfate ion concen-
trations in the range 10-200 mM were found to have no
significant effect upon the relative intensities of Raman bands
of the viral DNA component.

(2) UVRR Spectroscopy.UVRR spectra were excited at
257, 244, 238, and 229 nm using a continuous-wave,
frequency-doubled argon laser (Innova 300 FReD, Coherent
Inc., Santa Clara, CA). Laser power at the sample was
maintained at approximately 5 mW for excitation at 257 nm
and approximately 1 mW for excitations at 244, 238, and
229 nm. Raman scattering at 90° from a custom-designed,
rotating (3000 rpm) quartz sample cell was analyzed with a
single grating (2400 g/mm) spectrograph (Spex 750M, ISA,
Edison, NJ) equipped with a prism predispersive element
(McPherson Instruments, Acton, MA) and liquid nitrogen-
cooled charge-coupled device detector (ISA, Edison, NJ).
The effective spectral resolution was 8 cm-1 or less. Further
details of the design and performance characteristics of the
UVRR instrument have been described (24).

Each UVRR spectrum shown in the figures is an average
of at least six separately collected spectral accumulations
(up to 1 h each, at 20°C). Raman frequencies were calibrated
to (1 cm-1 by using a standard liquid mixture of carbon
tetrachloride and acetonitrile. Corrections for the weak
UVRR scattering of liquid water, gently sloping background
and spurious cosmic rays were carried out as previously
described (24, 26). Data were processed with Grams software
(Galactic Industries, Salem, NH).

UVRR spectra of samples showed no significant time
dependence, indicating no appreciable photodecomposition
during data collection protocols. Sample integrity was
confirmed following UVRR data collections by conventional
UV absorption spectroscopy and plaque assays.

(3) Data Analysis: (a) Raman Scattering Cross Sections.
The scattering cross section (σn) of a Raman band at
frequencyνn may be obtained by comparison of its peak
height (In) with the peak height (Is) of an internal standard
Raman band at frequencyνs of known absolute Raman
scattering cross section (σs):

Cs and Cn are the molar concentrations of the internal
standard and target molecule (or residue), respectively, and
ν0 is the frequency of the laser exciting line, usually in
reciprocal centimeter units. Here, we employ as internal
standard the prominent UVRR band of sodium sulfate at 981
cm-1, which is assigned to the symmetrical stretching
vibration of the SO42- ion. Fodor et al. (27) have determined
the absolute Raman scattering cross section of the 981 cm-1

band of SO4
2- as a function of excitation wavelength in the

ultraviolet region. From their results, we findσs ) 0.42, 0.32,
0.24, and 0.16 millibarn at 229, 238, 244, and 257 nm,
respectively.

In applying eq 1 to a Raman band of a particular
nucleoside constituent of DNA, we replaceCn by Cb (≡XbCn,
whereXb is the base mole fraction in DNA).Cb is estimated
from the UV absorbance of the DNA at 260 nm. For the
packaged Pf1 genome, the molar concentration of a particular
base is obtained from

whereW is the weight concentration of the virion, which
can be determined from the UV absorption spectrum and
published extinction coefficients,f is the nominal weight
fraction of DNA in the virion, andMnuc is the average
nucleotide molecular weight.

In evaluating the Raman scattering cross section of a
tyrosine band of Pf1, we obtain the molar concentration of
tyrosine (CTyr) by making use of the known nucleotide/
subunit ratio (1.0) and the number of tyrosines per subunit
(2). Thus,CTyr:Cn ) 2:1.

(b) Raman Hypochromic Effects.It is well-known that
Raman scattering cross sections for certain ring vibrational
modes of purine and pyrimidine bases in double-helical
nucleic acids can be significantly smaller than those of
corresponding nucleosides, a phenomenon referred to as
Ramanhypochromism(28, 29). Raman hypochromic effects
have been attributed to stacking interactions of the nucleic
acid bases that depress electronic extinction coefficients and
hence diminish the corresponding Raman intensities upon
which they are dependent (29).

We define the fractional hypochromicity of a DNA Raman
band at frequencyn by the relation 1- γn

DNA, where the
hypochromic ratio,γn

DNA, is the quotient of intensities in
Raman spectra of the nucleic acid and constituent nucleo-
sides. The term hypochromism properly refers to cases where
γn

DNA < 1; conversely,hyperchromismimplies γn
DNA > 1.

In terms of the corresponding Raman scattering cross

σn ) σs(In/Is)(Cs/Cn)[(ν0 - νs)/(ν0 - νn)]
4 (1)

Cb ) XbCn ) XbW f /Mnuc (2)
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sections,γn
DNA is given by

whereσn
DNA andσn

nuc are Raman scattering cross sections
for the band in DNA and in a solution of the free nucleoside,
respectively.

By analogy with eq 3, we may similarly defineγn
prot for

a Raman band of a protein aromatic residue:

whereσn
prot andσn

aa are Raman scattering cross sections for
the residue in the protein and in a solution of the free amino
acid.

(c) Experimental Uncertainties.The Raman scattering
cross sections reported below are averages of multiple
independent experiments exhibiting deviations of(10% or
less. These deviations reflect uncertainties in band intensity
measurements, which are due mainly to spectral noise and
baseline determinations. Other potential sources of error, such
as spectrograph polarization effects and sample photode-
composition, are virtually eliminated by the experimental
design and data collection protocols, as previously described
(24, 26).

RESULTS AND DISCUSSION

(1) Assignment of Raman Bands in UVRR Spectra of Pf1.
Figure 1 shows the UV absorption profile of Pf1 in the
spectral interval 220-300 nm and the four laser wavelengths
employed for excitation of UVRR spectra of the virus. The
UVRR spectra (600-1800 cm-1) of Pf1 in H2O and D2O

solutions are shown in Figures 2 and 3, respectively. The
data of Figures 2 and 3 illustrate the strong dependence of
the Pf1 UVRR spectrum upon excitation wavelength. Thus,
the UVRR spectrum excited at 229 nm is due virtually
exclusively to coat protein tyrosines, Tyr 25 and Tyr 40.
Conversely, the UVRR spectrum excited at 257 nm is due
predominantly to bases of packaged Pf1 DNA and exhibits
only very small contributions from coat protein tyrosines.
The UVRR spectra excited at 238 and 244 nm contain
significant contributions from both the tyrosines and DNA
bases. These results are in accord with the known contribu-
tions of coat protein tyrosines and packaged DNA to the
UV absorption spectrum of the native virus (16).

Interestingly, despite the very low mass of DNA (6 wt
%) in the Pf1 virion, Raman markers of the nucleotide bases
are intense and numerous in spectra excited at 257 and 244
nm. On the other hand, the sugar-phosphate backbone of
Pf1 DNA, as well as the nonaromatic side chains and
polypeptide backbone of Pf1 coat protein, do not contribute
to any of the spectra of Figures 2 and 3. This is due to the
fact that UV extinction coefficients for these moieties, and
therefore their resonance Raman scattering cross sections,
are too low in comparison to those of the DNA bases and
coat protein tyrosines to be detected at the experimental
conditions employed.

FIGURE 1: Ultraviolet absorption spectrum of Pf1 virus in the
wavelength interval 220-300 nm. Arrows indicate the laser
wavelengths used to excite ultraviolet resonance Raman (UVRR)
spectra displayed in subsequent figures. Virus concentration is
approximately 1.5 mg/mL and the optical path is 2 mm.

γn
DNA ≡ In

DNA/In
nuc ) σn

DNA/σn
nuc (3)

γn
prot ≡ In

prot/In
aa) σn

prot/σn
aa (4)

FIGURE 2: From top to bottom: UVRR spectra of H2O solutions
of Pf1 virus, excited at 229, 238, 244, and 257 nm. Sample
concentrations in terms of moles of DNA nucleotides packaged
are 0.40, 0.44, 0.42, and 0.52 mM, respectively (1 mM base
concentration corresponds to 5.4 mg of virus/mL). The internal
standard used for intensity calculations is the 981 cm-1 band of
Na2SO4. The respective Na2SO4 concentrations are 250, 111, 62,
and 42 mM. UVRR spectra were obtained with laser powers of
∼1 mW at 229, 238, and 244 nm and∼5 mW at 257 nm.
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Table 1 summarizes Raman band assignments of Pf1 in
UVRR spectra excited at 257, 244, 238, and 229 nm. The
assignments of Table 1 are consistent with previously
reported off-resonance Raman spectra of Pf1 (12, 13)and
UVRR spectra obtained from constituent deoxynucleosides
and amino acids (21, 26, 27, 30-37). Deuteration shifts
observed in the 257-nm-excited UVRR spectrum of Pf1
(indicated in parentheses in the first column of Table 1) are
also in accord with the proposed assignments. A complete
tabulation of 257-, 244-, 238-, and 229-nm-excited UVRR
frequencies and Raman band cross sections for H2O solutions
of the nucleosides and amino acids has been given elsewhere
(26). (A comprehensive tabulation, including data from
corresponding D2O solutions, is available upon request from
the authors.)

(2) Structurally InformatiVe Raman Bands of the Packaged
Pf1 Genome. (a) The 1640 cm-1 Band: Pyrimidine Carbonyl
Hydrogen Bonding.A striking feature of the 257-nm
spectrum of Pf1 is the Raman band at 1640 cm-1 (Figure 2,
bottom trace). This band must originate from base residues
of packaged Pf1 DNA, because no other viral constituent is
expected to contribute a resonance-enhanced Raman marker
of comparable frequency or intensity (19, 26, 37). Further-
more, of the four DNA bases, adenine has no UVRR band
above 1603 cm-1, and guanine has none between 1603 and
1660 cm-1 (26). Accordingly, the only plausible assignment
is to thymine and/or cytosine residues, which normally
exhibit CdO stretching bands in the 1650-1655 cm-1

interval of the 257-nm spectrum (26). Thymine is clearly
the much greater contributor to this region of the UVRR

spectrum. Its CdO marker band, which originates mainly
from the C4dO group stretching vibration, has a 5-fold larger
UVRR cross section (normalized intensity) than the cytosine
C2dO marker band (26) and is therefore the logical
assignment. The 1640 cm-1 band of Pf1, however, is
surprisingly low in frequency compared with the thymidine
band observed in the free deoxynucleoside (1655 cm-1) or
in an aqueous deoxynucleoside mixture with the same base
composition as Pf1 DNA (1653 cm-1) (Figure 4, left panel).
The Pf1 band is also much lower in frequency than the
corresponding band (1650 cm-1) of unpackaged ssDNA or
dsDNA (19). Because this displaced Pf1 band is assignable
predominantly to thymine C4dO groups (with only a small
contribution possible from cytosine C2dO groups), we
conclude that pyrimidine carbonyl acceptors of packaged Pf1
DNA exist in a substantially different local environment than
occurs for either aqueous deoxynucleosides or protein-free
DNA. On the basis of studies of many model hydrogen-
bonding systems (38), the displacement of the C4dO band
to lower frequency by 10-13 cm-1 compared with other
DNA can be considered diagnostic of the formation of much
stronger hydrogen bonds.

A similar displacement to lower frequency is observed for
the CdO band of packaged Pf1 DNA in D2O. Thus, the
thymine CdO marker of deuterated Pf1 appears at 1650
cm-1, compared with 1658 cm-1 in the D2O solution mixture
of deoxynucleosides having the Pf1 DNA base composition
(Figure 4, right panel). Interestingly, all other Raman bands
of packaged Pf1 DNA exhibit frequencies that are within
experimental uncertainty ((2 cm-1) of those in the deoxy-
nucleoside mixture (Figure 4).

(b) The 1682 cm-1 Band: Guanine C6dO and N1H
EnVironments.Another useful structural marker of Pf1 DNA
occurs at 1682 cm-1 in the 244-nm spectrum (Figure 2).

FIGURE 3: From top to bottom: UVRR spectra of D2O solutions
of Pf1 virus, excited at 229, 238, 244, and 257 nm. Sample
concentrations in terms of moles of DNA nucleotides packaged
are 0.38, 0.48, 0.45, and 0.50 mM, respectively. Other conditions
are as given in Figure 2.

Table 1: Raman Assignments of Pf1 Virus in UVRR Spectra
Excited at 257, 244, 238, and 229 nma

257 nm 244 nm 238 nm 229 nm residueb type of modec

645 645 645 Tyr Y6b
682 G ring s

720 Tyr Y13
730 (-4) A ring s
785 C, T ring s
853 853 853 853 Tyr ring s

1030 G
1088 G
1178 (+1) 1178 1178 1178 Tyr Y9a
1200 1200 1200 1200 Tyr Y7a
1250 1250 T C2N3 s

1265 (-4) Tyr Y7a′
1335 (+8) 1335 1335 A N7C5, C8N7 s
1370 1370 A, T C1N9 s, C6N6 s
1416 (+7) 1416 A C4C9 s, C8H d
1484 (-2) 1484 1484 A, G C2H d, N9C8 s
1530 1530 1530 C, G N3C4 s
1575 1575 G, A C5C4, C4C3 s
1600 (-421) G, A C5C6 s, NH2 d

1616 1616 1616 Tyr Y8a
1640 (+10) 1640 T, C C4dO, C5dC6 s

1682 (-22) G C6dO, N1H d

a For the excitation wavelengths indicated at the top of columns 1-4,
the UVRR frequencies of H2O solutions are listed in reciprocal
centimeter units. Values in parentheses indicate deuteration shifts
observed for corresponding D2O solution spectra.b A, C, G, and T
indicate DNA bases; Tyr indicates tyrosine.c Vibrational assignments
and nomenclature are from model compound studies (21, 26-37).
Abbreviations: s, stretching; d, deformation.
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Deoxyguanosine residues are the only significant contributors
to this band (26). We find that the 1682 cm-1 marker is
deuteration-shifted to 1660 cm-1 (Figure 3), consistent with
its assignment to a vibrational mode involving mainly
guanine C6dO stretching and an additional contribution from
N1H in-plane bending (26, 39). The Raman frequency of
this guanine marker is known to be highly sensitive to base
associations (40). For example, in DNA structures containing
Watson-Crick pairs or Hoogsteen quartets, the band is
observed well above 1700 cm-1 (39). Conversely, when
guanine is not paired with cytosine and not involved in
quartet formation but is associated with other hydrogen-
bonding agents (including water molecules), the band is
observed as low as 1682 cm-1 (39, 40). Evidently, guanines
of the packaged Pf1 genome do not participate in interbase
associations but in other C6dO and N1H hydrogen-bonding
interactions.

(c) The 682 cm-1 Band: Deoxyguanosine Conformation.
An important although weak DNA marker is observed at
682 cm-1 in 257-nm UVRR spectra of Pf1 in both H2O and
D2O solutions (Figures 2 and 3). Amplification of this region
of the spectrum is shown in Figure 5. Insensitivity of the
682 cm-1 band to deuteration confirms its assignment to
deoxyguanosine residues of packaged DNA and identifies
the dG conformation as C2′-endo/anti (22, 26, 41). This
finding is consistent with the conclusion reached indepen-
dently from off-resonance Raman spectra of Pf1 (13).
Implications of C2′-endo/antidG in Pf1 DNA are discussed
below.

(d) Raman Hypochromic Effects and Base Stacking
Interactions.Ring vibrations of the DNA purines generate

strong Raman bands at 1335 (A), 1484 (A, G) and 1575 (G,
A) cm-1. The UVRR cross sections of these bands are
sensitive to base stacking interactions (19, 42). Table 2 lists
the UVRR cross sections for the 1335, 1484, and 1575 cm-1

bands in the 257-nm excited spectrum of packaged Pf1 DNA,
calculated from data of Figure 2 in accordance with eqs 1
and 2. By use of eq 3, these Pf1 data are compared with
corresponding cross sections for the aqueous deoxynucleoside
mixture (Figure 4) to yield the hypochromic ratios (γ) given
in Table 2. We find that for the packaged Pf1 DNA molecule,
the 1335 cm-1 band intensity is diminished by 42% (γ )
0.58), while intensities of the 1484 and 1575 cm-1 bands
are diminished, respectively, by only 14% and 18%. All of
these hypochromic effects are small in comparison to those
of packaged fd DNA, where the counterpart UVRR bands
suffer intensity losses of 75% or greater (Table 2). It is
interesting to note that the hypochromic effects observed here
for packaged Pf1 DNA are also small in comparison to those
(∼60%) of double-stranded (ds) DNA examined at the same
experimental conditions (19). The present results indicate
that purine base stacking in packaged Pf1 DNA is far less
extensive than occurs in either packaged fd DNA or in
Watson-Crick-paired dsDNA, consistent with previously
reported CD results (16).

(3) Structurally InformatiVe Raman Bands of the Coat
Protein Tyrosines.The spectrum of Pf1 excited at 229 nm
(Figure 2, top) contains Raman markers exclusively from
the coat protein tyrosines, Tyr 25 and Tyr 40 (19, 26). [DNA
bands with significant UVRR cross sections at 229 nm are
those of cytosine at 1530 cm-1 and guanine at 1484 cm-1

(26), and these are far too weak in comparison to Raman

FIGURE 4: Left panel: UVRR spectra (257 nm) of H2O solutions of Pf1 (top) and a deoxynucleoside mixture (19% dA, 20% dT, 33% dG,
and 28% dC) corresponding to the base composition of Pf1 DNA (bottom). Sample concentrations in terms of moles of DNA nucleotides
are 0.52 and 0.30 mM, respectively, and Na2SO4 concentrations are 42 and 50 mM, respectively. Right panel: UVRR spectra (257 nm) of
D2O solutions of Pf1 (top) and the deoxynucleoside mixture corresponding to the base composition of Pf1 DNA (bottom). Sample
concentrations in terms of moles of DNA nucleotides are 0.65 and 0.80 mM, respectively, and Na2SO4 concentrations are 50 and 100 mM,
respectively.
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bands of tyrosine to appear in the 229-nm spectrum of Figure
2.] UVRR markers of Pf1 tyrosines differ dramatically from
those of the free amino acid (26). Thus, the components of
the phenolic ring Fermi doublet (2Y16a+Y1), which occur
near 850 and 830 cm-1 for free tyrosine and for tyrosine
side chains in all globular proteins heretofore examined (43),
are supplanted in Pf1 by a singlet at 853 cm-1 (Figure 5).
Therefore, both Tyr 25 and Tyr 40 generate a tyrosine singlet
at 853 cm-1. A similar anomaly has been reported previously
for the two tyrosines (Tyr 21 and Tyr 24) of the native fd
virion subunit (19, 44). As in the case of fd, the 853 cm-1

singlet exhibited by each tyrosine of the Pf1 virion subunit
is attributed to an unusual hydrophobic environment for the
phenolic ring within the native virion assembly.

Raman cross sections for marker bands of the Pf1 tyrosines
(including the cross section for the 853 cm-1 singlet) are
nearly 2-fold greater than those of aqueousL-Tyr (26). The
tyrosine Raman markers of Pf1 thus exhibit Ramanhyper-
chromism with respect to the free amino acid. The relevant
data are compiled in Table 3. The enhanced Tyr 25 and Tyr
40 UVRR intensities are as expected for highly hydrophobic
aromatic ring environments (45, 46) and are consistent with
the phenolic environments proposed for the Pf1 assembly.

Comparison of UVRR spectra of Pf1 in H2O and D2O
solutions (Figures 2 and 3) shows that the tyrosine marker
appearing at 1265 cm-1 in H2O is shifted to 1261 cm-1 in
D2O. The 1265 cm-1 band is assigned to tyrosine normal
modeY7a′, which involves phenolic C-O stretching (34).
A smaller deuteration shift is expected and observed (+1
cm-1) for the tyrosine marker at 1178 cm-1, assigned to
normal modeY9aand involving COH bending (26, 34, 47).
The deuteration shifts ofY7a′ andY9aconfirm that phenolic
OH groups of Tyr 25 and Tyr 40 are exchanged by D2O
solvent, notwithstanding the hydrophobic ring environments.
The Pf1 tyrosine Raman markers and their deuteration shifts
are similar to those of fd (19, 44, 47), implying similar
environments in both assemblies.

Despite the many spectral similarities between tyrosines
of Pf1 and fd, a significant difference does occur in the
Raman marker corresponding to normal modeY7a, which
is observed at 1200( 1 cm-1 in Pf1 (Figure 2) and 1205(
1 cm-1 in fd (19, 44, 47). In model tyrosines,Y7aoccurs at
1209 cm-1 and is deuteration insensitive (19, 26, 35, 47).
Because the normal mode in question involves stretching of
the phenolic ring linkage to Câ (26, 34, 35), the observed
frequency differences among Pf1, fd, and model tyrosines
may be attributed to different ring orientations in the
respective structures. The orientations of Tyr 21 and Tyr 24
side chains in fd have been determined experimentally (48),
but those of Tyr 25 and Tyr 40 in Pf1 remain under
investigation by polarized Raman methods (unpublished
results of S. A. Overman, M. Tsuboi, Z. Q. Wen, and G. J.
Thomas, Jr.). Differences in tyrosine side-chain orientations
in the two filament assemblies would be consistent with
results of model-building studies based upon fiber X-ray
diffraction data (1, 4, 6, 18, 49).

(4) UVRR Signatures of Deuterium Exchange of the Pf1
Virion. It is of interest to examine the exchangeability of
amino and imino protons of the DNA bases of Pf1 when
the virus is dissolved in D2O. Figure 3 shows UVRR spectra
of D2O solutions of Pf1 excited at 257, 244, 238, and 229
nm, for comparison with the corresponding H2O solution
spectra of Pf1 shown in Figure 2. The observed deuteration
shifts, 1600f 1179 cm-1 (dG, dA), 1640f 1650 cm-1

(dT), 1484f 1481 cm-1 (dG), and 1335f 1343 cm-1 (dA),

FIGURE 5: UVRR spectra (257 nm) in the 600-900 cm-1 interval
of Pf1, demonstrating the well-characterized Raman marker of the
C2′-endo/antidG conformation at 682 cm-1 (41) and the tyrosine
singlet at 853 cm-1 (44) in both H2O (bottom) and D2O (top)
solutions.

Table 2: DNA Raman Hypochromic Ratios (γ) Determined from
UVRR Cross Sections in Pf1 and fd Viruses (σDNA) and
Deoxynucleoside Mixtures (σnuc)a

Pf1 virus fd virus

band (cm-1) σDNA σnuc γ σDNA σnuc γ

1335 222 381 0.58 83 395 0.21
1484 198 230 0.86 60 244 0.25
1575 80 97 0.82 17 70 0.24
1640/1646/1652b 200 120 1.70 32 110 0.29

a Cross sections for bands assigned to packaged DNA (σDNA) and
nucleoside bases (σnuc) are in millibarn units; hypochromic ratios are
defined by eq 3. All data pertain to UVRR spectra excited at 257 nm.
b This thymine marker is observed at 1640, 1646, or 1652 cm-1,
respectively, in packaged Pf1 DNA, packaged fd DNA, or the free
nucleoside.

Table 3: Tyrosine Hyperchromic Ratios (γ) Determined from
UVRR Cross Sections of Pf1 Coat Protein Tyrosines (σTyr25/Tyr40)
andL-Tyrosine (σL-tyrosine)a

band (cm-1) σTyr25/Tyr40 σL-tyrosine γ

853 104 61 1.7
1178 457 254 1.8
1200 180 106 1.7
1616 1115 587 1.9

a Cross sections are in millibarn units. Hyperchromic ratios are
defined by eq 4. All data pertain to UVRR spectra excited at 229 nm.
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confirm that base amino and imino sites are fully exchanged
in the time interval of the experiments (∼2 h). These results
are similar to those reported previously for deuterium
exchange of packaged fd DNA (19, 47) and indicate that
solvent molecules readily penetrate the protein coats of both
the Pf1 and fd filaments.

Figure 6 compares UVRR difference spectra of D2O and
H2O solutions of Pf1, at the two most informative excitation
wavelengths, 257 (panel A) and 229 nm (panel B). In both
cases, the observed virus difference spectrum is virtually
identical to that of the isolated viral constituent generating
the bands, clearly demonstrating complete deuteration of
bases of packaged ssDNA (Figure 6A) and tyrosines of the
coat protein (Figure 6B). The data also illustrate the
advantage of UVRR over off-resonance Raman spectroscopy
(47) in resolving specific Hf D exchanges of the genome
and subunit tyrosines from more complex amide exchange
phenomena of the coat assembly. Like fd (47), Pf1 exhibits
a complicated time-dependent amide Hf D exchange
profile, to be reported in detail elsewhere (A. Armstrong, S.
A. Overman, Z. Q. Wen, and G. J. Thomas, Jr., manuscript
in preparation).

CONCLUSIONS AND SUMMARY

UVRR spectra of the class II filamentous virus Pf1 have
been obtained at four excitation wavelengths: 257, 244, 238,
and 229 nm. The UVRR spectrum excited at 257 nm, which
is dominated by Raman markers of the packaged ssDNA
genome, is unique among reported UVRR fingerprints of
DNA, including that of the packaged ssDNA genome of the
class I filamentous virus fd. The data, which are consistent
with earlier off-resonance Raman studies of filamentous

viruses (12-14), are interpreted as evidence of fundamental
differences in the organization of ssDNA molecules in Pf1
and fd filaments.

Remarkable features of the UVRR spectra of Pf1 are the
absence of significant hypochromism for bands of packaged
ssDNA and substantial hyperchromism for bands of the coat
protein tyrosines. The observations imply minimal base
stacking and tyrosine intercalation in Pf1. This conclusion
is consistent with the large base rise (6 Å) proposed in model-
building studies (1, 2) and with results obtained in UV
absorption and CD studies (16).

UVRR and off-resonance Raman spectra of Pf1 and fd
demonstrate many structural similarities for their respective
coat protein tyrosines. Both types of spectra indicate strongly
hydrophobic ring environments, solvent-exchangeable OH
groups, and an anomalous Raman singlet at 853 cm-1 (Figure
5). However, a subtle difference is observed in a putative
Raman marker (1200-1210 cm-1 interval) of tyrosine side-
chain orientation.

The UVRR band of Pf1 at 1640 cm-1, which is assigned
to thymines of the packaged ssDNA genome (26, 37), is
unusually low in frequency compared with corresponding
thymine markers in the free deoxynucleoside (1655 cm-1),
free ssDNA (1650 cm-1), calf thymus dsDNA (1650 cm-1),
or fd virus (1646 cm-1). This indicates that the average local
environment for thymine C4dO groups in packaged Pf1
DNA differs considerably from those of thymines in pack-
aged fd DNA and of thymines hydrogen-bonded to either
adenine or to H2O molecules. The precise nature of the
unusual DNA thymine environment in Pf1 is not known.
However, correlations of vibrational spectral frequencies with
hydrogen-bonding strength (38) suggest that thymine C4dO

FIGURE 6: Left panel (A): UVRR spectra (257 nm) of Pf1 in D2O (top) and H2O (second from top) and their difference spectrum (second
from bottom). Also shown for comparison (bottom) is the D2O-minus-H2O difference spectrum of Pf1 DNA nucleotides. Right panel (B):
UVRR spectra (229 nm) of Pf1 in D2O (top) and H2O (second from top) and their difference spectrum (second from bottom). Also shown
for comparison (bottom) is the D2O-minus-H2O difference spectrum ofL-tyrosine. Data are at pH/pD 7.5( 0.3.
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groups in Pf1 are acceptors of unusually strong hydrogen
bonds. This could result from interactions between thymine
C4dO acceptors and coat protein donor groups (such as Arg
44 and Lys 45), which may be located at the DNA-protein
interface. It is interesting to note that the packaged Pf1 DNA
molecule also exhibits a guanine marker at 1682 cm-1,
distinguishing guanine environments of Pf1 DNA from those
of other DNA assemblies including duplex and quadruplex
structures. The 1682 cm-1 marker is consistent with C6dO
and N1H hydrogen-bonding interactions with coat subunits.

It is well established from fiber X-ray diffraction studies
(4-7) that symmetrically different subunit arrangements
occur in fd (class I) and Pf1 (class II) virions, despite the
rather similar helical secondary structures of their respective
coat subunits (12, 13). The present UVRR study of Pf1, as
well as previous spectroscopic studies of both fd and Pf1
(10-16, 50, 51), provide a consistent body of evidence that
DNA structures in natiVe Pf1 and fd filaments are distinc-
tiVely different. Salient differences between packaged fd
DNA and packaged Pf1 DNA structures revealed by the
Raman and UVRR spectra are summarized in Table 4.

The different DNA structures in Pf1 and fd imply different
modes of organization of the viral genomes with respect to
the coat protein, and therefore differences in protein-DNA
interactions. Although it is not clear at present why quali-
tatively different coat protein-ssDNA interaction mecha-
nisms should prevail in Pf1 and fd, the UVRR data do not
conflict with previously proposed models that attribute such
a distinction to the organization of the ssDNA loop itself
(1). On the other hand, models based upon nonspecific
(electrostatic) interactions as the sole basis for assembly of
both viruses (18) cannot account for the strikingly different
UVRR profiles of packaged Pf1 DNA and fd DNA.

With respect to the stability of packaged ssDNA in the
filamentous viruses, it is interesting to note that the type of
deoxynucleoside sugar pucker and glycosyl orientation found
in Pf1 is C2′-endo/anti. This type of deoxynucleoside
conformation is associated with the lowest energy state of
DNA, i.e., B-DNA. Conversely, the deoxynucleoside con-
formation found in fd is C3′-endo/anti, which occurs in the
less stable A form of DNA. Thus, Pf1 and fd are distin-
guished not only by different coat protein symmetries and
different protein-DNA interfaces but also by different
deoxynucleoside conformations of the ssDNA packaged
within. Evidently, the ssDNA deoxynucleoside conformation
stabilized within the protein coat of the filamentous virion
is not self-conferred but is related to the organization of the
protein coat. It seems reasonable to conclude that the DNA
residues and coat protein subunits interact specifically and
directly with one another. Interactions with other factors, such
as counterions and solvent, may also occur.

The present results indicate that the organization of ssDNA
in filamentous viruses is fundamentally different than that
of dsDNA in icosahedral viruses, such as T7 (52, 53) and
P22 (54). In both T7 and P22, the packaged dsDNA genome
exhibits the same B-form secondary structure that is found
in the unpackaged state, and no perturbation of deoxynucleo-
sides from the C2′-endo/anticonformation can be detected.
In addition, the dsDNA genome in either T7 or P22 does
not interact to a significant extent with capsid subunits,
although stabilizing interactions with packaged counterions
(Mg2+) are clearly evident (52, 54). In the icosahedral dsDNA
phages, extensive subunit-DNA interactions are apparently
not required to protect the genome from environmental
insults. Conversely, in the filamentous virus fd, the packaged
ssDNA genome is characterized by the C3′-endo/antideoxy-
nucleoside conformation, a significant perturbation from the
C2′-endo/anticonformation found in unpackaged fd DNA
(19). Moreover, an entirely different situation prevails in Pf1,
where hydrogen-bonding groups of the bases are dramatically
altered with respect to those of unpackaged DNA (Table 4).
We conclude that coat subunits of the filamentous viruses
protect the encapsidated ssDNA molecule in an assembly-
specific manner through subunit-DNA interaction.
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