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ABSTRACT: The filamentous bacteriophagefd is a member of theFf class ofInoVirus, which includes
phagesf1 andM13. Ultraviolet resonance Raman (UVRR) spectra offd have been obtained using excitation
wavelengths of 257, 244, 238, and 229 nm. Excitation at 257 nm selectively enhances Raman markers
of the packaged single-stranded (ss) DNA genome, while excitation at the shorter wavelengths favors the
detection of Raman signals from coat protein aromatics, particularly tryptophan (W26) and tyrosine residues
(Y21 and Y24) of the viral coat subunit (pVIII). The principal findings are the following: (1) Distinctive
markers of dA, dC, dG, and dT residues of the packaged genome are identified in UVRR spectra offd
excited at 257 and 244 nm, despite the low DNA mass composition (12%) of the virion. (2) Raman
bands of the bases of packaged ssDNA show extraordinary resonance Ramanhypochromism. Raman
intensity losses as large as 80% of the parent DNA nucleotide intensities are observed. This is interpreted
as evidence of extensive short-range interactions involving bases of the packaged genome. (3) Conversely,
Raman bands of tryptophan and tyrosine residues of the coat protein generally exhibit strong
hyperchromism. Typically, Raman markers of the aromatic amino acids are about 3-fold more intense in
the UVRR spectrum offd than in spectra of the free amino acids. The very high Raman cross sections
for residues Y21, Y24, and W26 are indicative of unusual hydrophobic environments in the viral assembly.
(4) UVRR band shifts that accompany the transfer offd from H2O to D2O solution indicate that bases of
the packaged ssDNA are readily exchanged by the solvent. Similarly, the indole N1H group of W26 is
accessible to solvent, as shown by N1Hf N1D exchange in D2O solution. (5) The UVRR markers of
the packagedfd genome confirm the conclusion reached previously from off-resonance Raman studies
thatfdDNA nucleosides favor the C3′-endo/anticonformation, rather than the C2′-endo/anticonformation
that is characteristic of the lowest energy structure of DNA. We conclude that nucleoside conformations
of the packagedfd genome are influenced by the specific organization of ssDNA and coat protein subunits
in the native virion assembly.

Bacteriophagefd is the prototype of the long and thinFf
filamentous viruses (InoVirus) which infect F+ strains of
Escherichia coli. Included in theFf class are the closely
related bacteriophagesf1 andM13. Each contains a single-
stranded (ss) DNA loop of∼6400 nucleotides within a
protein coat comprising∼2700 copies of a 50-residue subunit
(Day et al., 1988). The use ofFf virions as cloning vectors,
vehicles for antigen display, and models of nucleoprotein
assembly within a membrane bilayer has made the filamen-
tous architecture a frequent target of investigation by
spectroscopic and diffraction methods (Cross et al., 1983;
Aubrey & Thomas, 1991; Arnold et al., 1992; Clack & Gray,
1992; Glucksman et al., 1992; McDonnell et al., 1993;
Marvin et al., 1994; Overman et al., 1994; Overman &
Thomas, 1995; Symmons et al., 1995; Takeuchi et al., 1996;
Tsuboi et al., 1996). Structural models have been proposed
which incorporate the results of X-ray fiber diffraction
(Glucksman et al., 1992; Marvin et al., 1994), solid-state
NMR spectroscopy (McDonnell et al., 1993), and solution
and fiber Raman spectroscopy (Overman et al., 1996; Tsuboi
et al., 1996; Takeuchi et al., 1996). These studies have

focused primarily on theR-helical secondary structure and
relative orientation of the coat protein subunit (pVIII) within
the virion assembly. Less well understood is the conforma-
tion of the internally packaged ssDNA genome and its
structural relationship to the protein coat. Because the
packaged ssDNAmolecule constitutes only 12% of the virion
mass, investigation of its structure has presented a consider-
able challenge in both spectroscopic and diffraction analyses.

Ultraviolet resonance Raman (UVRR) spectroscopy has
the sensitivity required to probe the ssDNA component of
theFf assembly, and thus provides a valuable complement
to other structural methods. In the UVRR approach, the
laser-excitation frequency is tuned into resonance with the
target chromophore, and thereby an intense Raman spectrum
of the chromophore is selectively obtained. Reviews of
applications of UVRR spectroscopy to nucleic acids and
proteins have been given (Tsuboi et al., 1987; Thomas &
Tsuboi, 1993; Austin et al., 1993). Although the UVRR
method has been effective in investigating nucleic acids and
proteins separately, few applications to nucleoprotein as-
semblies, such as viruses, have been reported (Grygon et
al., 1988; Tuma et al., 1996). The feasibility of UVRR
spectroscopy for virus studies has recently been advanced
by improvements in laser sources and detectors (Asher et
al., 1993; Russell et al., 1995).
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In this work, we employ UVRR spectroscopy to probe
specifically both the packaged ssDNA genome and the coat
protein subunits of the filamentous virusfd. This has been
accomplished by use of four different UV-laser excitation
wavelengths,Viz.,257, 244, 238, and 229 nm. The 257-nm
probe is virtually specific for the DNA nucleotides, while
the 229-nm probe is essentially specific for tryptophan (W26)
and tyrosine (Y21 and Y24) residues of the coat subunits.
The UVRR spectra have been collected from both H2O and
D2O solutions offd, and all of the spectral intensities have
been normalized by use of appropriate internal standards.
Additionally, the UVRR spectra offd have been compared
quantitatively with UVRR data on viral constituents of
known Raman scattering cross sections. The results obtained
in this work are informative of the organization of the viral
genome within thefd particle and of the environments of
aromatic amino acid side chains of coat subunits. The
present findings permit proposals to be made on the nature
of interactions of ssDNA bases with one another and with
coat protein subunits within the virion assembly. The
accessibility of viral components to isotopic hydrogen
exchange has also been revealed by deuteration studies. The
present work represents the first application of the UVRR
method for the development of a comprehensive scheme of
Raman band assignments and quantitative analysis of the
Raman scattering cross sections of a packaged viral DNA
genome. The results provide a basis for future UVRR studies
of fd and other filamentous virus assemblies.

EXPERIMENTAL METHODS

1. Materials.Growth media, standard reagents, amino
acids, nucleosides, and deuterium oxide (99.8% D2O) were
obtained from Sigma Chemical (St. Louis, MO) and Fisher
Scientific (St. Louis, MO). Double-stranded (ds) DNA of
uniform size (160 base pairs), isolated from calf thymus, was
a gift from Prof. Victor A. Bloomfield, University of
Minnesota, St. Paul, MN. Thefd virus was grown in MS
media onEscherichia colistrain Hfr3300, using stocks
obtained from Dr. Loren A. Day, Public Health Research
Institute, New York, NY. Procedures for isolation, purifica-
tion, and concentration of phage for Raman spectroscopic
analysis have been described (Overman & Thomas, 1995).
The concentrations of unpackagedfdDNA and calf thymus
dsDNA were determined by UV absorption spectroscopy
using the extinction coefficients in Table 1.
The purified bacteriophage was pelleted from 10 mM Tris

buffer at pH 7.5. For UVRR spectroscopy, thefd sample

was diluted to approximately 2 mg of virus/mL in the same
buffer. Deuteratedfd samples were prepared in an identical
manner, except that D2O replaced H2O in the pelleting and
dilution buffers. Sodium sulfate (Na2SO4) was added at
precisely determined concentrations to virus solutions for use
of its Raman band at 981 cm-1 as an absolute Raman
intensity standard. Sodium ion concentration in the 100 mM
range was found to have no significant effect upon the
relative intensities of Raman bands of the viral DNA
component, in accord with off-resonance Raman results
(Thomas et al., 1983).
Protein-free single-stranded (ss) DNA was phenol-

extracted fromfd using standard protocols. Bothfd ssDNA
and calf thymus dsDNA were dissolved in the same buffer
employed for the virus solutions.
2. Instrumentation and Sample Handling for UVRR

Spectroscopy.UVRR spectra were excited at either 257,
244, 238, or 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 1 mW for excitations at 229, 238, and 244
nm and at approximately 5 mW for excitation at 257 nm.
Raman scattering at 90° from a custom-designed, rotating
(3000 rpm) quartz sample cell was analyzed using a single
grating (2400 g/mm) spectrograph (Spex 750M, Instrument
S. A., Edison, NJ) equipped with a prism predispersive
element (McPherson Instruments, Acton, MA) and liquid
nitrogen-cooled charge-coupled device detector (Instruments
S. A.). The effective spectral resolution was 5 cm-1 or less.
Further details of the design and performance characteristics
of the UVRR instrument have been described (Russell et
al., 1995).
Spectral data were collected at 20°C and accumulated

for up to 1 h. Raman frequencies were calibrated to(1
cm-1 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 (Russell
et al., 1995).
UVRR spectra of all biological samples (fd, ssDNA,

dsDNA) showed no significant time dependence, indicating
no appreciable photodecomposition from the data collection
protocols (Russell et al., 1995). The integrity of the samples
was confirmed following UVRR protocols by conventional
UV absorption spectroscopy.
3. Data Analysis. (a) Raman Scattering Cross Sections.

The scattering cross section (σn) of a Raman band of
frequencyνn may be obtained by comparison of its peak
height (In) with the peak height (Is) of an internal standard
of known absolute Raman scattering cross section (σs) at
frequencyνs by use of eq 1:

Cs and Cn are the molar concentrations of the internal
standard and target molecule or residue(s), respectively, and
ν0 is the frequency of the exciting line, which is usually
expressed in cm-1 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. (1989) have
determined the absolute Raman scattering cross section of
the 981 cm-1 band of SO42- as a function of excitation

Table 1: Base Compositions and UV Extinction Coefficients offd
andPf1 Viruses and of ssDNA and dsDNA

fd Pf1 ssDNAa dsDNAb

wt % DNA 12.1 6.3 100 100
base composition
% A 25 20 25 28
% T 34 19 34 28
% G 21 30 21 22
% C 20 31 20 22

av nucleotide mol wt 323 325 323 323
extinction atλmax 3.84c 2.12c 7200d 6300d

λmax (nm) 270 272.5 260 260
a ssDNA extracted fromfd virus. b dsDNA extracted from calf

thymus nucleohistones.cUnits of cm2/mg (Day et al., 1988; Kostrikis
et al., 1994).dUnits of M-1 cm-1.

σn ) σs(In/Is)(Cs/Cn)[(ν0 - νs)/(ν0 - νn)]
4 (1)
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wavelength in the ultraviolet region. From their results, we
find σs ) 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 byCb (≡XbCn,
whereXb is the base mole fraction).Cb is estimated from
the UV absorbance of DNA at 260 nm. For the packaged
genomes offd andPf1 virions, the molar concentration of a
particular base is obtained from eq 2:

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. Table 1 lists the appropriate
information to apply eqs 1 and 2 to the DNA-containing
samples investigated here.
In evaluating the Raman scattering cross section of a band

assigned to a tryptophan or tyrosine residue of thefd virion,
we make use of the known nucleotide:subunit ratio (2.3) and
numbers of tryptophan (1) and tyrosine residues (2) per
subunit (Day et al., 1988) in order to determine the molar
concentrations of tryptophan (CW) and tyrosine (CY); from
which CW:CY:Cn ) 1:2:2.3.
(b) Raman Hypochromic Effects.It has long been

recognized that the Raman scattering cross sections for
certain ring vibrational modes of purine and pyrimidine
residues in double-helical nucleic acids can be significantly
smaller than those in constituent nucleosides, a phenomenon
referred to as Ramanhypochromism(Small & Peticolas,
1971; Thomas et al., 1972; Pe´zolet et al., 1975; Peticolas et
al., 1987). Raman hypochromic effects have been attributed
to stacking interactions of nucleic acid bases that depress
electronic transition moments and hence the corresponding
Raman intensities upon which they are dependent (through
a fourth-power relationship) (Nishimura et al., 1978).
We define the hypochromicity of a DNA Raman band at

frequencyνn by the relation 1- γn, where the hypochromic
ratio, γn, is the quotient of intensities in Raman spectra of
the nucleic acid and constituent nucleoside(s). The term
hypochromism properly refers to cases whereγn < 1;
conversely, hyperchromism impliesγn > 1. In terms of the
corresponding Raman scattering cross sections,γn is given
by eq 3:

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 using eq 4:

whereσn
prot andσn

aaare 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 band intensity deviations
of (10% or less. Intensities were measured above a

horizontal base line tangent to the wings of the band,
following subtraction of the scattering background due to
the quartz cell and sample buffer. The limits of error are
due mainly to spectral noise and base line uncertainties.
Sample self-absorption effects were avoided by focusing the
UV laser beam at the inner front surface of the spinning
sample cell to minimize the effective optical paths of incident
and Raman-scattered photons. Other potential sources of
error, such as polarization effects and sample photodecom-
position, are virtually eliminated by the experimental design
and data collection protocols, as previously described (Rus-
sell et al., 1995).

RESULTS

1. UVRR Spectra of fd Virus Excited at 257, 244, 238,
and 229 nm.The UV absorption profile (220-300 nm) of
fd and the laser wavelengths employed for excitation of
UVRR spectra of the virus are indicated in Figure 1. The
corresponding UVRR spectra (600-1800 cm-1) of native
fd in H2O and D2O solutions are shown in Figures 2 and 3,
respectively. The data of Figures 2 and 3, which are of high
signal-to-noise quality, illustrate the strong dependence of
the UVRR spectrum of the virion upon excitation wave-
length. This reflects the fact that the shorter UV wavelengths
probe primarily the coat protein aromatics, tryptophan (W26)
and tyrosine (Y21 and Y24), while the longer wavelengths
probe primarily the base residues of the packaged ssDNA
genome. Interestingly, despite the relatively low percentage
(12%) of DNA contributing to the total virion mass, the
Raman markers of the bases are intense and numerous in
spectra excited at 257 nm (bottom traces of Figures 2 and
3).

Cb ) XbCn ) XbWf/Mnuc (2)

γn
DNA ≡ In

DNA/In
nuc) σn

DNA/σn
nuc (3)

γn
prot≡ In

prot/In
aa) σn

prot/σn
aa (4)

FIGURE 1: Ultraviolet absorption spectrum offd 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 0.60 mg/mL, and the optical path is 2 mm.
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Phenylalanines (F11, F42, and F45), nonaromatic side
chains and the polypeptide backbone of the coat protein
subunits offd, and also the phosphate and sugar residues of
the ssDNA backbone are not represented significantly in 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 of
tryptophan and tyrosine side chains to be detected at the
experimental conditions employed (Fodor et al., 1985, 1989;
Asher et al., 1986; Takeuchi et al., 1996; Wen & Thomas,
1997).
2. Assignments and Characteristics of the UVRR Bands

of fd. To facilitate the assignment of UVRR bands offd
(Figure 2) to specific bases of the packaged ssDNA and to
aromatic amino acid side chains of the coat protein, we have
carried out a comprehensive analysis of the UVRR spectra
of aqueous solutions of deoxyadenosine (dA), deoxycytidine
(dC), deoxyguanosine (dG), thymidine (dT), phenylalanine
(F), tryptophan (W), and tyrosine (Y), using excitation
wavelengths of 257, 244, 238, and 229 nm. The Raman
scattering cross section of each prominent band in the UVRR
spectrum of each viral constituent has been determined. The
results, which are reported in detail elsewhere (Wen &
Thomas, 1997), provide a reliable basis for assigning and
interpreting the UVRR frequencies and intensities of thefd
virion. The fd assignment scheme developed from the

comprehensive UVRR analysis of nucleosides and aromatic
amino acids is summarized in Table 2. These assignments
are supported by three additional lines of experimental
evidence: (i) UVRR band shifts resulting from deuteration
of the virion (Figure 3), (ii) UVRR spectra obtained from
protein-free ssDNA extracted from thefd virus (Figure 4),
and (iii) off-resonance Raman spectra of thefd virus and its
constituents published previously (Overman et al., 1994;
Overman & Thomas, 1995) and reproduced in part in Figure
5.
Table 2 shows, as expected, that the 257-nm UVRR

spectrum offd is dominated by bands assignable to bases of
the packaged genome. With one exception (Viz., the
composite 1616 cm-1 band of tyrosines and tryptophan), the
contributions from coat protein aromatics are feeble, resulting
in very weak bands at 757, 853, 876, 1010, 1178, 1205, 1239,
1560, and 1616 cm-1. Among the prominent DNA bands
in the 257-nm excited UVRR spectrum, the strongest are
associated with vibrational modes of adenine and guanine.
This is consistent with earlier UVRR work on the nucleotides
employing similar excitation wavelengths (Fodor et al., 1985;
Tsuboi et al., 1987). The purine modes have been assigned
to vibrations involving mainly in-plane stretching motions
of the five- and six-membered heterocyclic moieties.
The DNA bases can be differentiated in the UVRR spectra

of fd by their characteristic Raman band frequencies and
intensities (cross sections). For example, adenine exhibits
a very strong band at 1335 cm-1 when 257-nm excitation is
employed (Figure 2, bottom trace). Because no other DNA

FIGURE 2: From top to bottom: UVRR spectra of H2O solutions
of fd virus, excited at 229, 238, 244, and 257 nm. Sample
concentrations in terms of moles of DNA bases packaged are 0.18,
0.26, 0.49, and 0.54 mM, respectively (1 mM base concentration
corresponds to 2.74 mg of virus/mL). The internal standard used
for intensity calculations is the 981 cm-1 band of Na2SO4. The
respective Na2SO4 concentrations are 166, 91, 100, and 91 mM.
UVRR spectra were excited using laser powers of∼1 mW at 229,
238, and 244 nm and∼5 mW at 257 nm.

FIGURE 3: From top to bottom: UVRR spectra of D2O solutions
of fd virus, excited at 229, 238, 244, and 257 nm. Sample
concentrations in terms of moles of DNA bases packaged are 0.16,
0.32, 0.43, and 0.57 mM, respectively. The respective Na2SO4
concentrations are 222, 87, 103, and 46 mM. Other conditions are
as in Figure 2.
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base generates a 257-nm UVRR band near 1335 cm-1 (Wen
& Thomas, 1997), this marker is diagnostic of adenine.
Additionally, with 257-nm excitation, adenine generates a
moderately intense band at 1482 cm-1 that is overlapped by
a comparably intense band of guanine at 1485 cm-1.
However, when the excitation wavelength is shifted to 244
nm (Figure 2, second trace from bottom), the Raman cross
section of the guanine 1485 cm-1 marker becomes 2-fold
greater than that of the adenine 1482 cm-1 marker, such that
the guanine marker dominates in the 244-nm spectrum.
Moreover, these purine markers exhibit very different
deuteration shifts. Thus, while the adenine marker at 1482
cm-1 is invariant to a change from H2O to D2O solution,
the guanine marker at 1485 cm-1 (H2O) is deuteration-
sensitive, shifting to 1479 cm-1 in D2O solution (Wen &
Thomas, 1997). In comparison to the intense Raman markers
of dA and dG residues in UVRR spectra excited at 257 nm,
the pyrimidines exhibit marker bands of more modest
intensity. For example, the dC and dT residues of packaged
ssDNA are identified by their moderately intense bands near
1530 and 1650 cm-1, respectively, in thefd spectrum of
Figure 2 (bottom trace). The dC band at 1530 cm-1 has
been assigned to a pyrimidine ring vibration, whereas the
dT band near 1650 cm-1 is due largely to C4dO stretching.
Interestingly, the cross section of the dC marker increases
significantly in spectra excited at shorter wavelengths, while
that of dT remains fairly constant. [Detailed UVRR spectra
of the four DNA nucleosides excited at 257, 244, 238, and
229 nm and tabulations of the Raman scattering cross
sections will be published elsewhere (Wen & Thomas, 1997).
The data are also available as Supplementary Material, or
upon request from the authors.]
The UVRR bands of the coat protein aromatics (W26,

Y21, Y24) are represented most strongly in the spectrum

obtained with 229-nm excitation (Figure 2, top trace).
Because the UVRR scattering cross sections at 229 nm of
the nucleosides are very much smaller than those of
tryptophan or tyrosine (Wen & Thomas, 1997), no DNA
bands of appreciable intensity appear at this excitation
wavelength. The predominance of coat protein aromatic
markers over those of the packaged ssDNA bases is promoted
by two additional factors,Viz., the low mass of DNA in the
virion and the effects of ssDNA secondary structure. The
latter is further discussed below.
Many UVRR markers of W26, Y21, and Y24 in the

spectrum offd exhibit significant differences from corre-
sponding spectra of the free amino acids in aqueous solution
(Wen & Thomas, 1997). Notable among these are: (i) the
indole ring modeW3 occurring near 1550 cm-1 in free
tryptophan, but at 1560 cm-1 in fd; (ii) the indole ring mode
W17, occurring at 880 cm-1 in free tryptophan, but at 876
cm-1 in fd; (iii) the phenolic ring Fermi doublet{2Y16a+
Y1} occurring at 850 and 830 cm-1 in free tyrosine, but as
a singlet at 853 cm-1 in fd; (iv) the phenolic ring modeY7a
occurring at 1210 cm-1 in free tyrosine, but at 1205 cm-1 in
fd. These and other differences between Raman markers of
coat protein aromatics in the virion and of free amino acids
are discussed below. [Detailed UVRR spectra of the
aromatic amino acids excited at 257, 244, 238, and 229 nm
and tabulations of the Raman scattering cross sections will
be published elsewhere (Wen & Thomas, 1997). The data
are also available as Supplementary Material, or upon request
from the authors.]

DISCUSSION

1. Structural Interpretation of UVRR Markers of Pack-
aged fd DNA. (a) Raman Hypochromism.The stacking of
purine and pyrimidine bases in double-helical DNA sup-

Table 2: Frequencies and Assignments offd Virus in UVRR Spectra Excited at 257, 244, 238, and 229 nma

257 nm 244 nm 238 nm 229 nm residueb vibrational modec

719 Y CCH d
757 (-3) 757 (-3) 757 (-3) 757 (-3) W W18
785 T, C ring s
853 853 853 853 Y ring s
876 876 (-20) W W17, N1H d
1010 1010 1010 1010 W W16, CC s
1178 (+3) 1178 (+3) 1178 (+3) 1178 (+3) Y Y9a
1205 1205 1205 1205 Y Y7a
1239 1239 1239 1239 W W10
1243 T C2N3 s
1307 (-2) 1307 (-2) A C8H d, C8N7 s

1340 1340 W W7Fermi doublet
1335 (+7) 1335 (+7) A N7C5 s, C8N7 s

1360 (-2) 1360 (-2) W W7Fermi doublet
1372 1372 A, T, G C1N9 s, C6N6 s
1420 1420 A C4C9 s, C8H d

1485 (-4) 1486 (-5) G C8H d, N9C8 s
1483 (-3) A C2H d, N9C8 s
1507 A N7C8 s
1530 (-5) 1530 C, G N3C4 s
1560 1560 1560 W W3, C2C3 s
1575 (-3) 1575 (-3) G, A, W C5C4, C4N3 s,W2
1616 1616 1616 1616 W, Y W1, Y8a
1646 (+4) 1646 (+4) T, C C4)O, C5)C6 s

1767 W W16+ W18
a For the excitation wavelength indicated at the top of columns 1-4, the UVRR frequencies of H2O solutions are listed in cm-1 units. Values

in parentheses indicate deuteration shifts observed for corresponding D2O solutions.b A, C, G, and T indicate DNA bases; Y and W indicate
tyrosine and tryptophan.c Vibrational assignments and nomenclature are based upon model compound studies (Lord & Thomas, 1967; Tsuboi et
al., 1973, 1987; Fodor et al., 1985; Takeuchi & Harada, 1986; Takeuchi et al., 1988, 1989; Toyama et al., 1993; Overman & Thomas, 1995; Wen
& Thomas, 1997). Abbreviations: s, stretching; d, deformation; b, bending.
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presses the ultraviolet extinction coefficients of the bases
and reduces the intensity of UV light absorption. For a fully
base-stacked DNA structure, this intensity reduction (or UV
hypochromism) is typically of the order of 40% of the
absorbance at 260 nm. Because of the direct fourth-power
relationship between intensities of UVRR scattering and UV
absorption (Nishimura et al., 1978), the same factors which
cause UV hypochromism are expected to affect even more
significantly the UVRR spectral intensities. Accordingly,
UVRR spectroscopy provides a sensitive probe of base-
stacking interactions in DNA. Ultraviolet resonance Raman
hypochromic effects have been reported previously for calf
thymus DNA and related double-helical polydeoxynucle-
otides by Fodor and Spiro (1986).
To determine whether UVRR hypochromic effects are

associated with the bases of the packagedfd genome, we
compared the 257-nm excited UVRR spectrum of the virion
with spectra of the following DNA samples. (i) Calf thymus
double-stranded (ds) DNA: In this dsDNA, all bases are
paired and stacked. (ii) Protein-free ssDNA extracted from
fd: In this ssDNA, hairpin formation is expected to lead to
appreciable base pairing and stacking, but a substantial
proportion of the bases may be unpaired and/or unstacked.
(iii) A mixture of mononucleosides corresponding to the base
composition offdDNA: In this nucleoside mixture, neither
base pairing nor base stacking occurs to an appreciable
extent. The mixture serves as a reference for estimating the
magnitude of hypochromic effects in bases of ssDNA or
dsDNA. The results are shown in Figure 4. Each sample
of Figure 4 contains a known concentration of SO4

2- to
generate the sharp band at 981 cm-1 that is used as an internal
intensity standard. Several interesting conclusions can be
drawn from the results of Figure 4.
First, the prominent bands in thefd spectrum near 1243

(dT), 1307 (dA), 1335 (dA), 1372 (dA, dT, dG), 1420 (dA),
1483 (dA, dG), 1530 (dC, dG), and 1575 (dA, dG) cm-1

exhibit the same or nearly the same frequencies in isolated
ssDNA, dsDNA, and the mixture of mononucleosides.
Therefore, the frequencies of these base vibrations are not
highly sensitive to secondary structure. Conversely, thefd
band at 1646 cm-1 is significantly lower in frequency than
the corresponding band (1650-1652 cm-1) in all other
samples. Thus, the carbonyl groups of dT, which are the
major contributors to this band, evidently exist in an
environment in the nativefd virion that is different from the
environments of thymine carbonyl groups of either dsDNA,
ssDNA, or the aqueous nucleoside mixture.
Second, normalized UVRR intensities of the DNA bands

(Raman cross sections, eq 1) are dramatically lower infd
than in the nucleoside mixture. This can be seen in Table
3. Surprisingly, the Raman cross sections of packagedfd
DNA are even lower than those of calf thymus dsDNA. The
extraordinarily large suppression of UVRR intensity (hypo-
chromism, eq 2) for bases of the packagedfd genome is
considered evidence of very strong interactions of the bases.
Such interactions may involve the bases with one another
or with coat protein subunits.
Third, the coat protein aromatics do not contribute

appreciably to thefd spectrum, with the sole exception of a
contribution fromW26 at 1616 cm-1. In computing the cross
sections listed in Table 3, the very small contribution
expected from W26 in the vicinity of 1560 cm-1 has been
subtracted from the much greater purine contribution at 1575

cm-1. This was accomplished by curve fitting the overlapped
bands of the 1560-1650 cm-1 interval to Gauss-Lorentz
components at 1560, 1575, 1600, 1616, and 1650 cm-1, and
subtracting the peak height at 1560 cm-1 from that at 1575
cm-1. We have also included in Table 3 the Raman cross
sections (eq 1) and hypochromic effects (eq 2) determined
from the 257-nm excited UVRR spectrum of thePf1
filamentous virus (Z. Q. Wen, S. A. Overman, and G. J.
Thomas, Jr., manuscript in preparation). Interestingly, in
contrast tofd, the packaged ssDNA ofPf1 does not exhibit
large hypochromic effects. Further discussion of the remark-
able differences betweenfd andPf1with respect to UVRR
hypochromicity of DNA markers is given below.

Table 3 shows that UVRR hypochromic effects for the
DNA bases generally increase in the order:Pf1 virion <
ssDNA (unpackaged)< dsDNA< fd virion. The reference
state (no hypochromism) is the mixture of mononucleosides.
Surprisingly, the largest UVRR hypochromic effectss
amounting to losses as large as 80% of the expected Raman
band intensitiessoccur for the ssDNA packaged within the
fd virion. Because all of the affected bands are associated
with in-plane ring stretching modes of the bases (Lord &
Thomas, 1967), the large UVRR hypochromic effects can
be attributed to interactions which greatly perturb the
π-electron densities in the heterocycles. By analogy with
the case of double-helical DNA (Fodor & Spiro, 1986), we
attribute the perturbations to either base stacking or interac-
tions of the bases with coat protein subgroups. This

FIGURE 4: From top to bottom: UVRR spectra of a deoxynucleo-
side mixture (25% dA, 34% dT, 21% dG, 20% dC) corresponding
to the base composition offd DNA, unpackagedfd DNA, native
fd virus, and dsDNA isolated from calf thymus (56% AT, 44%
GC). Sample concentrations in terms of moles of DNA bases are
0.30, 0.74, 0.54, and 0.72 mM, respectively. The respective Na2SO4
concentrations are 200, 186, 91, and 100 mM. All UVRR spectra
were excited at 257 nm.
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conclusion, which is reached solely from the UVRR results,
is consistent with the similar conclusion drawn previously
from UV absorption spectra offd (Day, 1969). Fiber X-ray
diffraction data also suggest that bases of the packagedfd
genome are stacked (Banner et al., 1981), although diffraction
from the DNA is very weak. Based upon the overall virion
length and the number of bases in the circular ssDNA
genome, Day and co-workers estimate an axial nucleotide
separation of about 2.7 Å (Day, 1969; Day et al., 1988),
similar to that of canonicalADNA (2.6 Å) but considerably
less than that of canonicalB DNA (3.4 Å) (Saenger, 1984).
A small axial separation between bases of packagedfdDNA
would favor appreciable stacking and is consistent with the
large hypochromic effects observed in UVRR spectra.
Large UVRR hypochromic effects, whether due to exten-

sive base stacking, to base-subunit interactions, or to a
combination of both, might also explain the apparent absence
of DNA Raman bands from previously reported UVRR
spectra offd. Grygon et al. (1988) noted that their attempts
to excite UVRR spectra offd at 266 and 240 nm were not
successful in revealing any Raman markers of the packaged
DNA.
(b) Anomalous Thymidine Marker at 1646 cm-1. The

UVRR band offd at 1646 cm-1, which is due to the packaged
ssDNA molecule (Table 2) and which is assigned to a
thymidine vibration involving the C4dO carbonyl group and
the conjugated C5dC6 group (Tsuboi et al., 1997), occurs
at a significantly lower frequency than its counterpart either
in dsDNA (1650 cm-1) or in aqueous solutions of thymidine
mononucleosides (1655-1657 cm-1) (Tsuboi et al., 1997;
Wen & Thomas, 1997). This suggests an unusual hydrogen
bonding state for the thymine C4dO groups in packagedfd
DNA. One explanation for the lowering of the carbonyl
stretching frequency to 1646 cm-1 in packagedfd DNA is
that thymine C4dO groups within the virion are acceptors
of strongerhydrogen bonds than occur either in conventional
TA base pairs of dsDNA or in the solvent-exposed thymine
base of aqueous thymidine.
2. Comparison with Other DNA Assemblies.Although

the nature of DNA base interactions infd cannot be deduced
unambiguously from the UVRR data, it is instructive to
compare thefd results with those obtained from other virions.
Table 3 shows, for example, that the UVRR hypochromicities
of packagedfd DNA (at 1335, 1483, and 1575 cm-1, in
particular) are much greater than those of packagedPf1
DNA, even though both filamentous virions comprise a
single-stranded DNA loop encapsidated within a cylinder of
small helical protein subunits. Therefore, the large UVRR

hypochromic effects infd cannot be attributed simply to
enclosure of the DNA loop within a protein sheath.The
UVRR hypochromicities obViously reflect interactions of the
bases that are specific to thefd architecture.
Because the DNA bands ofPf1 virus exhibit relatively

little Raman hypochromism by comparison withfd, it is
reasonable to conclude that thePf1DNA bases are neither
as extensively stacked nor as intimately associated with coat
protein subunits in a manner that would diminish the Raman
cross sections. This conclusion is in accord with interpreta-
tions of both UV absorption and CD spectra ofPf1 (Kostrikis
et al., 1994). It has also been noted that the length of the
Pf1 virion implies that the axial base separation could be as
large as 6 Å, which certainly would disfavor base stacking
interactions (Day et al., 1988). The present UVRR results
provide direct evidence that the nativefd andPf1 virions
incorporate fundamentally different DNA structures. Strong
base stacking interactions are consistent with the Raman
signature offd, but not with that ofPf1. Table 3 includes
UVRR hypochromicities measured for a typical dsDNA
having theB form secondary structure. Comparison of the
data onfd DNA and B form dsDNA shows that UVRR
hypochromicities of the former, particularly for bands of the
purines at 1483 and 1575 cm-1, are much greater than can
be accounted for by base stacking arrangements analogous
to those of a Watson-Crick secondary structure. Thus, we
conclude further that putative stacking and/or hydrogen
bonding interactions of the bases of the packagedfd genome
differ dramatically from those ofB form DNA.
In a detailed Raman study of theSalmonellabacteriophage

P22,which packages a dsDNA genome, Aubrey et al. (1992)
have demonstrated that condensation (packaging) of the
dsDNA results in no appreciable Raman hypochromic effects
beyond those observed for the uncondensed (unpackaged)
genome. Therefore, the large UVRR hypochromic effects
in fd cannot be attributed to condensation associated with
DNA packaging. As noted above, the UVRR hypochro-
micities probably reflect interactions of the bases that are
specific to thefd architecture.
3. Comparison with Other Structural Studies of fd.

Glucksman et al. (1992) investigated the nativefd (M13)
virion, as well as chemically modified derivatives, by fiber
X-ray diffraction and were not able to duplicate reflections
of the type ascribed earlier by Banner et al. (1981) to the
packaged ssDNA. These authors concluded, therefore, that
the fiber X-ray diffraction data provide no direct information
about the structure of the packaged DNA. Nevertheless,
on the basis of their X-ray model for the coat protein,

Table 3: UVRR Cross Sections (σ) and Hypochromic Ratios (γ) for Bands of the Purine and Pyrimidine Bases offd Virus, Pf1 Virus, ssDNA,
and dsDNAa

fd virus Pf1virus fd ssDNA dsDNA

band (cm-1) σDNA σnuc γ σDNA σnuc γ σDNA σnuc γ σDNA σnuc γ

1335 83 395 0.21 222 381 0.58 138 395 0.35 97 363 0.27
1483 60 244 0.25 198 230 0.86 124 244 0.51 84 220 0.38
1575 17 70 0.24 80 97 0.82 38 70 0.54 33 74 0.44
1640 200 1.70
1646 32 0.29
1650 39 0.36 26 0.23
1652 110 120 110 110

aCross sections for bands assigned to packaged or unpackaged DNA (σDNA) and to nucleosides (σnuc) are in millibarn units; hypochromic ratios
are defined by eq 3. All data pertain to UVRR spectra excited at 257 nm. ssDNA and dsDNA are extracted fromfd virus and calf thymus
nucleohistones, respectively.
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Glucksman et al. (1992) proposed that DNA of theB form
cannot be packaged within the hollow core of the virion.
Our results provide direct evidence in support of such a
proposal. Glucksman et al. (1992) proposed further that “the
specific structural form of the packaged viral DNA is
unimportant for viral structure and assembly”. The present
UVRR results, particularly the extraordinarily large UVRR
hypochromic effects, suggest otherwise.
Two other lines of evidence support the notion of a

preferred conformation for packagedfdDNA. First, the off-
resonance Raman spectra offd exhibit a definitive DNA
marker near 665 cm-1 (Thomas et al., 1988; Aubrey &
Thomas, 1991; Overman, 1996) that is diagnostic of C3′-
endo/anti conformers of deoxyguanosine (Thomas & Wang,
1988) in the packaged ssDNA molecule. The intensity of
this Raman marker indicates that the C3′-endo/anti confor-
mation prevails for most, if not all, dG residues. Further-
more, no marker other than C3′-endo/anti dG (Thomas &
Wang, 1988) is evident in thefd spectrum. Since dG is
distributed throughout the genome, it is most likely that the
C3′-endo/anti dG conformers are also widely distributed.
Similar C3′-endo/anti conformers are expected for the other
nucleosides. This is supported by the UVRR band near 1240
cm-1 (Figure 2), which is consistent with C3′-endo/anti
thymidine conformers (Thomas & Wang, 1988). Second,
UV linear dichroism (LD) studies offd provide independent
evidence of preferred base-plane orientations with respect
to the virion axis (Clack & Gray, 1992). In fact, the UVLD
studies of Clack and Gray (1992) and independent Raman
linear intensity difference (RLID) studies of Takeuchi et al.
(1996) are both consistent with base planes inclined at angles
in the range 50-65°.
Solid-state31P-NMR spectra of orientedfd fibers have been

interpreted as indicative of nonpreferential orientation of the
phosphate groups in the packaged ssDNA (Cross et al.,
1983). Unoriented phosphates on the NMR time scale are
not inconsistent with ordering of the base residues or with
conformational regularity in the sugar moieties as indicated
by the Raman, UVRR, RLID, and UVLD measurements.
4. Structural Interpretation of UVRR Markers of fd Coat

Protein. (a) Tryptophan-26.UVRR spectra excited at 229
and 238 nm provide structural information regarding the
unique tryptophan residue (W26) of the coat protein subunit.
Most informative are the bands near 1540-1560 cm-1

(normal modeW3), near 1340 and 1360 cm-1 (a Fermi
doublet involving normal modeW7 and an unspecified
overtone or combination bandW7′), and near 875-880 cm-1

(normal modeW17) (Harada et al., 1986; Miura et al., 1988,
1989). Table 4 compares the UVRR cross sections of these
and other tryptophan bands offd with their counterparts in
UVRR spectra of the free amino acid. The tryptophan
markers exhibit much larger UVRR cross sections in the
virus, i.e., largehyperchromicities relative to the free amino
acid (eq 4, above). We also compared the UVRR cross
sections of residue W26 offd with the corresponding cross
sections for a solvent-exposed tryptophan side chain in a
well-characterized protein structure,Viz., the extracellular
domain of the tumor necrosis factor receptor (RTNFR)
(Tuma et al., 1995). In thisRTNFR structure, the UVRR
fingerprint is characterized by cross sections for tryptophan
markers that are generally less than half as large as those of
W26 (Wen & Thomas, 1997). High UVRR cross sections
for tryptophan have been correlated by Efremov et al. (1992)

as diagnostic of a hydrophobic indole ring environment. We
conclude, therefore, that residue W26 in subunits of thefd
assembly exists in a highly hydrophobic environment. The
same conclusion has been reached previously from off-
resonance Raman spectra offd (Aubrey & Thomas, 1991;
Overman & Thomas, 1995). In addition, we note that the
position of theW3 marker in the UVRR spectrum (1560
cm-1) is identical to that observed in the off-resonance
Raman spectrum and confirms an unusually large value
(120°) for the magnitude of the side-chain torsion angleø2,1
(C2-C3-Câ-CR).
The tryptophan Raman markers are fully consistent with

other spectroscopic results. For example, solid-state NMR
spectra reveal that W26 infd is immobile on the millisecond
time scale (Cross et al., 1983). Fluorescence quenching data
show a very high quantum yield for W26, a characteristic
typical of tryptophan packed in a hydrophobic environment
(Day et al., 1988). Interestingly, the observed UVRR
hyperchromism (Table 4) is also quantitatively consistent
with the UV absorption hyperchromism (≈30%) previously
reported by Day (1969), i.e., 2.9≈ (1.3)4.
The UVRR spectra offd in D2O solution, obtained by 229

and 238 nm excitations (Figure 3), confirm all of the
conclusions reached from H2O solution spectra and show in
addition that the indole N1H group is not protected against
deuterium exchange. The latter is evidenced by the 19 cm-1

shift to lower frequency (876f 857 cm-1) of the band
assigned to normal modeW17. Thus, despite the hydro-
phobic environment of the indole moiety, its N1 proton is
readily exchanged by D2O solvent.
(b) Tyrosine-21 and Tyrosine-24.Table 4 shows that

UVRR cross sections for marker bands of tyrosine, like those
of tryptophan, are several times greater than their counterparts
in the free amino acid. By analogy with tryptophan, these
results are interpreted as indicative of hydrophobic ring
environments for Y21 and Y24. This conclusion is consis-
tent with the findings from off-resonance Raman spectra of
fd (Overman et al., 1994; Overman & Thomas, 1995). Also
in accord with the off-resonance Raman signature offd is
the absence of a canonical Fermi doublet (850/830 cm-1

doublet; Siamwiza et al., 1975) for tyrosines Y21 and Y24.
The UVRR spectra offd, particularly those excited at 238
and 244 nm (Figures 2 and 3), exhibit the anomalous tyrosine
singlet (853 cm-1) reported previously (Overman et al.,
1994).
UVRR spectra offd in D2O show a clearcut deuteration

shift of the 1178 cm-1 tyrosine marker to 1181 cm-1

(Takeuchi et al., 1989), indicating that both phenoxyl protons

Table 4: UVRR Cross Sections (σ) and Hyperchromic Ratios (γ)
for Bands of thefd Coat Protein Tryptophan and Tyrosine Residuesa

band (cm-1) σfd(coat) σW σY γ

757 2380 847 - 2.8
853 130 - 45 2.9
1010 2250 570 - 3.9
1178 310 - 168 1.8
1552/1560b 2510 763 - 3.3

aCross sections for bands assigned tofd coat protein residues W26
or Y21+Y24 (σfd(coat)) and to free amino acids (σW, σY) are in millibarn
units; hyperchromic ratios are defined by eq 4. All data pertain to
UVRR spectra excited at 229 nm.b This indole ring marker (normal
modeW3) occurs at 1560 cm-1 in fd coat protein and at 1552 cm-1 in
the free amino acid (Miura et al., 1989; Aubrey & Thomas, 1991).
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are readily exchanged by solvent. Solvent accessibility of
the exocyclic phenoxyls, notwithstanding the proposed
hydrophobic environments for the aromatic rings, is analo-
gous to the situation noted above for residue W26.
5. Hydrogen Isotope Exchange of Packaged ssDNA.It

is of interest to determine whether the base amino and imino
protons of packaged ssDNA can be exchanged by simply
exposing the virion to D2O solvent. [The peptide NH sites
of viral coat subunits, unlike the NH and OH sites of
tryptophan and tyrosine side chains, cannot all be exchanged
at native conditions (Overman, 1996).] In principle, the
question of DNA base exchanges may be addressed using a
recently developed off-resonance Raman dynamic probe (Li
et al., 1993; Tuma & Thomas, 1996). In practice, however,
interference from the much stronger Raman bands of coat
protein subunits precludes conclusive results from the off-
resonance Raman spectrum (Overman, 1996). The data of
Figure 3 show that this question can be addressed by UVRR
and that the exchangeable base sites of packagedfd DNA
are readily deuterated upon exposure of the native virion to
D2O solvent. Although no time resolution of the base
exchanges has been attempted, the bases are completely
exchanged in the minimum time required to prepare the
sample in D2O and collect the data (several hours). Con-
versely, some of the peptide NH groups of the coat protein
are known to resist NHf ND exchange for months at native
conditions (Williams et al., 1984; Overman, 1996).
Representative UVRR frequency shifts diagnostic of base

amino/imino exchanges are the following: 1335f 1342
cm-1 (dA), 1483f 1480 cm-1 (dG), 1527f 1505 cm-1

(dC), and 1646f 1650 cm-1 (dT) (Wen & Thomas, 1997).
Of these, all but the dC marker are clearly evident in Figures
2 and 3.

SUMMARY AND CONCLUSIONS

Ultraviolet resonance Raman spectra of the filamentous
bacterial virusfd have been obtained at four excitation
wavelengths, 257, 244, 238, and 229 nm. The spectrum
excited at 257 nm, which is dominated by Raman markers
of the packaged single-stranded DNA genome, provides a
unique analytical fingerprint of the DNA bases and is
informative of their structural context within the virion. The
UVRR spectra excited at shorter wavelengths are dominated
by tryptophan-26 (229 nm), or tyrosine-21 and tyrosine-24
(238 nm), or both the tyrosines and the DNA bases (244
nm). All of the UVRR band intensities have been interpreted
on a quantitative basis by use of an internal intensity standard
(SO42-, 981 cm-1 band) of known Raman cross section. The
present results provide a valuable complement to previously
reported off-resonance Raman probes ofFf viruses (Thomas
et al., 1983; 1988; Aubrey & Thomas, 1991; Overman &
Thomas, 1995). Collectively, the UVRR spectra furnish new
insights into the environments and interactions of the ssDNA
bases and also confirm structural conclusions reached previ-
ously regarding both the DNA bases and coat protein
aromatics.
The novel conclusions reached from this work center on

the structure of the packaged viral genome. First and
foremost, the UVRR markers of thefd genome are distin-
guished from those of all other DNA molecules examined,
whether single- or double-stranded, by spectacular hypo-
chromic effects. For key Raman markers of packagedfd

DNA, as much as 80% of the expected UV resonance Raman
band intensity is suppressed in the virion assembly. This
phenomenon is believed due to specific and strong short-
range interactions involving the DNA bases. We attribute
the hypochromicities principally to base-base interactions;
however, interactions of the bases with coat protein sub-
groups may also be a contributing factor. At present, no
model systems are available to assess quantitatively the
effects of DNA base-aromatic amino acid interactions on
UVRR cross sections. Because Raman markers of all bases
(A, T, G, C) are affected, the UVRR hypochromism is
presumed to reflect base interactions distributed throughout
the viral filament.
A second remarkable feature of the Raman signature of

the packagedfd genome is a thymidine carbonyl (C4dO
group) marker band displaced to unusually low frequency
when compared with the solvated thymidine nucleoside and
thymidines in other DNA structures. We have attributed this
shift to unusually strong hydrogen bonding interactions of
thymine C4dO acceptors in the virion. The putative
hydrogen bonding donor is not known. However, because
the thymine C4dO marker band of packagedfd DNA is
significantly lower in frequency than its counterpart in
dsDNA, it is reasonable to assume that the low frequency is
not due simply to hydrogen bonding with adenines. The
thymine marker of packagedfdDNAmay reflect interactions
with the protein coat.
A third noteworthy characteristic of the packagedfd

genome is the occurrence of its conformation-sensitive dG
Raman marker at 668( 2 cm-1 in the off-resonance Raman
spectrum (Thomas et al., 1988), a frequency that is diagnostic
of the nucleoside C3′-endo/anticonformation (Benevides &
Thomas, 1983; Thomas & Wang, 1988). Such dG conform-
ers are not normally stable in aqueous DNA, but do occur
in the low-humidity structure (A form) of dsDNA fibers.
Unfortunately, the UVRR cross section of the 668 cm-1

marker is very small in comparison to UVRR cross sections
of the 1000-1800 cm-1 region (Wen & Thomas, 1997), thus
precluding its detection in the spectra of Figures 2 and 3.
(Hypochromism may also contribute to the difficulty in
detecting a UVRR band near 668 cm-1 in fd.) Interestingly,
the fd DNA molecule, when extracted from the virion,
exhibits its off-resonance dGmarker at 682 cm-1, as expected
for DNA containing C2′-endo/antidG conformers (Thomas
et al., 1988; Thomas & Wang, 1988). This is normally the
lowest energy structure of DNA in solution. The 682 cm-1

marker is also evident in the UVRR spectra of dsDNA and
extracted ssDNA (Figure 4).
We have confirmed the important differences between

packaged and unpackagedfd DNA in the 600-750 cm-1

interval of the off-resonance Raman spectrum (514.5 nm
excitation), as shown in Figure 5. Also included in Figure
5 is the Raman profile of dsDNA fromP22 virus, as well
as data collected from corresponding D2O solutions. The
latter are important to illustrate the clearcut deuteration shift
of the nearby dT marker in each DNA sample (Thomas &
Benevides, 1985; Tsuboi et al., 1997), thus distinguishing it
from the dG marker that is deuteration-insensitive (Benevides
& Thomas, 1983; Miura & Thomas, 1995). Accordingly,
in theB form duplex as well as in the protein-free ssDNA
molecule extracted fromfd, the C2′-endo/antidG conforma-
tion prevails. Conversely, in the packaged ssDNA molecule,
the C3′-endo/antidG conformation is stabilized. Therefore,
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the organization of ssDNA within thefd virion and the
interactions of its nucleotide residues impose an unusual
furanose pucker for dG residues. Because dG is distributed
throughout the genome, the unusual C3′-endo/anticonforma-
tion is also widely distributed. We propose that C3′-endo/
anti conformers also prevail for other nucleosides of
packagedfd DNA. This proposal is consistent with the
observed UVRR markers of dA, dC, and dT.
Finally, with respect to the amino and imino protons of

the DNA bases, we find no protection against hydrogen-
isotope exchange conferred by the viral protein coat. This
conclusion is limited by the low time-resolution (several
hours) of the present measurements. Nevertheless, we can
conclude that solvent molecules penetrate the protein coat
of fd, and that exchange of guanine exocyclic groups in the
packaged ssDNA is not precluded by highly structured
networks of hydrogen bonds (Miura & Thomas, 1995).
While the UVRR intensities of packagedfd DNA are

dramatically suppressed (hypochromism), we find that those
of the coat protein aromatics, Y21, Y24, and W26, are
correspondingly enhanced (hyperchromism) (Table 4). On

the basis of model protein studies (Efremov et al., 1992),
hyperchromism of UVRR bands of tryptophan is indicative
of a hydrophobic indole ring environment. Hydrophobic
environments for the indole moiety of W26, as well as for
thep-phenyl moieties of Y21 and Y24, are consistent with
off-resonance Raman markers of these residues (Aubrey &
Thomas, 1991; Overman et al., 1994; Overman & Thomas,
1995) and with models proposed previously for packing of
coat subunits in thefd assembly (Marvin et al., 1994;
Overman et al., 1996). The present conclusions are also
consistent with the findings reported previously for phenyl-
alanyl side chains (F11, F42, and F45) of thefd subunit
(Grygon et al., 1988; Overman et al., 1994). Nevertheless,
despite the hydrophobic sequestration of pVIII aromatics in
fd, we find that their polar substituents are not protected from
hydrogen-isotope exchange. Thus, the indole N1H and
phenoxyl OH protons of coat subunits are readily exchanged
by deuterium in D2O solutions offd. This likely places the
exocyclic protons either at the interface with the packaged
ssDNA molecule or at the solvent-exposed surface of the
virion.

In connection with the present study offd (a class I
filamentous virion), we have also obtained the UVRR
fingerprint of the class II virionPf1. The distinction between
class I and class II architecture, which is based upon the
respective fiber X-ray diffraction patterns, relates to the
proposed symmetry of packing of theR-helical coat protein
subunits (Makowski, 1984; Day et al., 1988). Surprisingly,
although thePf1 virion contains only about 6% by weight
DNA (roughly half that offd), the UVRR markers of its
packaged ssDNA molecule are far more intense than those
of fd (Table 3). The coat subunit ofPf1 is distinguished
from that offd by the absence of tryptophan, thus providing
an opportunity for greater spectral access of UVRR markers
of DNA and tyrosine using 238 and 229 nm excitations,
respectively. A detailed analysis of the UVRR spectrum of
Pf1will be reported in a forthcoming paper (Z. Q. Wen, S.
A. Overman, and G. J. Thomas, Jr., manuscript in prepara-
tion). It will also be of interest to compare the present results
on fd with UVRR spectra of other filamentous viruses,
particularly thePf3virion, a class II particle which contains
a single tryptophan residue per coat subunit. Biophysical
investigations of DNA structures and interactions in fila-
mentous viruses have traditionally been plagued by the
relatively low DNA mass composition in these particles. The
present study demonstrates the value of the ultraviolet
resonance Raman method as a probe of DNA organization
within the filamentous virions.
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