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ABSTRACT Structural interpretation of the Raman spectra of filamentous bacteriophages is dependent upon reliable assignments
for the numerous Raman vibrational bands contributed from coat protein and packaged DNA of the virion. To establish
unambiguous assignments and facilitate structural conclusions derived from them, we have initiated a systematic study of
filamentous bacteriophage Ff (fd, f1, Ml 3) incorporating protein subunits with specifically deuterated amino-acid side chains.
Here, we report and interpret the Raman spectra of fd virions which incorporate: (a) a single deuterio-tryptophan residue per coat
protomer [fd(Wd5)], (b) ten deuterio-alanines per protomer [fd(1OAd3)], and (c) both deuterio-tryptophan and deuterio-alanine
[fd(Wd,5 + 1 OAd3)]. The unambiguous assignment of coat protein Raman bands in normal and deuterated isotopomers of fd
establishes the validity of earlier empirical assignments of many key Raman markers, including those of packaged ssDNA (Thomas
et al., 1988). Present results confirm that deoxyguanosine residues of the packaged ssDNA molecule depart from the usual
C2'-endo/anti conformation characteristic of protein-free DNA in aqueous solution, although C2'-endo/anti conformers of
thymidine are not excluded by the data. The combined results obtained here on normal fd, and on fd incorporating
deuterio-tryptophan [fd(W.) and fd(Wds + 1 OAd3)]. show also that the microenvironment of the single tryptophan residue per coat
protomer (W26) can be clearly deduced as follows: (a) The indole 1-NH donor group of each protomer in fd forms a moderately
strong hydrogen bond, most likely to a hydroxyl oxygen acceptor. (b) The planar indole ring exists in a hydrophilic environment. (c)
The torsion angle describing the orientation of the indole ring (C3-C2 linkage) with respect to the side-chain (Ca-Co bond) is
unusually large, i.e., IX2,'I - 1200. With respect to alanine isotopomers, the present results show that alanine residues, and possibly
other methyl-containing side chains, are significant contributors to the fd Raman spectrum. The present study provides new
information on protomer side chains of fd and demonstrates a Raman methodology which should be generally useful for
investigating single-site interactions and macromolecular conformations in other nucleoprotein assemblies.

INTRODUCTION

Ff is the class prototype of long (- 880 nm) and thin (- 7
nm diameter) bacteriophage filaments which are assem-
bled as a protein cylinder packaging a single-stranded
DNA loop. The filamentous phages fd, fl, and M13 are
closely similar members of the Ff class, also referred to
as class I. The ssDNA genome of fd contains 6,408
nucleotides and constitutes 12% of the total virion
mass of 16.4 x 106 D. The protein sheath of fd comprises

2,750 copies of a subunit of 50 amino acids, the
product of viral gene 8 (gpVIII) which serves as the
major coat protein, and a few copies of four minor
proteins located at the filament ends. Fiber x-ray diffrac-
tion shows that the sheath of gpVIII protomers is
arranged with five-fold rotational symmetry and an
approximate two-fold screw axis (Marvin et al., 1974a;
Marvin et al., 1974b; Makowski and Caspar, 1981).
Comprehensive reviews of the molecular biology and
morphogenesis of filamentous phages have been given
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(Denhardt et al., 1978; Webster and Lopez, 1985; Model
and Russel, 1988).
A large body of structural work exists for phage fd,

including studies based upon fiber x-ray diffraction,
solid-state nuclear magnetic resonance (NMR) and
solution-state Raman, infrared, fluorescence and CD
spectroscopies. This work has been reviewed (Ma-
kowski, 1984; Opella et al., 1987; Thomas, 1987; Day et
al., 1988a), and a model consistent with the body of
diffraction and spectroscopic results has recently been
proposed (Marvin, 1989, 1990). An important structural
characteristic of fd, confirmed by all experimental data,
is the prevalence of a-helical secondary structure in coat
protein subunits. Less studied is the secondary structure
of packaged fd DNA. In a comparison of both class I
(fd, Ifl, IKe) and class II (Pfl, Xf, Pf3) virions, a num-

ber of low-intensity Raman bands could be assigned to
the packaged viral DNA's (Thomas et al., 1983). Many
differences were apparent between different filamen-
tous viruses, indicating that the packaged ssDNA struc-
tures were not the same. Additionally, all differed from
protein-free ssDNA in solution, with regard to nucleo-
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side sugar pucker and backbone phosphodiester geome-
try (Thomas et al., 1988), implying specific protein-DNA
interactions. Complementary Raman studies of Hg(II)
binding to the packaged ssDNA of these phages confirm
the diversity of their ssDNA conformations and subunit
interactions (Day et al., 1988b) but provide few details
of the interaction sites. At present, relatively little is
known about the nature of protein-DNA interactions or
protomer side-chain packing in assembled virions.
Raman spectroscopy has been one of the more exten-

sively applied methods for investigating solution struc-
tures of filamentous bacteriophages (Thomas and Mur-
phy, 1975; Thomas et al., 1983; Thomas et al., 1988; Day
et al., 1988b; and references therein). The spectra are
rich in the number of well-resolved bands contributed by
protein and DNA subgroups of the phage, and in the
diversity of spectra manifested for different experimen-
tal conditions. These characteristics favor the use of
Raman spectroscopy for elucidating interactions at many
different molecular sites of the protomers (Marvin,
1990) and genome (Thomas et al., 1988) and investigat-
ing conformational transitions accompanying changes in
phage environment (Thomas et al., 1983). Yet, only a
fraction of the potentially informative Raman bands of
filamentous bacteriophages has so far been exploited for
structural conclusions. A major reason is the prerequi-
site for unambiguous band assignments. The number of
definitive assignments can be advanced by comparisons
with model compounds of known Raman signature, and
especially by the introduction of site-specific modifica-
tions which perturb vibrational dynamics in a predict-
able manner without significantly altering conforma-
tions or assembly characteristics of virion components.
Accordingly, site-specific isotope substitution is the
method of choice for advancing Raman spectral assign-
ments and promoting structural conclusions therefrom.
Previously, we utilized this approach by incorporating
deuterio-tyrosine and deuterio-phenylalanine residues
into coat proteins of phage fd (Thomas et al., 1988). The
initial results corroborated key Raman assignments for
aromatic residues and permitted conformational infer-
ences about the packaged ssDNA.

In the present work, we begin a more systematic and
comprehensive approach to achieving definitive Raman
band assignments for the fd virion by introducing deuter-
ated tryptophan and deuterated alanine residues, sepa-
rately and in combination, into gpVIII of the mature
phage assembled in vivo. Attention is focused on these
residues for the following reasons. The gpVIII protomer
contains a single tryptophan (W26) which is believed to
fulfill a critical role in stabilizing the virion. Efforts to
substitute other amino acids for W26 by site-directed
mutagenesis do not yield viable phage (A. Kuhn, per-
sonal communication); although the mutations allow

membrane insertion, they inhibit phage assembly. Re-
cently, Raman bands of the amino acid L-tryptophan
have been analyzed in detail with respect to their
conformational dependencies (Takeuchi and Harada,
1986; Harada et al., 1986; Miura et al., 1988,1989).
Therefore, reliable Raman assignments for the W26
residue in fd coat protein can be expected to provide
new insights into several structural aspects of the virion,
including: (a) the hydrogen bonding role of the indole
1N-H donor group, (b) the hydropathic environment of
the indole ring, and (c) the torsion angle X2'1, which
describes indole ring orientation with respect to the
protomer main chain. This information, in turn, can aid
in distinguishing domains of the protomer which may be
important for membrane insertion, or for DNA coating
and uncoating reactions (Kuhn et al., 1990). Finally, we
note that many intense Raman bands of the normal
tryptophan residue of fd coincide with the region of the
Raman spectrum (600-900 cm-') containing conforma-
tion-sensitive bands of packaged ssDNA. We expect the
Raman bands of the deuterio-tryptophan residue to be
isotope-shifted outside of this key spectral interval
(Bunow and Levin, 1977; O'Leary and Levin, 1986), thus
permitting direct verification of previously proposed
conformational features of the packaged fd genome
(Thomas et al., 1988).

Alanine, on the other hand, is the most abundant
amino acid of gpVIII, constituting 20% of the 50
residues. As shown in Fig. 1, it is distributed widely
through the protomer sequence (Al, A7, A9, A10, A16,
A18, A25, A27, A35, A49). Specific Raman contribu-

a -AIGDDPAKAAFDSLQASATEYIGYAWAMVVVIVGATIGIKLFKKFTSKAS5°
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FIGURE 1 (a) Amino acid sequence of the fd coat protein, gpVIII.
Tryptophan (W26) and alanine (Al, A7, A9, AIO, A16, A18, A25,
A27, A35, A49) residues employed as deuterium labels are underlined.
(b) Covalent structures of tryptophan-d5 and alanine-d3 indicating sites
of deuterium substitutions. The side-chain torsion angle X2"l of
tryptophan is also indicated.
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tions of alanine are of considerable general interest
because scant information is available on methyl group
modes in native proteins. Recent normal mode analysis
of the alanine tripeptide underscores the limited experi-
mental data available on alanine residues of native
proteins (Qian et al., 1991). Knowledge of vibrational
modes of the alanine side chains of fd should also be
useful in identifying bands of other methyl-containing
aliphatic side chains (viz. V, I, L, T, and M) of gpVIII.
The present procedures incorporate the deuterium

isotopomers L-tryptophan-2',4',5',6',7'-d5 and L-alanine-
3,3,3-d3 (Fig. 1), singly and in combination, into the
fd coat protein during in vivo assembly. The labeled
bacteriophage, designated fd(Wds), fd(10Ad3) and
fd(Wd5 + lOAd3), were purified and harvested in quanti-
ties sufficient for Raman spectroscopy (Aubrey, 1990).
Similar methods have been employed to label fd pro-

tomers for solid-state NMR analysis (Cross et al., 1983;
Opella et al., 1987).

EXPERIMENTAL PROCEDURES

Sample preparations and purification
The specifically deuterated amino acids, L-tryptophan-2',4',5',6',7'-d5
(Wd5) and L-alanine-3,3,3-d3 (A0), were obtained from Merck, Sharp
and Dohme Isotopes (Rahway, NJ). Normal L-amino acids and
standard reagents were obtained from Sigma Chemical Co. (St. Louis,
MO). Growth media were obtained from Difco Laboratories (Grand
Island, NY). Bacteriophage fd was grown on Escherichia coli strain
Hfr3300, obtained from Dr. Loren A. Day, Public Health Research
Institute (New York, NY). Mature viral particles, extruded through
the bacterial cell wall and into the growth medium, were collected by
precipitation with polyethylene glycol (20 g/l) and NaCl (0.5 M). The
precipitate was purified by resuspension in 10 mM tris buffer at pH 7.7
and subjected to two or more cycles of differential sedimentation,
consisting of clarifying spins at 20,000 rpm for 20 min and pelleting
spins at 40,000 rpm for 2 h. Yields of virus ranged from 25 to 40 mg/l
culture medium and plating efficiencies ranged from 0.2 to 0.6 pfu per
virion particle.

Ordinarily, the purified virus pellet was used directly for Raman
spectroscopy by transferring 10 ,ul portions to glass capillary tubes
(Kimax #34507) employed as Raman sample cells. This procedure
yielded Raman samples with virus concentrations in the range 50 to 80
mg/ml, as determined by UV absorbance measurements (model
DU-50 spectrometer; Beckman Instruments Inc., Fullerton, CA) on
aliquots diluted 1:1000 in 10 mM tris buffer. We asumed for fd an
extinction coefficient of 3.84 mg-' cm2 at 269 nm. Additionally, samples
were prepared for Raman spectroscopy with precise control of buffer
concentration as follows. Equilibrium dialysis of representative sam-
ples was carried out against pH 7.7 tris buffer using 6,000-8,000 MW
tubing (No. 08-670A; Fisher Scientific Co., Pittsburgh, PA) before
concentrating the sample by high-speed centrifugation. Raman spec-
tra reported below for fd and its isotopomers are for solutions with pH
in the range 7.7-7.9, quoted nominally as 7.8. Raman spectra of A,3
and A were obtained from aqueous solutions at 100 mg/ml and pH 7.8.
Because W. andW have very low solubility near pH 7, Raman spectra
were collected from pH 10 solutions (60 mg/ml), as well as from solid
samples.
To incorporate deuterated amino acids into the coat protein of fd,

the host was infected in M9 minimal medium supplemented with the
appropriate deuterio-labeled amino acid(s) at 0.1 mM (per residue in
gpVIII). The medium also contained 10 p,g/ml thiamine-HCl, 1%
glycerol and all other L-amino acids combined at 2 mM. Virus infection
and subsequent isolation and purification were carried out in the same
manner as with growth of normal phage. Typical phage yields were

5-10 mg/l culture medium and plating efficiencies were 0.4-0.8
pfu/virion. As before, Raman sample concentrations were determined
to be in the range 50-80 mg/ml. Separate protocols were carried out to
incorporate either Wd0 [fd(Wd,)], or A,3 [fd(10Ad3)I, or both WO and
Ad3 [fd(Wd5 + lOAd3)].
The extent of incorporation of specifically-deuterated amino acids

was assayed (Raman) spectrophotometrically by observing specific
C-D stretching bands of the labeled viruses. In the case of fd(Wd5), the
deuterated indole ring exhibits characteristic aromatic C-D stretching
bands of relatively low intensity at 2,264 and 2,294 cm-'. These bands
are broad and presumably represent composites of two or three
distinct C-D bond-stretching modes. The same broad bands are

observed in the deuterated amino acid. Normal tryptophan and
normal fd exhibit corresponding C-H stretching bands near 3,058 and
3,065 cm-' (3058 . 2264 = 1.35; 3065 . 2294 = 1.34). For fd(lOAd3),
deuteriomethyl symmetric stretching (2,082 and 2,124 cm-' Fermi
doublet) and asymmetric stretching (2,246 cm-') are more intense and
easily detected (Bellamy, 1980; Bunow and Levin, 1977), as are their
C-H counterparts in normal alanine and normal fd (2,874, 2,920, 2,943
cm-'). The alanine deuteration shifts are, respectively, 1.38, 1.37, and
1.31. The assignment of the weak shoulder near 2,144 cm-' in fd(10Ad3)
is not straightforward, because several fundamental combinations
could generate this low intensity feature. For fd(Wd + lOAd3), both sets
of C-D stretching bands are observed, as shown in Fig. 2. (See also Fig.
6). In all cases, the extent of labeling appears to be essentially stoichio-
metric, i.e., 295%. Normal tryptophan and alanine could not be de-
tected in the fd isotopomers, as judged by the following criteria: (a)
Raman bands of normal A andW could not be observed above the con-

tributions from nonlabeled side chains; and (b) a 10-fold increase of
the amount of deuterio-labeled amino acid in the growth medium re-

sulted in no significant increase in the intensity of any C-D marker band.

Raman spectroscopy
Virus and amino acid samples were sealed in glass capillary tubes for
Raman analysis. Spectra were excited with the 514.5 nm argon laser
line (Innova 70, Coherent Inc., Palo Alto, CA) and collected on a

scanning double spectrometer (Ramalog V/VI, Spex, Inds., Inc.,
Edison, NJ) under the control of an IBM microcomputer (Li et al.,
1981). Spectral resolution of 8 cm-' and photon-counting integration
of 1.5 s at 1.0 cm-' intervals were employed. To improve signal-to-noise
ratios, samples were scanned repetitively and individual scans were

displayed and examined before averaging. All Raman spectra were

collected at the ambient temperature of the laser-illuminated sample
cell, i.e., 32° C, or on a jacketed cell thermostated at 10° C. The
spectrometer wavenumber drive was calibrated to within + 0.5 cm-',
with indene as the primary standard and CCI4 as a secondary standard.
Spectra of normal and deuterated viruses and amino acids were
recorded separately with 0.05 M Na2SO4 added for use of its prominent
980 cm-' Raman band as an internal frequency standard. The reported
Raman frequencies from signal-averaged spectra (up to 30 repetitive
scans) are believed accurate to 1.0 cm-', unless indicated otherwise.
Crystalline samples were illuminated with laser power of 80-100 mW
and solution samples with 100-200 mW.

Spectral subtractions to visualize band deuteration shifts were

carried out with SpectraCalc software. Ordinarily these were per-
formed on the raw data before solvent or background correction. This
allowed differentiation of subtle changes that might otherwise have
been difficult to detect, and avoided introduction of artifacts from
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FIGURE 2 Raman spectrum in the region 2,000-2,400 cm-' of
fd(Wd + 10AJ3) showing C-D stretching bands of the labeled side
chains. The bands ofA. (2,082,2,124, 2,144, and 2,246 cm-') dominate
this spectral interval, whereas the composite bands of Wd, (2,264, and
2,294 cm-') are relatively weak. The Raman-active stretching mode of
ambient N2 (2,331 cm-') serves as a convenient frequency standard.
The spectrum shown is an average of five scans, uncorrected for
solvent or background. Other details of the data collection protocol
are discussed in the text.

incomplete solvent or background compensation in either minuend or

subtrahend. Generally, the deuterated sample was employed as

minuend, and the normal sample as subtrahend. In some cases,
computer-averaged spectra were corrected for the buffer background
by subtracting the Raman spectrum of 10 mM tris solution. This
procedure compensates optimally for the intense Raman scattering
from OH stretching modes in the 3,200-3,600 cm-' region and for the
much weaker but still significant bands of water in the 300-1,800 cm-'.
The data in the region 600-900 cm-' are not particularly sensitive to
the scaling factor employed in buffer subtraction (Thomas et al., 1983).
Linear baseline corrections were also performed on some of the
spectra in order to facilitate intensity comparisons. Typically, the
lowest number of tangent points consistent with a horizontal baseline
was employed. All other data refinements were performed with
software developed in our laboratory.

RESULTS AND DISCUSSION

Spectral assignments of deuterated
tryptophan and alanine side chains
Fig. 3 compares Raman spectra in the region 300-1,800
cmn' for bacteriophage fd and the specifically-deuterated

isotopomers, fd(Wcu), fd(10Ad3) and fd(Wd5 + 1bAd3).
These and all subsequent data were collected from virus
solutions in 10 mM tris buffer, without added NaCl or
other salts, which corresponds to the low-to-medium salt
conditions described previously for fd (Thomas et al.,
1983). Raman band intensities show relatively little
ionic-strength dependence at these salt conditions, al-
though significantly different Raman profiles are ob-
served at higher NaCl concentrations (>0.2 M NaCl)
(Thomas et al., 1983). Fig. 3 is labeled ( I ) to identify
the Raman bands of normal fd which decrease either
significantly or altogether with incorporation of deuter-
ated tryptophan or alanine. The corresponding Raman
intensity increases generated in spectra of fd(Wd5),
fd(10Ad3) and fd(Wd5 + 10Ad3), representing bands of
the deuterium-labeled side chains, are also designated
( t ) in Fig. 3. These characteristics can be more clearly
visualized in the difference spectra of Figs. 4 and 5.
We note that the 300-1,800 cm-' fingerprint region of

fd exhibits eight distinct bands which are eliminated (or
diminished) by deuteration of the W26 side chain. These
are replaced by 11 well-resolved bands in fd(Wd5). On
the other hand, only three bands of fd are significantly
affected by deuteration of the 10 alanine side chains,
giving rise to four new bands in fd(10A,13). The dominat-
ing effect of tryptophan deuteration is consistent with
the larger number of normal modes of high Raman cross
section anticipated for the aromatic indole ring in
comparison to the lower Raman intensities expected for
deformation modes of the aliphatic (CH3 or CD3) side
chain. Also as expected, all of the deuteration-sensitive
W and A bands are eliminated (or diminished) in the
double derivative, fd(Wd5 + 10Ad3), the spectrum of
which shows the anticipated 15 new bands. In addition,
we find six bands in the region 2,000-2,400 cm-' assign-
able in straightforward manner to either W.5 or Ad3
residues of fd(W,, + lOAd3) (Fig. 2). All assignments are

summarized in Table 1. The consistency of the results on
fd(Wd5), fd(10Ad3) and fd(W,u + 1OAd3) confirms the
qualitative accuracy of the assignments (Table 1) and
the quantitative incorporation of deuterium labels.
The band shifts induced in the Raman spectrum of fd

by incorporation of Wds and Ad3 are confirmed indepen-
dently by Raman spectra of the labeled amino acids
(data not shown). Our results on Wd5 are also consistent
with published data on deuterated indoles (Takeuchi
and Harada, 1986).

Region 600-900 cm-': resolution of
Raman bands of tryptophan and
packaged fd DNA
Fig. 4 shows Raman spectra of phage fd, fd(W15),
fd(10Ad3) and fd(Wd, + 1OAAd3) in the spectral region
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FIGURE 3 Raman spectra in the region 300-1,800 cm-' of normal fd and its isotopomers, fd(Wd5), fd(1OAd3) and fd(Wds + 10Ad3), as indicated.
Phage are dissolved at 80 mg/ml in 10 mM tris, pH 7.8 and 320 C. Each spectrum is the average of eight scans and is corrected for the solvent
background. Downward-pointing arrows in the fd spectrum mark bands contributed byW and/or A which are eliminated, shifted in frequency, or
diminished in intensity by incorporation of labeled side chain(s). Upward-pointing arrows indicate bands in the isotopomer spectra assigned to W.
and Ad3 which are generated by the labeled side chains, in accordance with the assignments of Table 1.

600-900 cm-'. This spectral region is expected to contain
conformation-sensitive marker bands of the packaged fd
genome, as well as intense bands from tyrosine (Y21 and
Y24) and tryptophan (W26) residues of the gpVIII
protomer. Although the DNA bands in this region are

intrinsically intense, the overwhelming coat protein
content of the phage (- 88%) renders them relatively
weak by comparison. Of particular interest is the weak
band at 806 cm-', assigned previously to the DNA
backbone on the basis of its invariance to deuterations in
tyrosine and phenylalanine (Thomas et al., 1988). Ex-
panded scale spectra of fd(Wd5), fd(lOAd3) and
fd(Wd5 + lOAd3) (not shown) confirm also that no inten-
sity change occurs at 806 cm-1 with tryptophan and
alanine deuterations, even though the band is largely
overlapped in spectra of the deuterio-tryptophan iso-
topomers by the Wd5 band ca. 817 cm-1 (Table 1). (Note
that the 817 cm-' band of Wds tends to fill in the
minimum on the high frequency side of the 806 cm-1
band, as shown in Fig. 4, traces C and D.) Complete
assignments are included in Table 1. Additional deuter-

ation characteristics of the tyrosine and phenylalanine
bands in this region have also been discussed (Thomas et
al., 1988).

Fig. 4 shows that the intense tryptophan band at 756
cm-' in the spectrum of normal fd is largely eliminated in
the spectrum of fd(W,5), thereby exposing an underlying
weaker band near 750 cm-', which we assign in whole or
in part to packaged DNA. Note that the extent of
incorporation of WdO permits ruling out significant resid-
ual intensity near 750 cm-' from normal tryptophan.
(See Experimental Methods.)

Fig. 4 also shows that the intensity of the prominent
tryptophan band at 876 cm-1 in the spectrum of fd is
reduced about two-fold in the spectrum of fd(Wd5).
Although the packaged ssDNA is expected to exhibit a

weak band near 880-890 cm-' (Benevides et al., 1991a),
the residual 880 cm-' intensity observed here is too great
to be attributed entirely to DNA. In this case, we assign
most of the intensity which remains at 880 cm-1 in the
spectrum of fd(Wdl) to the deuterated tryptophan ring
itself. These findings are in accord with reported spec-

Aubrey and Thomas Raman Spectra and Structure of Bacteriophage fd 1341

.in
-S
C
0c

E
a

Aubrey and Thornas Raman Spectra and Structure of Bacteriophage fd 1341



-.

C:
a)

E
a

D fd(Wd5+1 OAd3)

C fd(Wd5)

B fd(l OAd3)

A fd

D -A

C -A

B -A

1 /cm

FIGURE 4 Raman spectra in the region 600-900 cm-'of: (A) normal
fd, (B) fd(Ad3), (C) fd(Wd5), and (D) fd(Wd5 + lOAd3); obtained at the
same conditions indicated in Fig. 3. To preserve natural band shapes,
the spectra have not been corrected for solvent background or
otherwise refined. Traces A, B, C and D are averaged from (up to 70)
multiple scans. The lower three traces show on an expanded ordinate
scale difference spectra computed with a deuterium isotopomer as
minuend and normal fd as subtrahend. For computation of difference
spectra, intensities were scaled to compensate the bands at 620
(phenylalanine) and 643 cm-' (tyrosine), which are invariant to the
isotope substitutions. Features in the difference spectra which do not
exhibit signal-to-noise ratios > 2, or which occur on the steeply sloping
contours of sharp bands, are not considered significant. Principal
Raman bands discussed in the text are labeled in cm-' units.

tral data and normal coordinate analyses of deuterated
indoles (Takeuchi and Harada, 1986), which show that
the ring mode at 756 cm-' is highly sensitive to ring
perdeuteration, while modes between 850 and 900 cm-1
are less so. Tryptophan contributes no other significant
Raman intensity in the region 600-900 cm-'. The tryp-
tophan deuteration effects revealed in Fig. 4, and
particularly the absence of frequency shifts in bands
assigned previously to DNA base and phosphate groups

provide full confirmation of previous DNA assignments
(Thomas et al., 1988).
On the basis of the present results and those de-

scribed previously (Thomas et al., 1988), we identify six
bands in the 600-900 cm-' region as being due mainly or

entirely to the packaged ssDNA molecule. The assigned

DNA Raman frequencies and their conformational
implications are summarized in Table 2.

Other deuteration-sensitive Raman
bands of tryptophan and alanine
The incorporation of Wd5 diminishes intensities of the
well-resolved bands of fd at 1,560 and 1,582 cm-.
Additionally, significant changes occur in the complex
band shapes near 1,002, 1,206, and 1,360 cm-1, by virtue
of deuteration shifts in the underlying bands of W at
1,012, 1,206 and 1,360 cm-1 (Fig. 5). The corresponding
Raman frequencies for the WdO residue are listed in
Table 1. These results are in full agreement with
reported spectra and normal mode calculations for
indole and its deuterium isotopomers (Takeuchi and
Harada, 1986). The results of fd(Wd5) demonstrate that
the tryptophan ring can be expected to generate a

Raman band at 1,206 cm-' in other proteins. The 1,206
cm-1 band of fd, assigned previously to tyrosine residues
(Thomas et al., 1983), shows a significant intensity
decrease upon Wd5 incorporation. This confirms the
1,206 cm-1 contribution of W26, not recognized in
earlier fd studies, but clearly supported by results
obtained on model compounds (Takeuchi and Harada,
1986).
Alanine contributes two well-resolved bands to the

Raman spectrum of normal fd at 908 and 1,105 cm-'.
The spectrum of fd(10Ad3) shows that both bands are

largely eliminated upon incorporation of Ad3 into coat
protein subunits. Because the 908 cm-1 mode is expected
to involve primarily N-Ca*-C, bond stretching (Qian et
al., 1991), only a small deuteration shift is anticipated.
Accordingly, the corresponding mode for the deuterium
isotopomer is reasonably assigned to the band at 891
cm-'. For the 1,105 cm-1 mode, Ca-Cf-H valence angle
bending is expected to be a major constituent (Qian et
al., 1991); therefore a larger deuteration shift is antici-
pated. Either the 946 or the 1,021 cm-1 mode, or both,
are likely candidates for the corresponding vibration(s)
in fd(10Ad3). We also find that the alanine methyl group
contributes a band 1,457 cm-', which appears as a

poorly resolved shoulder to the much more intense
Raman band near 1,450 cm-'. The shoulder is signifi-
cantly reduced in intensity in fd(10Ad3), but not entirely
eliminated. This is as expected because a substantial number
of protomer methyl side chains (4V + 41 + 3T + 2L + M)
remains in the alanine-labeled phage. In accordance
with model compound studies, the 1,457 cm-' shoulder
in the spectrum of fd can be attributed unambiguously to
a hydrogenic mode, i.e., CH3 asymmetric bending (Bel-
lamy, 1980; Qian et al., 1991). The corresponding CD3
mode should occur near 1,057 cm-1 (1460 *. 1.38). We
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FIGURE 5 Raman spectra in the region 900-1,750 cm-' of: (A) normal fd, (B) fd(Ad3), (C) fd(Wd5), and (D) fd(Wd5 + lOAd3); obtained and
presented as indicated in Fig. 4. For computation of difference spectra, intensities were scaled to compensate the amide I band at 1,651 cm-', which
is invariant to the isotope substitutions. The very broad difference bands in the region above 1,600 cm-' are due mainly to uncompensated H20.
Principal Raman bands discussed in the text are labeled in cm-' units.

therefore assign the 1,057 cm-'band of fd(lOAd3) to CD3
asymmetric bending.

In the hydrogen-stretching region of the fd Raman
spectrum, difference spectroscopy reveals the bands of
the deuterium substituted CH groups. Thus, the differ-
ence spectrum fd-minus-fd(Wdl) reveals two bands assign-
able to W (3,058 and 3,065 cm-1), and the difference
spectrum fd-minus-fd(10Ad3) reveals three bands from
A (2,874, 2,920 and 2,943 cm-') (data not shown). The
bands are absent from spectra of the labeled phage
where they are replaced by the corresponding CD
stretching bands, as shown in Fig. 6. Assignments for

fd(Wds), fd(10A,3) and fd(Wd5 + lOAd3) are included in
Table 1.

CONCLUSIONS

Environment of tryptophan-26 in fd
The single tryptophan residue (W26) of the fd coat
protein is unusual in several respects. Studies by site-
directed mutagenesis show that although a variety of
mutations at different sites in viral gene VIII can lead to
productive and apparently normal phage assembly (Kuhn
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TABLE 1 Raman frequencies and assignments for normal fd and isotopomers fd(Wd), fd(10A), and fd(Wd5 + 10A,)

Normal fd
cm-' cm-' cm-'

cm Intensityb Assignment' fd(Ad3) fd(Wd5) fd(Wd5 + lOAd3)

336
377
411
424
476
493
528
536w
559
568
594
620
643
669

700

728
746
756w
782
806

825

853
876w
890

908A

937

963
980
1002
1012w

1031
1054

1086

11OSA

1129
1158
1178

1206w
1243
1259
1272
1300
1319

1339
1360w

1428

(2.0)
(0.9)
(0.7)
(0.5s)
(0.4)
(0.5)
(2.5)
(2.5)
(2.1)
(s)

(0.3)
(1.7)
(1.3)
(0.7b)

(0.Ss)

(2.2)
(1.9s)
(4.2)
(1.6)
(1.0)

(1.8)

(4.7)
(3.1)
(ws)

(4.0)
(3.8)

(3.6)
(s)

(11.0)
(s)

(3.1)
(2.7)

(3.1)

(3.5)
(2.9)
(2.6)
(2.2)

(4.5)
(w,s)

(5.5)
(5.8)
(7.3)
(9.0)

(11.1)
(5.9s)

(s)

skl
skl
skl
skl
skl
thy,gua
skl;AmVII
skl;W
AmVII;skl
AmVII
ski
F
y
thy,gua
WdO
AmV
WdO
ade
thy
w

cyt
bk
WdO
y
Wds

Y{f}
w

G;bk
Ad3

A...
CCC def
Ad3

I

F
w

Ad3

CC,CN,CO str
CC,CN,CO str
Ad3

CC str;bk
Wd5

A...
CC str
CC str
y
WdO
Y,W
AmIII;thy,cyt
AmIII;thy,ade
AmIII;Y
CH,CH2 def
CH2 def
Wd5

CH2,CH3def;W
w

WO
CH2,CH3 def
Wd5

d
d
d
d
d
d
d
d
d
d
d
d
d
d

d

d
d
d
d
d

d

d
d
d
891
e

d
946
d
d
d
d

1021
d
d

1057
d

e

d
d
d

d
d
d
d
d
d

d
d

d

d
d
d
d
d
d
d
e

d
d
d
d
d
d
686
d
703
d
d

d
d
817
d
847
d
d
d

d
d

d
d
d

d
d

d
1068
d
d
d
d

1188
e

d
d
d
d
d

1331
e

1409
d

1449

d
d
d
d
d
d
d
e

d
d
d
d
d
d
686
d
703
d
d

d
d
817
d
847
d
d
d
891
e

d
947
d
d
d

1022
d
d

1058
d

1070
e

d
d
d

1189
e

d
d
d
d
d

1332
e

1411
d

1450
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TABLE 1 continued

Normal fd
cm' cml cm'

cm-la Intensityb Assignmentc fd(Ad3) fd(Wd5) fd(Wd5 + 1OAd3)

1450 (10.0) CH2,CH3 def d d d
1457A (10.0) CH3,CH2 def e d e

WO5 1468 1472
1485 (2.3s) ade,gua d d d

WOs 1534 1536
1560w (3.5) W d e e
1582w (3.2) W;gua,ade d e e
1606 (4.9) F,Y d d d
1619 (4.4) Y d d d
1651 (11.2) AmI d d d

(w) Ad3[CD3 str] 2082 2082
(w) Ad3[CD3 str] 2124 2124
(w) Ad3 2144 2144
(w) Ad3[CD3 str] 2246 2246
(w,s) WdJ[CD str] 2264 2264
(w) Wd5[CD str] 2294 2294

2874 (w) A ... [CH3str] 2874 2874
2920 (> 10) A ... [CH3 str] 2920 2920
2943 (w) A... [CH3str] 2943 2943
3058 (w) W ... [CH str] 3058 3058
3065 (w) W ... [CH str] 3065 3065

(a)Raman frequencies are reproducible to within ±+1 cm-', except for broad or weak bands and shoulders (±2 cm-'). Superscripts A and W
indicate Raman bands which are either absent or of significantly reduced intensity in deuterated isotopomers. When both residues contribute, the
larger contributor is listed first. (b) Intensities are relative to the band at 1450 cm-' in normal fd, which is assigned an arbitrary intensity of 10.0.
Abbreviations: w = weak, s = shoulder, b = broad. (c) Proposed assignments are indicated for gpVIII amino-acid side chains (1-letter symbols),
main chain skeleton (skl), or amide modes (AmI, AmIII, AmV, AmVII); for DNA nucleotide bases (three-letter symbols) or backbone (bk); and
for stretching (str) or deformation (def) vibrations of specific chemical groupings (CH = methyne, CH2 = methylene, CH3 = methyl, CC = carbon-
carbon, et cetera). Where multiple assignees are proposed, they are listed in order of decreasing contribution. The ellipsis (... .) indicates bands
which are contributed by all methyl-containing side chains (1OA + 4V + 41 + 3T + 2L + 1M), or all aromatic side chains (3F + 2Y + W), as
appropriate to the context. (d) Indicates that a band of essentially identical frequency and intensity is present in the Raman spectrum of the
deuterated isotopomer. (e) Indicates that a band of significantly diminished intensity is present at the same frequency in the Raman spectrum of
the deuterated isotopomer. Bands so designated are believed to correspond to vibrations of different character than the corresponding modes of
column 1, though accidentally degenerate with them. (See, for example, Takeuchi and Harada, 1986.) (f ) The major contributor to the composite
853 cm-' band is Y. (Siamwiza et al., 1975).

et al., 1990), mutation of W26 does not yield viable
phage. The W26 -- X mutants, though translated and

capable of membrane insertion, are severely inhibited
for phage assembly (A. Kuhn, personal communication).
This suggests an important role for W26 in the fd
assembly pathway, which could involve protomer recog-
nition either of the ssDNA genome or of a DNA-
associated factor, possibly in conjunction with extrusion
of the nascent filament through the host membrane.
Physical properties of the W26 residue in wild-type
phage are also atypical. Fluorescence spectra of fd
reveal a very high quantum yield for W26 (Day et al.,
1979); and CD spectra indicate an exceptionally sharp
band contributed by W26 in the near UV (Day and
Wiseman, 1978). The present study unambiguously iden-
tifies bands in the Raman spectrum of fd at 536, 756,
876, 1,012, 1,206, 1,360, 1,560, and 1,582 cm-1 as originat-
ing in whole or in part from W26, and these frequencies

are also in certain respects atypical of tryptophan
residues in proteins. Specific structural correlations
have been established for several Raman bands of
tryptophan and we next apply these correlations to the
bands of fd at 876, 1,360, and 1,560 cm-'.
The tryptophan frequency at 876 cm-', correlated with

normal mode 17 (o17) of indole, originates in large part
from bending of the C4-C5-C6 linkages in the plane of
the ring (Takeuchi and Harada, 1986). The Raman band
corresponding to C17 in proteins was proposed by Kita-
gawa and co-workers (Kitagawa et al., 1979) as being
sensitive to the local environment of the tryptophan
residue. More recently, a precise linear dependence of
o17 upon the strength of hydrogen bonding by the indole
1N-H donor group has been demonstrated (Miura et al.,
1988). In the absence of hydrogen bonding (e.g., indole
dissolved in nonpolar solvents), the band center occurs

at its high frequency limit of 884 cm-'. In the case of

Aur. adToa
d14
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TABLE 2 Selected Raman frequencies, assignments and
residue conformations of packaged fd DNA

Packaged fd DNA
cm'i Assignment Conformation Reference

dT C2'-endo Dijkstra et al., 1991
669a dG C3'-endo Thomas et al., 1988
728 dA C2' or C3'endo Thomas et al., 1988
746b dT C2'-endo Dijkstra et al., 1991
782 dC C2' or C3'-endo Thomas et al., 1988
806C OPO gauche Itrans Thomas et al., 1986

(a) The 669 cm-1 band of fd is proposed as a composite of dT
(C2'-endo/anti) and dG (C3'-endo/anti) markers. In extracted fd
DNA, well-resolved markers are observed at 668 (dT) and 682 (dG)
cm-', indicating exclusively C2'-endo/anti conformers in the protein-
free molecule (K. Aubrey, and G. J. Thomas, Jr., unpublished results
and manuscript in preparation). (b) The 746 cm-' band is proposed as
a composite of contributions from dT (C2'-endo/anti) and from the
DNA backbone. (c) Very low intensity, corresponding to 20 ±+ 10% of
DNA OPO groups. See text.

moderately hydrogen-bonded indoles in proteins, the
band center is shifted to 877 cm-'. Tryptophans which
are exposed to water at the protein-solvent interface
also exhibit o17 near 877 cm-'. For the very strong
hydrogen bonds donated by indole 1N-H groups to
carbonyl oxygens in crystalline structures, r17 can be as
low as 871 cm-'. Therefore, the 876 cm-' band of native
fd shows that the hydrogen bond of the 1N-H group of
W26 is of moderate strength. Although the specific
hydrogen-bond acceptor for W26 is not identified in this
study, the data are consistent with an oxy acceptor either
of water or of a side-chain hydroxyl in the same or in a
neighboring subunit. In a recently proposed model for
the fd virion, Marvin has noted that the 1N-H group of
W26 in a given protomer can donate a hydrogen bond to
the phenoxyl group of Y21 in the neighboring, five-fold
related, subunit (Marvin, 1990). The Raman frequency
observed for cO7 in fd is consistent with this model.
The very intense tryptophan band near 1,360 cm-' has

been identified as one member of a Fermi doublet, with
the companion member occurring near 1,340 cm-'
(Harada et al., 1986). The fundamental vibration in-
volves mainly indole ring C2-C3 and C8-N stretching
(Takeuchi and Harada, 1986). The relative intensity of
the 1,360 cm-' component (I1,30), is a sensitive measure
of the hydrophobicity or hydrophilicity of the indole ring
environment (Miura et al., 1988). Hydrophobic interac-
tions involving the indole ring and neighboring aliphatic
or aromatic groups in a protein cause I 36 to achieve its
maximum value. In a hydrophilic environment, including
that of solvent-exposed tryptophan residues, 1 ,360 iS
diminished and the band is significantly broadened.
Remarkably, the W26 residue of the fd coat subunit is
capable of exhibiting either a hydrophobic or hydro-

c
0

E
a

D fd(Wd5+1 OAd3)

C fd(Wd5)

B fd(l OAd3)

A fd

1/cm

FIGURE 6 Raman spectra in the region 2,000-2,400 cm-' of: (A)
normal fd, (B) fd(lOAd3), (C) fd(Wd5), and (D) fd(Wdc + M0AO3);
obtained as indicated in Fig. 4. Spectral frequencies and intensities are
scaled to the band at 2,331 cm-' in each spectrum which is due to
ambient N2. The asterisk (*) indicates a laser artifact. All other bands
are due to C-D stretching modes of deuterated side chains, as assigned
in Table 1.

philic indole ring environment depending upon the
solution ionic strength (Thomas et al., 1983). At high
ionic strengths, the 1,360 cm-' band is sharp and intense;
at the low-to-moderate salt conditions employed here,
the band is weak, broad and barely discernible from the
band contour which overlaps its low frequency side
(Figs. 3 and 5). We conclude that, at low-salt (physiolog-
ical) conditions, the molecular environment of the W26
indole ring is hydrophilic; however, at elevated salt
conditions the Raman evidence clearly indicates a more

hydrophobic environment for the W26 indole ring. Thus,
the salt-induced structure transition noted previously
for fd (Thomas et al., 1983) results in a significant
qualitative change in microenvironment of W26. Others
have noted that fluorescence and CD properties of W26
are suggestive of a hydrophobic environment (Day et al.,
1979), which would appear to correlate well with the
high-salt structure identified by Raman spectroscopy.
We point out that considerably different experimental
conditions are employed in absorption and Raman
spectroscopies, viz. several orders of magnitude higher
sample concentration for the latter, and these are close
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to the effective viral concentrations in fibers examined
by x-ray diffraction methods. We expect the hydrophilic
environment of W26 identified here, rather than the
hydrophobic state implied from CD and UV studies, to
more closely resemble the conditions employed in x-ray

fiber diffraction analyses. We note that the conformation-
sensitive bands of fd near 876, 1,336 and 1,560 cm-' also
reflect the salt-induced change of indole ring environ-
ment (Thomas et al., 1983).
The normal mode u3, which involves mainly C9 = C4

ring double-bond stretching, is expected in the interval
1,540-1,560 cm-'. The Raman frequency has been shown
by combined x-ray/Raman analyses of model indole
structures to be strongly dependent upon the torsion
angle X2"l (Fig. 1), which defines the indole ring orienta-
tion about the C3-C1 exocyclic bond (Miura et al.,
1989). For gauche rotamers of the C2-C3-C,B-Ca net-
work (X2'1 +60°C), the center of the Raman band is

expected near 1,540 cm-'. On the other hand, for X2" _

+ 120°C, the Raman band center is expected near 1,558
cm-'. This represents the upper limit of (3 observed
among a large number of model compounds (Miura et
al., 1989). For fd, we find the or mode of W26 located at
1,560 + 1 cm-l, which is essentially the upper limit.
Accordingly, we conclude that the magnitude of the
torsion angle IX2,l is 120°C. This places the indole ring
in a highly extended configuration with respect to the
peptide main chain and constrains its plane to be nearly
perpendicular to the local a-helical axis. X21 values of
+ 120°C would appear to be consistent with 1N-H .0

hydrogen bonding between W26 and Y21 (Marvin,
1990). In accordance with Miura et al. (1989), we note
that values of o3 near 1,552 cm-1 (corresponding to
X 2,1 _+90'C) are most commonly observed in proteins.

It is possible that the rather unusual indole ring orienta-
tion in protomers of fd is required for interaction with
the ssDNA genome. This could also explain the rigorous
requirement for W26 in phage assembly.

Conformations of packaged fd DNA

The present study reveals a broad Raman band centered
near 746 cm-', which underlies the stronger tryptophan
band of similar frequency. Present and previous results
(Thomas et al., 1988) together show that it is unlikely the
underlying 746 cm-' band is due to tryptophan, tyrosine,
phenylalanine, or any methyl side chain of gpVIII
protomers. DNA assignment is strongly favored by the
well catalogued Raman bands of thymidine (dT) and of
the deoxyribose-phosphate backbone in the 740-770
cm-' interval (Thomas and Benevides, 1985; Thomas et
al., 1986; Katahira et al., 1986; Patapoff et al., 1988;
Dijkstra et al., 1991). We assign the broad 746 cm- band
primarily to DNA, and propose that it is the resultant of

a thymidine contribution near 746 cm-' and a phosphodi-
ester contribution near 758 cm-'. (A band at 758 cm-1
is evident in spectra of many DNA sequences and
conformations, although its precise structural signifi-
cance remains unclear.) The thymidine 746 cm-' assign-
ment implies that a significant proportion of dT adopts
the C2'-endo/anti conformation in packaged fd DNA.
Consistent with this interpretation is the broad band at
669 cm-1, assigned in part to the C2'-endo/anti dT
marker (Dijkstra et al., 1991). We find no evidence of a

777 cm-' thymidine marker, as would be expected if dT
residues adopted the C3'-endo/anti conformation (Tho-
mas and Benevides, 1985; Dijkstra et al., 1991).
The present study also confirms assignment of the

deoxyguanosine (dG) conformation marker of packaged
fd DNA to the band at 669 cm-' (Thomas et al., 1988).
The location of this important dG marker band at 669
cm- , and especially the absence of a dG marker band
near 682 cm-', shows that C3'-endo/anti, and not
C2'-endo/anti, is the dominant conformation for dG
nucleosides of packaged fd DNA. (As expected, the
Raman spectrum of fd DNA extracted from the phage
shows a prominent C2'-endo dG marker at 682 cm-',
comparable in intensity to the thymidine 668 cm-'
marker. A detailed comparison of Raman spectra of
packaged and unpackaged fd DNA will be reported
elsewhere [K. Aubrey and G. J. Thomas, Jr., manuscript
in preparation]) The dA and dC markers, though
relatively intense and well resolved in the present
spectra, do not provide unambiguous information regard-
ing nucleoside conformations. Both C3'-endo and C2'-
endo conformers of dA and dC are consistent with the
observed markers, as indicated in Table 2. We note also
that the relative intensities of all nucleoside conforma-
tion markers listed in Table 2 are consistent with the
fd-DNA base composition (24% dA, 34% dT, 20% dG,
22% dC).

Finally, the present data confirm the absence of a well
ordered DNA backbone in the packaged genome (Tho-
mas et al., 1988). The fd spectrum lacks a marker of the
high intensity anticipated for extensively ordered phos-
phodiester groups (OPO torsions a and t), as occur in
B-form (g-/g-, 790 and 835 cm-' markers) or A-form
DNA (g-/t, 807 cm-' marker) (Thomas et al., 1986). In
addition to the putative 758 cm-1 band discussed above,
the Raman profile of fd in the 600-900 cm-' interval
contains only a very weak band near 806 cm-' which can

be reasonably assigned to the DNA mainchain (Thomas
et al., 1988). The 806 cm-'band is far too weak to signify
backbone geometry of the A type throughout the fd
genome, but can be interpreted as evidence of a small
percentage (-20 + 10%) of DNA OPO groups with
torsions a. and t in the gauche- and trans orientations,
respectively. This is clearly consistent with the proposed
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C3'-endo/anti dG conformers. The absence of an in-
tense backbone marker in the region 800-840 cm-' is
characteristic of a broad distribution of a,; torsions. A
similar Raman profile is observed for the packaged
ssDNA genome of bacteriophage 4X174 (Benevides et
al., 1991a).

Implications for other residue
assignments
In addition to the Raman bands of tryptophan and
alanine isotopomers which are directly revealed by
incorporation of labeled side chains into gpVIII, our
spectral data suggest the possibility of indirect structural
changes resulting from tryptophan deuteration. Fig. 5
shows that the phenylalanine band near 1,002 cm-' is
apparently perturbed in intensity by incorporation of
Wd5. Although it will be necessary to design more precise
experimental tests of these effects, the present results
suggest at least the possibility that tryptophan ring
deuteration may very weakly perturb intersubunit inter-
actions involving the phenyl ring(s). In this regard we
note that the fd assembly model proposed by Marvin
(Marvin, 1990) locates the three phenyl rings (per
subunit) in close proximity as follows: Residue Fli of a
given subunit is tightly sandwiched between residues
F42 and F45 of the 17TH neighboring subunit.

Future studies will focus on incorporation of addi-
tional deuterated side chains in gpVIII, including com-
plete CD3 incorporation (A + V + I + T + L + M), and
deuterio-methylene incorporations, particularly CD2 of
K, R, S, D, E, Q, F, Y,W and P side chains.
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