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ABSTRACT: ThePseudomonabacteriophage Pf3 is a long and narrow filament consisting of a covalently
closed DNA single strand of 5833 bases sheathed-B§00 copies of a 44-residue subunit. Ultraviolet
resonance Raman spectra excited at 257, 244, 238, and 229 nm and off-resonance Raman spectra excited
at 514.5 nm are reported for Pf3 in both@®and DO solutions. The key Raman bands are assigned to
specific protein and DNA groups of the native virion assembly. The results are compared with proposed
assembly models and Raman spectra recently reported for the isomorphous (éassitipmonaghage

Pf1 and the morphologically distinct (class 1) coliphage fd [Wen, Z. Q., Overman, S. A., and Thomas, G.
J., Jr. (1997Biochemistry 367810-7820; Wen, Z. Q., Armstrong, A., and Thomas, G. J., Jr. (1999)
Biochemistry 383148-3156]. Surprisingly, deoxynucleosides of the packaged DNA genome of Pf3 adopt
the same conformation (G&nddanti) found for DNA packaged in the class | fd virion rather than that
(C2-enddanti) associated with DNA in the isomorphous Pf1 virion. However, DNA base stacking in
Pf3, as judged by Raman hypochromic effects, differs significantly from that occurring in either Pf1 or
fd. Thus, the single-stranded DNA genomes of Pf3, Pfl, and fd are all organized differently within their
respective capsids, implying that local subwiiNA interactions may be important in determining the
structure specific to each native assembly. The present study confirms a comahigligal secondary
structure for the Pf3 subunit and an unusual indolyl ring environment for the subunit tryptophan residue
(Trp-38).

Pf3 is a filamentous bacteriophage that infects strains of located between two basic residues (Arg-37 and Lys-40) and
Pseudomonas aeruginoserboring the RP1 plasmid. The near the C terminus is a characteristic found only in coat
Pf3 virion comprises a covalently closed DNA single strand proteins of the class Il phages, Pf3 and XJ.(
of 5833 nucleotides, encapsidatedb2500 copies of a 44- A recently proposed 3.1-A model for the arrangement of
residue major coat protein subunit plus a few copies of minor subunits in the Pf3 capsi@) provides a convenient starting
coat proteins at the filament end$).( The tubular capsid  point for evaluating intra- and intersubunit contacts and
represents about 87% of the virion mass. Fiber X-ray diffrac- assessing possible subunit interactions with the packaged
tion shows that the major coat protein is arranged in a single- single-stranded DNA (ssDNApenome. However, because
start helix of approximately 5.4 subunits per turn (class Il of both the low resolution of the fiber electron density map
symmetry,C:Ss 4), which is similar to the architecture of the and the absence of diffraction from packaged DNA, key
Pseudomonaghage Pf11—3). This is distinct from the class  details of side-chain orientations, nucleotide conformations
I symmetry CsS) of the coliphages Ff (strains fd, f1, and and local residue environments were not resolved. Such
M13), IKe, and If1 wherein the coat protein is assembled as structural features can be revealed by Raman and ultraviolet
a five-start helix with 10 subunits per helical turh 4, 5). resonance Raman (UVRR) prob&s-(L1). Previous Raman

Although the coat subunit of every known filamentous and UVRR applications to both class | (fd) and class Il (Pfl1)
virus is small and highly-helical, the Pf3 subunit is unusual  viruses (reviewed in re8) demonstrate the complementarity
in several respects (sequence: MQSVITDVTGLTAVQA- of fiber spectroscopic and diffraction results, which together
DIT? TIGGAIIVLA 3° AVVLGIRWIK 4° AQFF). Impor- enable more accurate modeling of proteprotein and
tantly, it is synthesized without an N-terminal leader, a protein—DNA interactions in these assembli& 10). Here,
characteristic that has favored study of the Pf3 assemblywe apply Raman and UVRR probes to Pf3.
mechanism as a model for membrane protein insertion and UVRR spectra have been obtained using four different
translocation®, 7). Tandem C-terminal phenylalanines (Phe- laser excitation wavelength®29, 238, 244, and 257 nm
43, Phe-44) and the absence of tyrosine are also unique tall of which are within the broad UV absorption profile of
the Pf3 subunit sequence. An essential tryptophan (Trp-38)the Pf3 virion. As shown previoushl{—14), 229 nm excita-
tion results in spectral domination by Raman markers of
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markers of the ssDNA bases. Accordingly, these UVRR acquisition time for each spectrum was about 30 min. Other
spectra provide a means for selectively monitoring in Pf3 details of Raman data collection have been describh@d (
either the Trp-38 residue of the coat subunit or the deoxy- UVRR Spectroscopior UVRR spectroscopy, the sample
nucleoside base residues of the packaged genome. Ramasolution was sealed in a custom-designed cylindrical quartz
markers of both Trp-38 and DNA bases are resolved in the cell and rotated at 3000 rpm. Spectra were excited at 229,
238- and 244-nm excited UVRR spectra. The prolific off- 238, 244, and 257 nm with a continuous-wave, frequency-
resonance Raman spectrum (514.5 nm excitation) consistsloubled argon laser (Innova 300 FReD, Coherent Inc., Santa
of approximately 60 discrete Raman bands, representingClara, CA) using a radiant power at the sample cell of 1
vibrational signatures of both coat subunit and packaged mW or less for 229, 238, and 244 nm excitations and 5 mW
ssDNA molecules. or less for 257 nm excitation. Raman scattering &t\®as
The specific objectives of this work are the following: (i) @analyzed using a single-grating (2400 g/mm) spectrograph
Establish comprehensive Raman and UVRR vibrational band (Spex 750M, Instruments, S.A.) equipped with a prism
assignments for Pf3, consistent with previously proposed predispersive element (McPherson Instruments, Acton, MA)
assignments for fd1@Q, 13) and Pfl (4). Such assignments ~ and liquid nitrogen-cooled, charge-coupled device detector
are essential for the structural interpretations presented herdInstruments, S.A.). The effective spectral resolution is 8
and in related UVRRX1) and polarized Ramari) analyses ~ ¢m ' or less. Further details of the design and performance
of Pf3. (ii) Develop structural interpretations for the Raman Of the UVRR spectrometer have been descritig).
and UVRR markers of Pf3 coat protein and DNA to ~ UVRR frequencies were calibrated tal cnm* using
complement and extend those proposed in previous fiberacetonitrile liquid and/or an internal standard {§8@). The

diffraction and model building studied,(2). (iii) Identify spectra shown below represent an average of six data

structural features of Pf3 that may distinguish it from class collections, each acquired during an exposufré b orless.

| and other class Il phages. Interfering cosmic rays and weak Raman scattering of the
aqueous buffer and quartz cell were removed as previously

MATERIALS AND METHODS described 18, 19). Spectral differences were computed to

) _ verify that each sample showed no significant time depen-

Sample Preparations?f3 was grown orP. aeruginosa  dence of its UVRR spectrum. Consistent with demonstrated
(strain PAO1 bearing the RP1 plasmid) in LB medium using  characteristics of the UVRR spectrometer, no sample pho-
stocks obtained originally from Dr. Loren A. Day, Public  todecomposition occurred during the data collection proto-
Health Research Institute, New York, NY. Growth media ¢qs. Sample integrity was also confirmed by UV absorption
constituents were purchased from Sigma (St. Louis, MO). gpectroscopy following UVRR data collections.
D0 (99.9%) was obtained from Aldrich (Milwaukee, WI).  * Flyorescence Spectroscoffjuorescence emission spectra
Mature viral particles, extruded through the bacterial mem- were collected on a Bowman series 2 fluorescence spectrom-
brane and into the growth medium, were collected by poly- eter (SLM Instruments, Urbana, IL) using 295 nm excitation.
(ethylene glycol) precipitation followed by low speed The bandwidth of excitation and emission slits was 2 nm.
centrifugation. _The v_irus particlesf were purifie_d by repeated pata Analysis(a) Raman Scattering Cross Sectiofifie
cycles of centrifugation (3300@pin 10 mM Tris (pH 7.8) scattering cross section of a Raman band of frequency
to yield a pellet from which virus solutions were prepared ,, is gbtained by comparison of its peak heighj} with the
for Raman analyses. Further details of the isolation and peak heightI¢) of an internal standard Raman bang) (f

purification procedures for spectroscopic analysis of fila- known scattering cross sectioa by use of
mentous viruses have been describ&t14, 16).

Aqueous solutions were prepared for off-resonance Raman 0, = 0l 1J(CICH[(vy — vI(vy — Vn)]4 (1)
spectroscopy by resuspension of the virus in 10 mM Tris
(PH 7.8) at concentrations in the range of 100 mg/mL.  \hereC, andC, are the molar concentrations of the internal

Solutions for UVRR and fluorescence spectroscopy were standard and target species, respectively, apds the

prepared by resuspension of the virus in the same buffer atfrequency of the exciting line, expressed indrHere, we

0.4 mg/mL and 2.7.g/mL, respectively. Deuterated Pl3was  employ as internal standard the prominent UVRR band of

prepared identically, except that® (pD 7.8) replaced B0 sodium sulfate at 981 cri Fodor et al. 20) have determined

in the pelleting and dilution buffers. Pf3 concentrations were tne absolute Raman scattering cross section of the 981 cm

determined by UV absorption assuming a virion extinction pand of S as a function of excitation wavelength in the

coefficient of 4.53 crifmg at 264 nm 1). Sodium sulfate  yjtraviolet region. Using those results, we haxe= 0.42,

(NaoSOy) was added at precisely determined concentrations g 32 0.24, and 0.16 mb at 229, 238, 244, and 257 nm,

to sample solutions for use of its Raman band at 981'cm  respectively. In applying eq 1 to a Raman band of a particular

as an internal intensity standard. nucleoside constituent of DNA, we replaGgby C, (=X,C,
Raman Spectroscoplfor off-resonance Raman spectros- where X, is the base mole fractionf, is estimated from

copy, the sample solution was sealed in a glass capillarythe UV absorbance of the DNA at 260 nm. For the packaged

(KIMAX 34507). Spectra were excited at 514.5 nm and col- genome of Pf3, the molar concentration of a particular base

lected on a single grating spectrometer (Spex 500M, Instru- is obtained from

ments S.A., Edison, NJ) equipped with a liquid nitrogen-

cooled charge-coupled device detector. The effective spectral C, = X,C, = X WM, (2)

resolution is 3.5 cm'. Raman frequencies were calibrated

to +1 cmt with indene and CGlliquids. Laser power at ~ whereW is the weight concentration of the virion, which

the sample was maintained at or below 200 mW. The total can be determined from the UV absorption spectrum and
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Table 1: Base Compositions and UV Extinction Coefficients of Pf3
Virus, ssDNA, and dsDNA

Pf3 ssDNA& dsDNAP
wt % DNA 14 100 100
base composition
%A 20 25 28 o
%T 35 34 28 g
%G 24 21 22 <
%C 21 20 22 =
av nucleotide mol wt 323 323 323 2
extinction athmax 453 7200 6300 'é
Amax (NM) 264 260 260

a Extracted from fd virus® Extracted from calf thymus nucleohis-
tones.¢ Units of cn?/mg (see refl). ¢ Units of M (phosphate) cm™
(from refs12, 14, and19 and references therein).

«<— 514.5 nm

known extinction coefficientsf is the nominal weight
fractlon. of DNA in the virion; andMp,c |s.the average 20 270 0 370 420 470 50 570
nucleotide molecular weight. The appropriate information Wavel h

to apply egqs 1 and 2 to the DNA-containing samples avelength (nm)

investigated here is given in Table 1. In evaluating the Raman Ficure 1: Absorption spectrum of Pf3 virus in the wavelength
cross section of a tryptophan band of Pf3, we make use ofinterval 220-600 nm. Arrows indicate the laser wavelengths used

; ; : . to excite the UVRR and off-resonance Raman spectra displayed in
the known subunitnucleotide ratio (1:2.4) and the pr(_:‘Sencesubsequent figures. Pf3 concentration is approximately 0.2 mg/mL

of one tryptophan per subunit)(to obtainC,:C, = 1:2.4. in 10 mM Tris (pH 7.5), and the optical path is 10 mm.
As in previous applications of the UVRR method to

filamentous virusesl@, 14), the present data are uncorrected relation to the UV and visible absorption profile of Pf3.
for the presumably negligible effects of protein and DNA Figure 2 shows the off-resonance (514.5 nm excitation)
chromophores on their respective Raman cross sections. SucRaman spectra of Pf3 inJ@ and DO solutions, as well as
effects are assumed to be completely and correctly compen-the spectral difference computed by subtraction of th® H
sated by normalization to the UVRR scattering cross section solution spectrum (subtrahend) from the(D solution
of the NaSQ, standard present in all solutions. spectrum (minuend). UVRR spectra (229, 238, 244, and 257
(b) Raman Hypochromic Effecté/e define the fractional nm excitations) of HO and BO solutions are shown in
hypochromicity of a DNA Raman band at frequengyas 1 Figure 3. The Raman band assignments generated from these
— vn, Where the hypochromic ratigy, is the quotient of data are listed in Table 2.
intensities in Raman spectra of the nucleic acid and constitu- Key Raman markers of deoxynucleoside conformations
ent nucleosides. In terms of the corresponding Ramanin the packaged Pf3 genome are shown in Figure 4. Figure

T T T T T T T

scattering cross sections: 5 compares the 257-nm UVRR signature of Pf3 with that of
a mixture of deoxynucleosides having the same base

DNA DNA DNA
Yoo =1y N = 0,7 o M (3) composition. These UVRR data provide the basis for

DNA . . calculating DNA hypochromicities, which are summarized
whereoy and o, are Raman scattering cross sections in Table 3

for the band in DNA and in a solution of the free nucleoside,
respectively. By analogy with eq 3, we defipg®™ for a DISCUSSION

Raman band of a protein aromatic residue as ] ]
The off-resonance Raman spectrum of Pf3 is dominated,

y Prot=1 Py 2= g PYg, 2 (4) as expected, by bands of the coat protein. Most of these
Raman bands exhibit little or no shift with the change of
whereo"* ando,**are Raman scattering cross sections for solvent from HO to D,O, as revealed by the difference
the residue in the protein and in a solution of the free amino spectrum of Figure 2 and corresponding data of Table 2
acid. (columns 1 and 2). Notable exceptions are the conspicuous
(c) Experimental UncertaintiesThe Raman scattering  deuteration effects observed in the intervals 120800 cnr?
cross sections reported below are averages of multiple (amide IlI region) of the HO solution spectrum and 960
independent experiments exhibiting deviations of less than 980 cnr! (amide IIf region) of the DO solution spectrum.
+10%. These limits of error reflect deviations in band These reflect partial exchange of the peptide main chain of
intensity measurements, which are due mainly to spectralthe coat subunit. However, the residual amide Il intensity
noise and baseline uncertainties. Other potential sources ofat 1276-1275 cnt? in the DO solution spectrum as well
error, such as spectrograph polarization effects and sampleas the modest amide | (1649 chh— amide | (1648 cn?)
photodecomposition, are virtually eliminated by the experi- shift confirm that peptide exchange is incomplete50%)
mental design and data collection protocols, as previously at the experimental conditions employed. In addition, deu-
described 11-14, 18, 19). teration-sensitive bands assigned to bases of encapsidated
RESULTS Pf3 DNA, including markers of adenine (726 cH and
guanine (1486 and-1682 cn1?), exhibit the wavenumber
Figure 1 indicates the laser wavelengths employed for shifts expected for deuteration of base amino and imino
excitation of UVRR and off-resonance Raman spectra in groups. Deuteration-sensitive bands of the Trp-38 side chain,
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Ficure 2: Raman spectra (514.5 nm excitation) of Pf3 virus € dissolved at 10 mg/mL in 10 mM Tris#®, pH 7.5 (second trace from

top) and 10 mM Tris/RO, pD 7.5 (top trace) and their difference spectrum (second trace from bottom). A 3-fold amplification of the
difference spectrum is also shown (bottom trace). Labels indicate prominent bands discussed in the text. Spectral intensities are normalized
to the phenylalanine marker band at 1004 ¢ém

including indolyl ring mode&V18(763— 759 cm't), W17 significance of several of these assignments is further
(874— 863 cmt), W13(1130— 1124 cmt), W7(1368— discussed in the following sections.

1360 cm'), W2(1581— 1573 cm*) andW1(1620— 1614 Structural Interpretation for Raman Markers of the Pf3
cm?), are more clearly apparent in the 229- and 238-nm capsid Subunit.(a) Amide | and Amide Ill Bands as
excited UVRR spectra of Figure 3. Collectively, these results |ngicators of Subunit Secondary Structufigne strong and
demonstrate that peptide NH ND exchange is highly  sharp amide | band centered at 1649 ¢iFigure 2, middle
protected in the Pf3 capsid; conversely, exchanges of basgace) indicates a highlg-helical secondary structure for
amino and imino sites in packaged Pf3 DNA and of the the coat protein subunit. The bandwidth (full width at half-
indolyl N1H site of Trp-38 in the capsid subunit are relatively aximum~30 cnt) is comparable to amide | bandwidths
unprotected. observed for fd and Pf1 viriond 2, 14, 16, 25) and indicates
UVRR spectra of HO and QO solutions of Pf3 shown  minimal nonhelical secondary structure. [The noticeably
in Figure 3 are in accord with the off-resonance results of greater bandwidth of-40 cn? for amide | in the D,O
Figure 2. As in previous UVRR studies of filamentous solution spectrum (Figure 2, top trace) reflects partial
viruses (2, 14), the 229-nm excited UVRR spectrum of Pf3 deuteration (NH— ND) of amide sites in capsid subunits,
is dominated by bands of tryptophan, whereas the 257-nmas noted above.] The intense amide | band is flanked by
spectrum is dominated by bands of the DNA bases. Detailedweaker bands of lower (1606 and 1621 &mnand higher
assignments for the off-resonance and UVRR bands of Pf3wavenumber{1682 cn1?). On the basis of present UVRR
(Table 2) are based upon extensive studies of modeldata (Figure 3) and observed deuteration effects (Figure 2),
compounds 19—21) and isotopically labeled fd and Pfl these can be assigned respectively to phenylalanine, tryp-
filamentous virusesl@—14, 16, 17, 23, 24). The structural tophan, and glutamine side chains of the coat subunit rather
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FiGure 3: Left panel, from top to bottom: UVRR spectra (229, 238, 244, and 257 nm excitations) of P§®isdtutions containing 10

mM Tris (pH 7.5) and Nz50, internal standard. Virus concentrations in terms of moles of DNA nucleotides packaged are 0.17, 0.26, 0.42,
and 1.04 mM (1 mM nucleotide 2.3 mg of Pf3/mL), and corresponding 0, concentrations are 250, 55, 74, and 91 mM, respectively.
Right panel, from top to bottom: UVRR spectra (229, 238, 244, and 257 nm excitations) of P§®isdlutions containing 10 mM Tris

(pD 7.5) and N&SQ, internal standard. Virus concentrations in terms of moles of DNA nucleotides packaged are 0.22, 0.19, 0.87, and 0.56
mM, and corresponding N80, concentrations are 100, 125, 63, and 80 mM, respectively. All data were obtained@t 20

than to any nonhelical components of the peptide backbone.unusual pattern of UVRR markers specific to the indolyl ring

A previous quantitative assessment of subunibelicity of Trp-38 in the assembled Pf3 virion. The present results
(>82%), which was based upon Fourier deconvolution of confirm the anomalous pattern of Trp-38 Raman markers
amide | 5), thus represents a conservative lower limit. The for both off-resonance and resonance Raman spectra of native
1682 cmt shoulder is not part of an amide | complex butis Pf3. In particular, the 229-nm excited Raman bands at 763
due primarily to the carbonyl stretching vibrations of residues (W18, 874 W17, 1230 V10, 1368 V7, and 1772 cm*
GIn-2, GIn-11, GIn-16, and GIn-42. (A small contribution (W18 + W16 are displaced significantly from their coun-
near 1680 cm® is also expected from guanine carbonyl terparts in disassembled Pf3 subunits and in most other
groups of packaged DNA.) Accordingly, the earlier decon- tryptophan-containing proteindl). The tryptophan Raman
volution result 25) reflects ~100% o-helix in the coat markers of Pf3 differ also from those of the single tryptophan

subunit. Application of a reference intensity algorithB) residue (Trp-26) of fd. The anomaly has been attributed to
to the amide | band also confirms 9200% a-helical an interaction of the Trp-38 indolyl moiety that is specific
secondary structure for the coat subunit. to the assembled Pf3 virion. A catiowr interaction 27)

It is also of interest to note that the data of Figures 2 and involving an electropositive group (cation donor) and the
3 demonstrate that Pf3 bands near 123345 cn! are not indolyl ring (zz-electron acceptor) has been proposgd).(

likely to be part of an amide Ill complex, but are due to More recently, a polarized Raman study of the orientation
deoxynucleotide bases of packaged ssDNA. Therefore, theof the Trp-38 indolyl ring in oriented Pf3L6) confirms the
amide Il profile of the Pf3 capsid consists onlyahelical steric feasibility of an intrasubunit catietr interaction
markers between 1270 and 1310 ¢min full accord with between the guanido group of Arg-37 and the Trp-38 indole.
the amide | findings: The coat subunit is essentially Additional structural information may be derived from the
completelya-helical. The Raman amide | and amide Il Raman markers of Trp-38 that appear prominently in spectra
markers of Figure 2 and the supporting UVRR evidence from of Figures 2 and 3. Detailed discussions have been given
Figure 3 constitute a firm experimental foundation for the previously (L1).
use of a uniformlyo-helical subunit as the basis for model (¢) Raman Bands of the Guanido Group of Arg-3o
building studies of the Pf3 capsi@)( further test the hypothesis of an Arg-37/Trp-38 cation

(b) Raman Bands of Trp-38 and the #ronment of the interaction in Pf311) and additionally to provide a plausible
Indolyl Ring Wen and ThomaslQ) recently reported an  spectroscopic probe of similar catter interactions in other
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Table 2: Raman Band Frequencies, Intensities, and Assignments for Filamentous Virus Pf3

excitation wavelength (nm)

514.5 257 244 238 229 assignnient
348 (0)
377 (0)
410 (0)
428 (0B) [426]
523 (2) [622]
540 (1B) [540]
561 (2) [5661]
621 (1) [621] F (F6b)
644 (0) [645] dT, M
663 (0) [655] 661 [655] dG
701 (0) [701]
726 (1) [723] 720 [723] 726 [724] 719 [719] dA
748 (1) [746] amIV[IV'], I, L
758 (2) [754] dT, A F
765 (3) [765] 770 763 [770] 763 [761] 763 [759] WML
782 (1) [782] dcC, dT
802 (0B) [798] bk
827 (0) [827] F (F1), OPOs
855 (0) [852] CCNs,b
873 (2) [873] 874 874 874 [863] 874 [863] W17, I,V
905 (2) [905] A (CCs)
924 (2) [924] CCNs,b
950 (2) [946] V, L, amlll’
958 (S) [958] L
991 (2) [991] I
1004 (4) [1004] F (F12)
1010 (S) [1010] 1010 [1010] 1010 [1010] 1010 [1010] 1010 [1010] W6
1032 (1) [1033] F (F183)
1041 (0S) [1042] T
1082 (S) [1082] 1083 PO,~, R (NCN s), dG
1107 (2) [1104] A, dA
1127 (3) [1127] 1128 [1118] 1130 [1120] 1133 [1120] 1130 [1124] wag, I, V, L
1156 (2) [1156] [1157] [1153] 1150 [1149] 1150 [1149] wiez2d, I, v
1174 (1) [1174] 1180 [1182] 1172 [1182] dT, dA, dG
1206 (2) [1205] 1200 W (W119, F (F7a)
1230 (S) 1230 [1229] 1230 [1232] W\(10
1244 (2) [1245] 1236 [1242] 1236 [1234] dT, dC
1276 (2B) [1273] amlll, dT, dA
1305 (4S) [1304] amill, dA
1319 (4) [1319] 1316 [1315] 1320[1319] 1320[1319] 1310 dA, dG,CHb
1335 (3B) [1335] 1332 [1336] 1337 [1338] CB b, dA, dG
1347 [1340] 1340 [1336] WW/7)
1368 (2) [1362] 1370 [1365] 1368 [1357] 1368 [1360] 1368 [1360] Wi7(), dA, CH b
1387 (1S) [1388] [1376] dG, dT
1426 (1) [1426] 1420 [1424] 1420 [1424] 1420 [1424] dA, W§)
1449 (4) [1448] CH; b
1459 (4) [1457] CHs b, [amIl]
1468 1460 [1457] W\V5)
1486 (1) 1485 [1480] 1487 [1480] 1487 [1480] [1484] dG, dA, W4, F
1531 (0S) 1528 1533 [1531] dC
1548 (2) [1547] 1546 [1551] 1546 [1546] 1546 [1546] W3
1578 (2) [1575] 1576 [1573] 1576 [1575] 1581 [1573] dA, dG
1585 (2) [1585] W (W2, F (F8h)
1600 dG (ring+ NH; b)
1606 (3) [1606] F (F8a)
1621 (S) [1617] 1619 [1615] 1619 [1615] 1620 [1616] 1620 [1614]
1649 (10) [1648] aml[l']
1650 [1656] 1649 [1657] 1647 [1649] dT D s)
1682 (S) 1682 1672 [1661] Q,dG£Ds)
1772 [1769] WV18+ W16

aRaman band frequencies (in chhare for HO solutions of Pf3; corresponding Raman band frequencies fordolutions of Pf3 are enclosed
in square brackets ([ ]). Relative Raman band intensities (in parentheses) apply to the 514.5-nm excited spectrum gDRiB8drat¢ based upon
a 0-10 scale, with 10 representing the intensity of the 1649'dmand. Assignments are based upon detailed studies of unlabeled and isotopically
labeled fd and Pf1 viruses and related model compouh@s17, 19-24). ® Abbreviations: B, broad; S, shoulder; b, bend; s, stretch; bk, backbone;
am, amide. Standard symbols are used for amino acids, deoxynucleosides, and chemical groy@8GPON, G=0, CH, CH, CHs). Normal
mode designations (in italics) are from r&f$ and 22.

proteins, it would be helpful to identify distinct Raman including L-arginine and poly—arginine, indicate that a
markers for the arginyl guanido group [HNFCH(N7Hy)- strong Raman marker can be expected near #9886 cm!
(N72H)*]. Ongoing studies of guanido model compounds, from the arginyl side chain (Tsuboi, M., Nakamura, K., and
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P{3 Virion wavenumber and/or intensity) to interaction with an indolyl
7T acceptor.
(d) Other Raman Bands of the Capsid Subufihe
257 om (D,0) phenylalanines of the Pf3 subunit (Phe-43 and Phe-44)

contribute several prominent bands to the 514.5-nm Raman
spectrum, as indicated in Table 2. The deuteration-insensitive
band of low intensity at 827 cm is of particular interest
because of its potential for confusion with a tyrosine band
257 m (H,0) of similar wavenumber and intensity in tyrosine-containing
proteins £8). However, because the Pf3 subunit contains
no tyrosine and because isotope labeling studi@sdlearly
indicate a phenylalanine assignment, the 827 chand of
Pf3 is attributed to residues Phe-43 and Phe-44. This revises
514.5 1m (D,0) an earlier proposal of assignment to packaged DNB).(
The 905 cm? band of Pf3, like the corresponding band
of Pfl (904 cnY), is significantly weaker than that of fd
(906 cnrt), which can be explained by assignment to alanine
side chains. The intensities correlate well with the alanine
residue compositions of fd (20%), Pf1 (15%), and Pf3 (14%)
coat proteins.
Structural Interpretation for Raman Markers of Packaged
Pf3 DNA.(a) Raman Markers of Deoxynucleoside Confor-
| : , . . mations Several Raman bands of the DNA bases have been
590 610 630 650 670 690 established as indicators of deoxynucleoside conformation
cm’™ (29, 30). Such conformational sensitivity arises typically from
mechanical coupling (through the glycosyl bond) between
FiGURE 4: UVRR spectra (257 nm excitation, top two traces) and vibrations of the purine or pyrimidine ring and the deoxyri-

off-resonance Raman spectra (514.5 nm excitation, bottom two ; i
traces) in the interval 596690 cnt? of Pf3 virus (~100 mg/mL) bose moiety 1). As an example we consider the spectral

in H,O and BO solutions. The 514.5-nm data demonstrate the well- interval 59_9_690 (_:ml’ which in principle contains _Raman
characterized Raman marker of the @8ddanti dG conformation, markers diagnostic of both dT and dG conformatio2@).(
which is observed as a shoulder centered ne®83 cnt. This However, dG markers are intrinsically more intense than
dG marker undergoes a small deuteration shift to lower wavenumberthose of dT for both 514.520) and 257-nm19) excitations.

(~655 cntl), where it becomes overlapped by markers of the e _
subunit methionine residue (Met 1) and'@®ddanti dT residues Therefore, we focus initially on dG. The key dG conforma

of packaged DNA to yield the resultant very broad band ne&60 tional indicators are as follows: 682 2 cm* (C2-endd
cm! (see text). The prominent Raman marker near 621'dm ant), 671+ 2 cn! (C2-enddsyn), 664 4+ 2 cnrt (C3-
due to subunit phenylalanines (Phe-43, Phe-44) and serves as &nddanti), and 625+ 3 cm ! (C3-enddsyn) (29). Figure 4
convenient and accurate wavenumber and intensity stan@ieyd (  shows this region of the off-resonance Raman (514.5 nm

In the 257-nm excited UVRR spectrum, the corresponding marker g P
of C3-enddanti dG is observed at-661 cn1 for H,0 solution: excitation) and UVRR (257 nm excitation) spectra of Pf3

the deuteration-shifted counterpart-a655 cnt? is intrinsically on a suitably expanded scale. It is clear that the only dG
very weak (9). conformation marker consistent with both the 514.5- and 257-

nm spectra of kO solutions of Pf3 is that for C3nddanti
Thomas, G. J., Jr., manuscript in preparation). The 1083 cm dG, which accounts for most of the Raman and UVRR
band is considered due to a normal mode of vibration intensities located between 660 and 667 &mrhe ac-
associated primarily with stretching of guanido CN bonds. companying band near 6450 cnT* can be attributed to
A modest deuteration shift~1085 — ~910 cnm?) is the subunit methionine residue, Met 1. This is supported by
expected. As seen in Figure 2, Pf3 displays a candidate514.5-nm excited Raman spectra gidHand DO solutions
Raman marker near 1082 ctto which the guanido side  of L-Met (data not shown) as well as by the deuteration
chain of Arg-37 may contribute. However, the phosphates effects shown in Figure 4. The latter can be understood as
of packaged DNA (as well as other side chains of coat follows. The C3-enddanti dG marker (centered nea663
protein) are also expected to contribute Raman intensity in cm™) is slightly deuteration-shifted to lower wavenumber,
this interval; therefore, only a small intensity decrease with as expected32), resulting in increased overlap with the
deuteration can be expected. The arginyl guanido assignmentieuteration-insensitive methionine marker in th&D>olu-
is further complicated by the fact that partial deuteration of tion spectrum. A similar deuteration shift is anticipated for
the peptide main chain generates significant amidé Il the dG marker in 257-nm excited UVRR spectt8)( which
intensity in the neighborhood of 946 cf which offsets explains the observed data (Figure 4, top two traces).
the possible effect of guanido deuteration. Finally, it cannot  We note that the data of Figures 2 and 4 are also consistent
be ruled out that the guanido moiety of Arg-37 could be with dT residues of packaged Pf3 DNA adopting the-C3
protected from facile H= D exchange as a consequence of enddanti conformation, which should yield a strong marker
interaction with one or more neighboring side chains in the at 777 cm* and a very weak couplet between 640 and 660
capsid assembly, including the putative catianinteraction cm !, conversely, the data do not fit the band pattern
(12). Additional studies of model compounds will be required expected for C2enddanti dT (strong 668t 2 cnTt marker)
to assess whether arginyl guanido markers are sensitive (in(29—31). Thus, C3-enddanti dT is presumed to contribute

655

661

Raman Intensity

514.5 nm (H,0)
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-1
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Ficure 5: Left panel: UVRR spectra (257 nm excitation) of@®isolutions of Pf3 (top) and a deoxynucleoside mixture having the same
base composition (20% dA, 35% dT, 24% dG, 21% dC) as Pf3 DNA (bottom). Sample concentrations in terms of moles of DNA nucleotides
are 1.04 and 0.80 mM, respectively; 186, concentrations are 91 and 200 mM, respectively. Right panel: UVRR spectra (257 nm excitation)
of D,0 solutions of Pf3 (top) and a deoxynucleoside mixture having the same base composition as Pf3 DNA (bottom). Sample concentrations
in terms of moles of DNA nucleotides are 0.56 and 0.80 mM, respectivelyS@®iaconcentrations are 80 and 200 mM, respectively.

Table 3: Raman Cross Sections and Hypochromic Ratios of interior of the tubular capsid, all nucleotide residues are ex-
Packaged Pf3 DNA pected to encounter a similar protein interface and adopt sim-
Raman band (base)  oPRONA P13 nucleotides y ilar conformations. It seems reasonable to conclude, there-
1332 (A) 27 P 063 fore, that dA and dC residues such as dG and dT residues
1485 (A. G) 67 92 073 of encapsidated Pf3 DNA are in the ‘@hddanti conforma-
1576 (G, A) 31 42 0.75 tion.
1650 (T) 19 28 0.67

(b) UVRR Hypochromism and Base Stackifige most

2 Raman wavenumbers of packaged Pf3 DNA (column I %mnd prominent bands in the 257-nm UVRR spectrum of Pf3 are
cross sections (columns 2 and 3, mb) are fro_m the 257-nm excited ge to ring vibrations of the packaged DNA bases (Table 2
UVRR spectra of Figure 5. Hypochromic ratios (column 4) were . PP . .
calculated using eq 3. and F|gure 5). Thg |ntr|n§|c |ntens.|ty,' or Raman cross section,

of a given band is subject to significant reduction (hypo-

weak Raman intensity near650 cnt?, which overlaps the  chromism) as a consequence of base stacking. This has been
methionine marker, and greater Raman intensity near 782demonstrated previously for stacked base pairs of both
cm! (Figure 2). Moreover, the absence of appreciable protein-free sSDNA and dsDNALR), for which the respec-
Raman intensity near 668 chcan be taken as evidence of tive hypochromic ratiosy, eq 3) are 0.45 0.10 (intensity
the absence of C&nddanti dT conformers in packaged Pf3  losses of 55+ 10%) and 0.35t 0.10 (65+ 10% intensity
DNA. The prevalence of C&nddanti dT is further sup- losses). Even more dramatic hypochromicity has been
ported by the distinctive deuteration-insensitive Raman (1244 observed for the packaged ssDNA genome of fd, for which
cm 1) and UVRR (1236 cmt) markers observed in Figures y = 0.25 4 0.04 (75+ 4% intensity loss). Conversely,
2 and 3, respectively, which have been established asrelatively modest UVRR hypochromism ¢ 0.85, or~15%
diagnostic of this dT conformatior8®). intensity loss) is observed for the packaged ssDNA of Pfl

Deoxynucleoside conformations of the dA and dC residues (12, 14). These results can be explained in terms of the degree
of packaged Pf3 DNA cannot be inferred directly from the of base stacking that occurs in the respective DNA molecules.
present Raman and UVRR data and the library of available The relative magnitude of the UVRR hypochromic effect in
marker bands29). However, because dG and dT residues a given filamentous virus thus provides a semiquantitative
are distributed randomly and widely through the viral genome measure of the extent of “condensation” of the genome with
and because the genome is extended uniformly along theencapsidation.
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Figure 5 shows the data from which UVRR hypochromic solvent readily penetrates the capsid to exchange DNA bases
effects can be calculated for the prominent bands of packagedout does not catalyze exchange of the majoritydielical
Pf3 DNA. Table 3 lists these hypochromic effects for the peptide groups. Unprotected exchange of packaged DNA
strong bands near 1332, 1485, 1576, and 1650'cBand despite substantial exchange protection of the filament capsid
assignments to ring vibrations of the indicated purines are is also observed in fd and Pfl virion$2 14, 33).
well-establishedZ9). The sensitivities of the corresponding
Raman cross sections to base-stacking interactions are alsSUMMARY AND CONCLUSIONS

well-documentedl2). We find that for packaged Pf3 DNA, . .
these bands suffer intensity losses 0f-85% (y = 0.69+ Class | (fd) and class Il (Pf1, Pf3) filamentous viruses share

0.06) in comparison to the “unperturbed” intensities= certain morphological features: Several thousand copies of

1) observed in the aqueous deoxynucleoside mixture of the@ Small and hydrophobie-helical subunit are assembled as
same base composition. Thus, the hypochromic effects of& tubular capsid, the inner surface of which is lined with
packaged Pf3 DNA are relatively modest in comparison to basic amino acid side chains. The capsid superhelix packages

those of packaged fd DNAy(= 0.25+ 0.04) and double- & covalently closed DNA single strand that is complemented
strandedB DNA (y = 0.35+ 0_1'0). yet.they are signifi- electrostatically by the adjoining inner capsid surface. The

cantly more pronounced than those of packaged PfL DNA Key to virion assembly is presumably encoded in the
(y = 0.85). In order of decreasing strength of base stacking S€duence of the capsid subunit, which ensures the fidelity

(or decreasing degree of condensation), the available UVRRO! subunit-subunit recognition and suburifiucleotide
data suggest the following sequence: interactions appropriate to the specific filament architecture.

Nevertheless, different filamentous viruses exhibit funda-
fd DNA (y ~ 0.25)> dsDNA > ssDNA > Pf3 DNA > Lnet;ta::y differednt spl;ectroscc(;pic plr(oper(;ies, with respect to
; _ oth the capsid subunit and packaged DNA. In previous
PL DNA > deoxynucleosides/(= 1) Raman and UVRR studiesl?, 14, 16, 34, 35), major
Itis interesting to note that this scheme is generally consistentdifferences in the organization of DNA in fd and Pf1 virions
with earlier assessments of base stacking based upon Uwwere reported. Here, we have demonstrated that Pf3 also
absorption and CD spectra of filamentous virusBs ( differs from both Pfl and fd in key spectroscopic features
(c) Thymine Carbonyl Hydrogen BondiriGhe prominent ~ that relate to DNA structure and subunit environment.
band centered at 1650 ciin the 257-, 244-, and 238-nm  Although some of these characteristics were reported in
excited UVRR Spectra of Pf3 origina’[es from a thym|ne ring earlier StUdieS](G), the preViOUS vibrational aSSignmentS were
vibration involving substantial G#O and C5=C6 bond tentative and incomplete. The revised and more comprehen-
stretching and a lesser component of imino-MBin-plane sive assignments reported here reflect technical improve-
bending component8{). The shift to higher wavenumber ~Ments in Raman instrumentation, including the combination
(1650 — 1656 cnt!) upon imino deuteration reflects Of both off-resonance (514.5 nm) and ultraviolet resonance
uncoup”ng of the imino component. The 1650 dnbband (257, 244,238, and 229 nm) excitations. The ComprehenSive
is expected to be sensitive to the hydrogen bonding environ-Vibrational assignment scheme (Table 2) proposed for Pf3
ment primar"y of the C40 acceptor group. According|y’ has .also been facilitated by the detailed iSOtOpiC Iabeling
the wavenumber value for the band center in packagedstudies recently completed on the class | fd assembly by
ssDNAs of fd, Pf1, and Pf3 virions provides a qualitative Overman and co-workerd g, 17, 23, 24).
measure of the strength of hydrogen bonding of the thymine  With respect to base stacking of packaged DNA, as
C4=0 acceptor in these assemblies. The observed sequencenonitored by UVRR hypochromism, Pf3 is intermediate
in order of decreasing strength of hydrogen bonding of the between Pfl and fd. Base stacking in encapsidated Pf3 DNA

C4=0 acceptor, is: is also less extensive than occurs in either protein-free SSDNA
or dsDNA. Surprisingly, however, the preferred deoxy-
Pf1 (1640 cm') > fd (1646 cm ) > nucleoside conformation of packaged Pf3 DNA is-@8dd

~1 Py ~1 anti, i.e., the same as that of packaged fd DNA and distinct
Pf3 (1650 cm™) > thymidine (1652 cm) from the C2-enddanti conformation of packaged Pf1 DNA.
We conclude that thymine G40 groups in packaged Pf3 Assuming that the deoxynucleoside conformation monitored
DNA form hydrogen bonds comparable in strength to those by Raman (furanose pucker and glycosyl orientation) is
of the aqueous deoxynucleoside, but considerably weakerrelated to intracapsid organization of DNA, the results
than those in packaged DNAs of Pf1 and fd virions. prOVide evidence of different genome Organizations in Pf1,
(d) Raman Indicators of Deuterium Exchange of Bases in Pf3, and fd. Apparently, the symmetry of the virion is not
Packaged Pf3 DNATable 2 identifies a number of Raman sufficient to determine DNA organization at the nucleotide
and UVRR markers of packaged Pf3 DNA that are sensitive level. Because Ca&nddanti deoxynucleosides do not occur
to the change of solvent from B to D,O. The observed In the lowest energy statd(form) of protein-free DNA,
deuteration shifts, e.g., 1332 1336, 1485~ 1480 and 1650 ~ We further conclude that this conformation is conferred
— 1656 cnt?, reflect base amino and imino exchanges that through specific subunitDNA interactions.
are more rapid than the period of sample preparation and The anomalous Raman markers of Trp-38 in the Pf3
data collection protocols{24 h). This contrasts with subunit assembly, reported previoushfll) and confirmed here,
peptide exchange, which is estimated to be no more thanfurther define the distinctiveness of the Pf3 structure in
50% complete in the same time interval and remains so uprelation to Pfl and fd. These bands have been proposed as
to the longest periods monitored~100 h). Thus, at the  markers of indolyl interactions specific to the local environ-
experimental conditions employed (pH 7.8, 2G), the ment of Trp-38 in native Pf3, possibly involving catien
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interaction of the indolyl ring with the guanido group of Arg-
37 (11). The feasibility of this interaction has been tested
by polarized Raman spectroscopy of oriented Pf3 fibers and
a structural model has been proposé#)(
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