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by Polarized Raman Microspectroscopy

Masamichi Tsubot,Stacy A. Overman, and George J. Thomas, Jr.*

Division of Cell Biology and Biophysics, School of Biological Sciencesydisity of Missouri-Kansas City,
Kansas City, Missouri 64110

Receied Naember 22, 1995; Résed Manuscript Recegéd June 10, 1996

ABSTRACT. TheFf filamentous virus, which includes the closely related stré&ingl, andM13, serves as

a model for membrane protein assembly and is employed extensively as a cloning vector and vehicle for
peptide display. The threadlike virior:6 x 880 nm) comprises a single-stranded DNA genome sheathed
by ~2700 copies of a 50-residwe-helical subunit, the product of viral gene VIII. The pVIII subunit
contains a single tryptophan residue (tryptophan-26) which is essential for assembly. We have employed
polarized Raman microspectroscopy to determine the orientation of tryptophan-26 in pVIIlI subunits of
orientedfd fibers. The present application is based upon the transfer of tryptophan Raman tensors from
a recent study oN-acetyl+-tryptophan single crystals [Tsubet al. (1996)J. Mol. Struct. 37943—50].

The polarized Raman spectrafdfindicate that the plane of the indole ring in each pVIII subunit is close

to parallel to the virion axis. In this orientation, the line connecting indole ring atoms N1 and C2 is
nearly perpendicular to the virion axis, while the indole pseudo-2-fold axis (a line connecting atom C2 to
the midpoint of the C5C6 bond) is approximately 3@rom the virion axis. We have used the present
results in combination with preferred tryptophan side-chain torsiph@J3—CS—Ca—N) andy?! (C2—
C3—-CS—Ca)] in other proteins and a previously determined experimental valyé'dh fd [Aubrey, K.

L., & Thomas, G. J., Jr. (199Biophys. J. 601337-1349] to propose a detailed molecular model for

the orientation of the tryptophan-26 side chain in the native virus.

Ff is the class prototype of long=880 nm) and thin£6 (1988). The results show that pVIII subunits are uniformly
nm diameter) bacterial viruses infecting" Fstrains of o-helical and layered about the filament axis with 5-fold
Escherichia coli Phagedd, f1, andM13 are morphologically  rotational symmetry and an approximately 2-fold screw axis.
identical members of thef class, in which a single-stranded A high-resolution structural model of the virion is, however,
DNA loop of 6410 nucleotides is packaged within a sheath not available.
comprising about 2700 copies of a 50-residue subunit (pVIIl),

the product of viral gene VIII.Ff is an important tool in Recently, polarized Raman spectroscopy was applied to

experimental molecular biology, serving as a cloning vector fd to determine that the average angle of inclination (tilt) of

Denhardtet al, 1978), a substrate for antigenic peptide the pVIIl o-helix with respect to the ﬁla_ment axi_s Is 16
((jisplay (Smith, 1985; )Scott & Smith, 1990 greenv?/cgtd 4° (Overmanet al, 1996). Model-bL_uIdlng studies based
al., 1991), a vehicle for sequence specific DNA recognition UPON X-ray and NMR results (Marviet al, 1974, 1994;
(Choo & Klug, 1994: Jamiesoat al, 1994), and a model Marvin, 1990; Makowski & Caspar, 1981; Crosisal,, 1983;

for nucleoprotein assembly within a membrane bilayer Opellaetal, 1987; Marzec & Day, 1988; Glucksmantal,
(Russel, 1994). Although many genetically engineered 1992; Opella & McDonnell, 1993) have suggested a helix
mutants ofFf virions have been described, in no case has tilt angle between 0 and 30in reasonable accord with the
the mutation of tryptophan-26 (W26) yielded a viable phage experimental value. Nevertheless, the orientations and
product (Williamset al, 1995). The widespread use Bf interactions of subunit side chains in the virion assembly
has prompted numerous investigations of the virion archi- remain largely unknown, and additional experimental data
tecture, including structural studies by fiber X-ray diffraction are required to determine them. Knowledge of the pVIII
(Marvin et al, 1974, 1994; Makowski & Caspar, 1981; side chain conformations and environments should enable
Marvin, 1990; Glucksmaret al, 1992), solid state NMR  more accurate modeling of protein-protein and prot@&nA
spectroscopy (Crosat al, 1983; Opelleet al, 1987; Opella  interfaces within the virion. Detailed structural information
& McDonnell, 1993), solution Raman spectroscopy (Thomas on the pVIIl side chains should also advance understanding
& Murphy, 1975; Thomagt al, 1983; Overman & Thomas,  of filamentous phage polymorphism (Hemmiregal, 1992)

1995), and solution CD spectroscopy (Clack & Gray, 1989, an( its relevance to proposed assembly and disassembly
1992; Arnoldet al, 1992). A review is given in Dagt al. mechanisms.

. . . _ Here we employ polarized Raman microspectroscopy to
TPaper LIl in the series Studies of Virus Structure by Raman d . h . . fth . h ide chai
Spectroscopy. Supported by Grant GM50776 from the U. S. National G€t€rmine the orientation of the unigue tryptophan side chain

Institutes of Health. (W26) of pVIIl in the nativefd assembly. The present
» Author to whom correspondence should be addressed. _application involves measurement of polarized Raman
*Permanent address: Department of Fundamental Science, lwaki- . . . .

Meisei University, lwaki, Fukushima 970, Japan. spectra from uniformly oriented fibers &f filaments by use
® Abstract published irAdvance ACS Abstract#ugust 1, 1996. of a Raman microscope. The polarized Raman intensities
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of every other Raman band and is uniquely situated with
respect to the indole ring. The orientation of each axially
symmetric and uniquex(y, 2) system can be expressed by

the two Eulerian angle$ andy, as illustrated in Figure 2.

We assign a Raman tensax, corresponding to each
normal mode of vibration (Raman band) of the uniaxially
arranged tryptophans. The Raman tensor has diagonal
| . elementsoy, o4y, anda, Physically, each tensor element
1X axi1s is defined as a first derivative of the polarizability with
respect to the vibrational normal coordinate and expresses
directional change of polarizability during vibration. We deal
only with the relative magnitudes of these tensor components,
namely ax/az; = r, and oy/o,, = r, (Tsuboiet al, 1991,
Thomas & Tsuboi, 1993). Thus, highly anisotropic Raman
tensors are characterized by valuesrpfind/orr, which
differ greatly from unity, whereas isotropic Raman tensors
exhibitr, ~ r, &~ 1. The values of; andr, associated with
a specific vibration can be calculated from knowledge of
the appropriate polarized Raman band intensitigavhere
k andl (=a, b, ¢) are the directions of incident and scattered
electric vectors, respectively, in the coordinate system fixed
on the fiber (Benevidest al., 1993).

As noted above, the orientation of a molecular group with
tensor principal axes, y, andzin relation to a uniaxial lattice
with axesa, b, andc is given by two angles] andy (Figure
2). Here,0 is the angle by whiclz is tilted from the fiber
é axis ¢, andy is the angle between lines-N and O-y of

< (filament axis)

Figure 2. Note that ©N represents the intersection between
the plane of the indole ring and the plane normal to the fiber
Ficure 1: Coordinate systema( b, c) for a uniaxially oriented axis. The polarized Raman intensity ratigly, is given in

fiber of the fd virus and the set of principal axex,(y, 2) terms ofé andy by eq 1 (Tsubogt al, 1991)
corresponding to a representative Raman tensor of the indole ring ? '

of tryptophan-26. The illustration is not drawn to scale, and only
short segments of the 880 nm virion and 50-residue subunit are "cc

represented. = 4[sir? 6 (r, cos y + r, sin’ y) + cos 6]/

lb
are analyzed quantitatively in terms of the tryptophan local [cos” 6 (r; cos y + 1y i’ ) + (ry sir y + 1, cos y) +
Raman tensors. The tensors were determined in a recent sir? 3]2 (1)
polarized Raman study of a single crystal Mfacetyl+-

tryptophan N-AcTrp) (Tsuboiet al, 1996). The presently  (2) Applications

determined tryptophan orientation in tfesfiber is compared . . . . .
with the result obtained by use of an independent Raman- In using eq 1 'to deterlmlne the orlentat[qn of a given
based method, utilizing hydrodynamic shear force to orient Molecular group in théd fiber, several specific cases can

fd filaments in solution (Takeuchét al, 1996). be noted. _
Case | Assume that for a single Raman band, the Raman
METHODS OF PROCEDURE tensor principal axesx(y, z) and ratios I, rz) are known
and the polarized Raman intensity ratig/(n,) is measured.
(1) Theoretical Background In this case, the orientation of the functional group cannot

be determined uniquely. Only a parametric relation between
the angles®? andy can be obtained.

Case Il If, in addition to the data of case I, it is known
thatr; = r, (=r), i.e. the local Raman tensor is axially
symmetric along and o, = 0.y, then eq 1 becomes

In the fd fiber, all subunits and therefore all tryptophans
are arranged uniaxially. Figure 1 illustrates schematically
the two coordinate systems, b, ¢) and &, y, 2), employed
in the present analysis. The systeanlg, c) is fixed on the
cylindrically symmetric virus particle, witls parallel to the
virion axis anda andb equivalent and perpendicular to ) 2
The coordinate system,(y, 2 constitutes the set girincipal I_CC — Ar sir’ ¢ + cogf 0) 2)
axes of a single normal mode aibration localized in the b (r cof 6 + r + sir? 6)?
indole ring of tryptophan-26 (W26). Because all pVIli
subunits and therefore all W26 residues are arranged sym-and measurement &f/ly, allows determination of the tilt
metrically with respect to the virion axis, the set of principal anglef. An application in which the polarization of the
axes for a given normal mode is also arranged symmetrically Raman amide | band is employed to determine the tilt angle
with respect to the virion axis. Note, however, that each of the subunita-helical axis infd has been described
normal mode of W26 has a unique set of principal axes. (Overmanet al,, 1996).

Consequently, the principal axis systexy(, 2) correspond- Case lIL If, in addition to the data of case I, it is known
ing to a given Raman band is generally different from that thatr = 1, i.e. the local Raman tensor is isotropic, then eq
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C spectroscopy have been described (Overman & Thomas,
1995).

The virus solution £50 mg/mL) was drawn into an
oriented fiber with ar=0.5 mm thickness by slowly drawing
a spherical drop between the glass rods of a fiber-pulling
device which was maintained in a hygrostatic environment
(92% relative humidity). Unidirectional orientation of virions
within the fiber was assessed by observing that the maximum
Raman anisotropy was observed for parallel and perpen-
dicular alignments of the fiber with respect to the electric
vector of either the incident or scattered radiation. Refractive
effects observed in viewing the fiber through crossed
polarizers were also consistent with a high degree of
orientational order in the domains of the fiber through which
the laser was directed. Similar Raman polarization effects
were observed for fibers drawn in a high magnetic field, for
Ficure 2: Definitions of the Eulerian angled and y which which orientational disorder is believed to be insignificant

designate the orientation of principal axesy; ) of a tryptophan (D A. Marvin, personal communication). The high degree

Raman tensor with respect to tfesfiber axes 4, b, c). Here,f is of uniaxial orientation in domains of fibers probed by the
the angle by which the Raman tensor principal ajserpendicular laser presumably reflects the capability of selecting for
to the indole plane) is tilted from the fiber axie)(andy is the  gptimally oriented virions with the narrow beam diameter

angle between the Raman tensor principal gx{ne O—y) and . : .
the line of intersection (©N) between the plane of the indole ring (=5um). Further consideration of the effects of imperfectly

and the plane normal to the fiber axis. An increasg @orresponds ~ Oriented virions is given in the Results and Conclusions.
to a counterclockwise rotation of the indole plane about the positive )
z axis. (4) Raman Microspectroscopy

The instrumentation for polarized Raman microscopy
combines a Coherent INNOVA 70 argon laser (Santa Clara,
CA), an Olympus model BHSM microscope (Lake Success,
NY), an ISA/Jobin-Yvon model S3000 triple spectrograph
(Edison, NJ), and an ISA Spectraview-2D charge-coupled-
device detector and has been described in detail (Benevides
et al, 1993; Thomaet al, 1995).

The experimental arrangement employs a narrowly focused
ser beam (diameterl um), which permits data collection
om highly crystalline domains within the fiber of uniaxially
oriented viral filaments. The fiber was maintained at a
constant relative humidity of 92% and thermostatted at 10
°C throughout the data collection protocols.

2 yieldslJ/lp, = 1. Accordingly, no directional information
can be inferred from the data. The same result may arise
for an intrinsically anisotropic local tensor if the lattice (fiber)
contains a number of equivalent molecular groups in different
orientations with respect to the, (b, c) system so that the
average nonlocal Raman tensor effectively giugs= oy
= Ozz

Case IV In this case, the molecular group in question la
exhibits more than one Raman band, and for each band ( fr
the principal axes X, y,, z) and local Raman tensor
components are known. Then a contour line of the polarized
Raman intensity ratiol{(i)/lpx(i)] may be drawn infi—y;
space for the given Raman band. The point of intersection
of all such contour lines, transformed into the saéhey RESULTS AND CONCLUSIONS
space, Yyields the orientation of the molecular group. In

general, the required coordinate transformation is not simple  Polarized Raman spectra in the 3800 cm'* region
and may be intractable. for cc(lco) andbb (lyy) orientations of théd virus are shown

Case V If, in addition to the data of case |whe principal 1N Figure 3. In Figure 4, the segments of the spectra
axis systems for bandsandj have a commou axis, such containing the most important tryptophan marker bands are

that a simple coordinate transformation allows the contour redra_wn on an expanded scale. Eigure 4 also iIIustrate_s the
line in 6—y; space to be shifted to that 6f—; space, then principal axes X, y, 2 and respective Raman tensor ratios

the coordinate transformation referred to above is tractable. (" I2) for the 1340, 1364, and 1560 cfrbands of the W26

In such a case, the orientation of the molecular group is "eSidue infd. o _
readily determined. As shown below, this situation applies  The Raman tensors employed in Figure 4 were determined

to the W26 indole ring of pVIII subunits in thia fiber. from a polarized Raman study of an oriented single crystal
of N-AcTrp (Tsuboiet al, 1996). It is assumed that these
(3) Materials tensors can be transferred without change to the W26 residue

of pVIIl in the fd assembly (see Summary and Discussion).

Growth media and standard reagents were obtained fromThe tryptophan Raman frequencies and polarized Raman
Sigma Chemical Co. (St. Louis, MO) and Fisher Scientific intensities from spectra of Figures 3 and 4 and the corre-
(St. Louis, MO). TheN-AcTrp crystal which provided the  sponding Raman tensors transferred frodpAcTrp are
Raman tensors for use in this study has been describedsummarized in Table 1. More detailed tabulations of
(Tsuboiet al, 1996). aromatic side-chain assignmentsfihare given elsewhere

The fd virus was grown in MS media oR. coli strain (Aubrey & Thomas, 1991; Overman & Thomas, 1995).
Hfr3300, using stocks obtained from Dr. Loren A. Day, The W26 residue makes major contributions to fbe
Public Health Research Institute, New York, NY. Details spectrum at 758, 879, 1010, 1340, 1364, 1560, and 1582
of phage isolation, purification, and preparation for Raman cm™. For all but the band at 879 crh the Raman tensors
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mode 1340 1364 1560

r, 2.26 1.56 0.59
t, 0.35 6.13 271

axis
system

Raman Intensity

Mwwwwﬂww \.w/\w

T T
300 800 cm 1300 1800

Ficure 3: Polarized Raman spectra in the 3AB00 cnT? region

for cc (le) andbb (Ipp) orientations of théd virus excited at 514.5
nm. Relative intensities, which were collected in immediate
succession on the same fiber after rotation by@dthe microscope
platform, are believed to be accurate to within 2%. Further details
of the apparatus and experimental protocol have been given by
Benevidest al. (1993).

are known (Tsubogt al,, 1996). Of these, the bands at 758
and 1010 cm! are characterized by essentially isotropic
tensors (case lll, above), and therefore, their polarized Raman
intensity ratios are not of value for assessing tryptophan
residue orientation. This is apparent for the band at 1010
cm~tin Figure 3, occurring in botlh.. and Iy, spectra as a
weak shoulder to the more prominent band of phenylalanine
at 1005 cm®. Note that, in the case ¢, the isotropic band

at 758 cnmi! and also the band at 1582 chare complicated

by overlap from bands of either DNA, the peptide backbone, 1200 1400 1600
or various side chains (Overman & Thomas, 1995; S. A. -1

- cm
Overman and G. J. Thomas, Jr., unpublished results)'F|GURE4: The rectangular box contains expanded scale presenta-

Consequently, the polarizations observed in Figure 3 for the tjons of the polarized Raman spectraafn the 1206-1600 cn?
fd bands at 758 and 1582 cfare not governed solely by  region (., upper trace;ly, lower trace). Labels indicate the
the orientation of W26. important tryptophan markers at 1340, 1364, and 1560 cwhich

The Raman tensors for the 1364 and 1560 tmodes are discussed in the text. Dashed lines indicate the baselines over

. : . . . which the polarized Raman intensities have been measured. Above
are highly anisotropic, and the corresponding bands in thethe box are illustrated the sets of principal axesy( z, with only

fd spectrum are sharp and their intensities accurately measury andy labeled) and Raman tensors andr,) corresponding to
able. For the 1560 cm vibration, the greatest polarizability  each tryptophan marker.

change is along the line (pseudo-2-fold axis) intersecting C2
and bisecting the C5C6 bond. This conclusion is based Table 1: Raman Tensors and Polarizations for Bands of
upon the fact that the indole pseudo-2-fold axis in the Tryptophan-26 in the Spectrum of the Virus

N-AcTrp single crystal coincides with the crystallographic Raman tensér

Raman Intensity

b axis, and the finding that only thig, component of the Raman band (crr) r r polarization,ldls

polarized Raman spectrum exhibits an intense 1560'cm 758 178 0.83 b

band (Tsuboiet al, 1996). Because of the high value of 1010 174 0.87 ~1

the polarized Raman intensity ratio fof at 1560 cm* (I 1340 2.26 0.35 0.40.2

lpp = 2.8 & 0.2), it is clear that the pseudo-2-fold axis of 1364 1.56 6.13 265

W26 is oriented more or less along tfefiber axis €). A 1560 059 271 2802

more quantitative assessment is obtained as follows. 1582 _ 07 61 _ b _
The specific orientation of the indole ring fd can be 2 From Tsuboiet al.(1996).° Not determined due to overlap with

determined by application of eq 1 to Raman bands of the Raman bands of other viral components. See the text.

W26 residue at 1364 and 1560 th For the band at 1560

cmL, substitution of the experimental valueslgflp, = 2.8 Note from Figure 4 that the 1364 cftensor is defined
+0.2,r; = 0.59, and, = 2.71 (Figure 4 and Table 1) into  using a set of principal axes (Trp2) differing from the set
eq 1 yields the set ofé x) values represented by the (Trpl) employed for the 1560 crh band. As shown
horizontally hatched area of Figure 5A. Ang,(x) pair previously (Tsuboet al., 1996), this difference is equivalent
within this region is consistent with the experimental data to a 22 rotation iny about thez axis common to Trpl and
(case | above). Similarly, the region df,(y) space allowed  Trp2. Consequently, in order to locate the regionéfy)

by the polarization of the 1364 crthband is indicated in  space in Figure 5A compatible with both the 1560 and 1364
Figure 5A by vertical hatch marks. cm ! Raman bands, it is necessary to reduce the gngfe
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A The 6 = 90° andy = 54° pair fixes the indole plane as
follows. Becaus# is the angle between the normal to the
indole plane and the virion axis, the valde= 90° places

the indole plane at V(i.e. parallel) to the virion axis.
Further, the valug = 54° places the line ©N (defined in
Figure 2) at an angle of 34rom the line connecting indole
atoms C5 and C9 or at an angle of°7om the line
connecting indole atoms C4 and C2, as depicted in Figure
5B. In this orientation, the indole pseudo-2-fold axis is
directed at an angle of 36rom the virion axis. The latter
parameter provides a convenient basis for comparison with
another recent experimental determination of the W26
orientation (Takeuchet al, 1996), as noted in Summary
and Discussion.

We next consider the sources of experimental error and
related uncertainties in the present measurements. The most
I ] obvious source of error is due to measurement of the Raman
ol intensities) . andlyy,, in each sampling protocol. In a typical
0 30 60 90 protocol, consisting of six spectral accumulations, the signal-

% (deg) to-noise ratios and uncertainties in the spectral baselines
combine to introduce error limits of 25 and 7%, respectively,
in the quotient /Iy, for bands at 1364 and 1560 ci(Table
1). These uncertainties are reflected in the widths of the
belts drawn in @, y) space in Figure 5A. Thus, the range
2.6 < l¢dlpp < 3.0 for the polarized Raman intensity ratio
of the 1560 cm* band corresponds to ranges in the Eulerian
angles of 51 < y < 57° at constan® (=90°) and of 78 <
6 < 102 at constany (=54°). Similarly, the range 15
lcdlpp < 25 for the polarized Raman intensity ratio of the
1364 cn1! band corresponds to 73< y < 90° at constant
0 (=90°), and 80 < 6 < 100 at constanty (=76°).
Combining the data for the 1364 and 1560 ¢tpands, using

90 ———————
L Overlap

1560 cm-I

-1
(Trpl) 1364 cm

(Trp2)

[o2]
o
— 1

6 (deg)

1340 cm’’
(Tipl)

y-axis

T2 the Trp2— Trpl axis transformation outlined above, restricts

FIGURE 5: (A) Maps oflcdln, in (6, 7) space for the tryptophan-26  the range of uncertainty to points within the overlapping
Raman bands ofd at 1340 (stippling), 1364 (vertical hatching),  belts. Accordingly, a reasonable estimate of the uncertainty
and 1560 cm! (horizontal hatching). Shaded areas indic#ey) in the @, x) pair is (90+ 10°, 54 + 3°).

domains consistent with experimentally observed valuds/ofp, : .
assuming Raman tensors and principal axes (Figure 4) transferred A Second_pOter_]t'al Source_ of error can _be attf_'bvted to
from N-AcTrp (Tsuboiet al, 1996). The area of overlap of stippling  Imperfect orientation of the filamentous virions within the
with vertical and horizontal hatching, which is labeled at the top fiber. A detailed consideration of this effect has been given
of the map, indicates thé(y) values in the Trp1 coordinate system  previously (Overmart al, 1996). In short, this effect can
which identify the orientation of the indole ring of tryptophan-26 ¢ agtimated by assuming a Gaussian disorder distribution
in the fd subunit. See the text. (B) lllustration of the indole ring ith a half-width 21 and allowina for filt of the fiber b
orientation of tryptophan-26 as determined in panel A. Tlais with a half-width &1 and allowing for tilt of the fiber by an
and the O-N line are defined in Figure 2. angled along any meridian from the fiber axis so that the
number of tilted virions is proportional to (s®[f(0)], where
Trp2 by 22. This transformation corresponds to case V f(d) = exp(—0.693%/d?). The Raman intensities are then
(above) and is represented in Figure 5A by the area calculated after substitution of tensor ratios appropriately
containing the overlap of horizontal and vertical hatching, weighted with (sind)[f(6)] and integrated over the interval

accomplished by translating the latter along he 90° line 0 < 6 < @/2. The dependence dfJly, on the disorder
so that it eclipses the former as shown in the figure. parameted has been calculated for several possible angles

In Fi 5A | how th o hich of inclination of the pVIII helix from the filament axis. The
n |gur<3 t,we alsos ct)V\: detarfea h Q)ls?&?;]ibv; 'g Icdlpp ratio of 3.0 for the amide | band at 1650 chwas
corresponds 1o experimental data for the na. found to be consistent with a helix tilt of 16and small

The large area of this region (stipplgd) refleqts the_fact that misalignment (0< d < 3°) or tilt of 13° and more substantial
measurement of the 1340 cinband intensity is subject to misalignment @ ~ 9°). Helix tilt angles greater than 20

a relatively large uncertainty/lo, = 0.4+ 0.2), oWing 10 4re not consistent with the polarized Raman amide | data
the inherent weakness of the band in thespectrum and (Overmanet al, 1996). Because théd fiber samples

its severe overlap by very strong amide Ill bands in Heth  generating the data of Figures 3 and 4 exhibit the shghe
andlp, spectra. Nevertheless, as shown in Figure 5A, the |, ratio (3.0+ 0.2) observed by Overmaet al. (1996) for
polarization of the 1340 cnt band is reasonably consistent the amide | band at 1650 ¢y we conclude that the effect
with the results for the 1364 and 1560 chibands. The  of misalignment on the Raman polarization ratios for
indole orientation is thus represented in the Trpl system by tryptophan markers is also small and can be neglected in
the pair @ = 90°, y = 54°) at the center of the overlapping comparison to the larger uncertainties described in the
hatched areas of Figure 5A. preceding paragraph.
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SUMMARY AND DISCUSSION

We have used polarized Raman spectroscofdy &ibers

to assess the orientation of the W26 side chain in the pVIII
subunit. The results indicate that the plane of the indole

ring is nearly parallel (Gt 10°) to the virion axis and that

the pseudo-2-fold axis of the indole ring forms an angle of

36 £ 3° with the virion axis. These structural results, which
are independent of any assumigdmodel, are depicted in
Figure 5B.

The present determination of the W26 orientatiorfdn

Tsuboi et al.

in the vicinity of W26 (residues 2230), as shown in Figure
6. The N terminus of the subunithelix is at the top in this
illustration. In this model, the! andy?* torsions of W26
are within the allowable ranges described above, viz-7
and+108, respectively. The indole plane is tilted by a small
angle (20) from the virion axis, while the pseudo-2-fold
axis is directed at 44with respect to the axis. The latter
two parameters differ only marginally from the experimen-
tally determined structure which is depicted in Figure 5B.
In the course of this analysis, we observed that the pVIII
subunit in the proposed 1IFJ model of Marvin and co-

by polarized Raman spectroscopy is based upon the keyworkers has W26 torsiong! = —115 and y2t = —70°
assumption that tryptophan Raman tensors determined previyqsymmonset al, 1995). Although these torsions are not

ously for theN-acetyl+-tryptophan N-AcTrp) single crystal

inconsistent with the indole plane orientation deduced from

Raman tensors for the normal mode8 (1557 cmt), w7
(1357 cmY), andw7' (1332 cn1?) of N-AcTrp are the same

et al. (1989) correlation established fes3 and are not
consistent with either the library of Ponder and Richards

as those for the corresponding modes (1560, 1364, and 134Q1987) or the indole orientation established from UVRR

cm™1) of W26 in subunits of théd fiber. This assumption

studies of flow-orientedd (Takeuchiet al, 1996; see below).

cannot be proven but is supported by the fact that the Ramaninterestingly, these inconsistencies can be resolved simply
frequencies and relative intensities closely parallel one py exclusion of the negative sign fg#t. (Energy minimi-

another in the two structures. Raman spectr&NaicTrp

zation also indicates that the 1IFJ X-ray model can accom-

in both single crystals and aqueous solutions reveal that themodate quite well a 180flip of »2* from —70 to +11C°
w3, w7, andw7 bands are largely unperturbed by the change with an accompanying change it from —115 to ap-

in the molecular environment (Tsubet al, 1996). Ad-
ditionally, the depolarization ratiop measured on isotropic
solutions of N-AcTrp and L-tryptophan are essentially
identical = 0.154+ 0.05 forw3, p = 0.174+ 0.03 forw?7,
andp = 0.15+ 0.05 forw7'; Tsuboiet al, 1996). This

proximately—80° and modest adjustments in the peptige
torsions.)

Itis of further interest to compare the present results with
a determination of W26 orientation in hydrodynamically
orientedfd virions, as measured by ultraviolet resonance

suggests that the corresponding Raman tensors are largelRaman (UVRR) spectroscopy in combination with Raman
independent of covalent changes external to the indole inear intensity difference (RLID) (Takeucleit al, 1996).
moiety. Thus, there is considerable experimental evidenceThe UVRR-RLID study has revealed that for dilute aqueous
to support the assumption of transferability of the Raman fq (~1 mg/mL) the plane of the W26 indole ring is inclined

tensors. The reliability of this assumption will be further

tested in future work on single crystals of other tryptophan-

containing compounds of known structure (Miuea al,,
1989).

by a small angle (3% 4°) from the virion axis, while the
indole pseudo-2-fold axis is directed at 386° from the
virion axis. Thus, both fiber and solution determinations
yield, within experimental error, the same result for the

In order to develop a more detailed molecular model of orientation of the indole pseudo-2-fold axis; they are dis-

the W26 side chain conformation and indole ring orientation, tinguished only by a modest difference in the tilt of the indole
it is instructive to combine the present polarized Raman plane with respect to the virion axis. The presently refined
results with a previous Raman determination of the side- model (Figure 6) in fact agrees very closely with the model

chain torsiony?* (C2—C3—Cp—Ca. torsion angle) (Aubrey

proposed on the basis of the UVRIRLID study [Figure

& Thomas, 1991). On the basis of model compound studies 12 of Takeuchkt al. (1996)]. The very small difference in

(Miura et al, 1989), it is known that the Raman marker band
of tryptophan in the spectral interval 1545560 cnr?
(normal modew3) is diagnostic of the absolute magnitude
of the torsiony?L. In the case ofd, the Raman band is
observed at 1560 cmi (Aubrey & Thomas, 1991), which
indicates|y?Y = 1204+ 10°. To resolve the ambiguity in
the sign ofy?! and also to establish a compatible value for
the torsiony* (C3—CS—Ca—N) of W26, we have examined
all pairs ofy* and 2! torsions consistent with the Raman

indole plane tilt (¢~10°) in the two models may reflect a
structural difference between fibrous and solution states of
fd or may result from inadequacies in the approximations
employed in the two methods. The former explanation is
consistent with the notion that subunit interactions in the
filamentous virion assembly are sensitive to local solvent
and salt environments (Thomas al,, 1983).

In an earlier study, Clack and Gray (1992) employed UV
linear dichroism spectroscopy (UVLD) to estimate the

results and the tryptophan side-chain rotamer library of orientation of the W26 side chain in dilute solutionsfof
Ponder and Richards (1987). We have also imposed theThey deduced an upper limit of 4%or the tilt angle of the
criterion that the W26 orientation be energetically favorable indole plane but did not exclude smaller values. Accord-

in the context of thefd assembly, as judged by energy
minimization (Bringer, 1992) of the most recefd model

of Marvin and co-workers (Marviret al, 1994; Symmons
et al, 1995; Protein Data Bank identification number 1I1FJ).
Our criteria suggest the rangg<d01° < 42! < +12¢° and
—84° < y! < =70 for side-chain torsions of W26.

ingly, the UVLD estimate does not conflict with either the
polarized Raman or UVRRRLID determinations. The
disposition of the indole pseudo-2-fold axis was not deter-
mined in the UVLD study.

The model proposed in Figure 6 provides a basis for
further evaluation of virion architecture in the vicinity of

On the basis of the above considerations, we propose aresidue W26. Previous studies (Overmah al, 1994;

plausible energy-minimized model of thetsubunita-helix

Overman & Thomas, 1995) show that the local environment
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FIGURE 6: (A) Stereodiagram of an energy-minimized (Bger, 1992) structural model proposed for the natd/eubunit in the vicinity

of the W26 side chain (residues220). The model is based upon the indole ring orientation obtained from the polarized Raman results
of Figure 5, the W26 side-chain torsigi?! indicated by tryptophan normal mode3 (Aubrey & Thomas, 1991), the average tilt angle
(16°) of the subunito-helical axis with respect to the virion axis determined by polarized Raman microspectroscopy (Oetrahan
1996), and the fiber diffraction-based symmetry of fdevirion (Marvin et al, 1994; Symmont al, 1995; Brookhaven Data Bank
identification code 1IFJ). The virion axis runs vertically. (B) Stereomodel of théddubunit, generated as in panel A. Molecular graphics
were prepared on a Silicon Graphics workstation using the program MOLSCRIPT (Kraulis, 1991).

of the indole ring of W26 is sensitive to the mutation Y24 induced by changes in the salt concentration (Thoetas,

— M. Putative interactions of W26 and nearby residues, 1983).

including Y24, with other side chains of neighboring subunits  Finally, we note that the method developed here should
will be addressed in future polarized Raman and UVRR  be applicable to other biological macromolecular assemblies
RLID studies of Ff variants. A particularly interesting  which exhibit a unique tryptophan environment, including
question is the significance of changes in W26 marker bandsthe filamentous bacteriophadpd3.
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