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ABSTRACT: p-Cresol is a simple molecular model for thepara phenolic side chain of tyrosine. Previously,
Siamwiza and co-workers [(1975)Biochemistry 14, 4870-4876] investigatedp-cresol solutions to identify
Raman spectroscopic signatures for different hydrogen-bonding states of the tyrosine phenoxyl group in
proteins. They found that the phenolic moiety exhibits an intense Raman doublet in the spectral interval
820-860 cm-1 and that the doublet intensity ratio (I2/I1, whereI2 andI1 are Raman peak intensities of the
higher- and lower-wavenumber members of the doublet) is diagnostic of specific donor and acceptor
roles of the phenoxyl OH group. The range of the doublet intensity ratio in proteins (0.30< I2/I1 < 2.5)
was shown to be governed by Fermi coupling between the phenolic ring-stretching fundamentalν1 and
the first overtone of the phenolic ring-deformation modeν16a, such that when the tyrosine phenoxyl proton
is a strong hydrogen-bond donor,I2/I1 ) 0.30, and when the tyrosine phenoxyl oxygen is a strong hydrogen-
bond acceptor,I2/I1 ) 2.5. Here, we interpret the Raman and infrared spectra ofp-cresol vapor and extend
the previous correlation to thenon-hydrogen-bondedstate of the tyrosine phenoxyl group. In the absence
of hydrogen bonding, the Raman intensity of the higher-wavenumber component of the canonical Fermi
doublet is greatly enhanced such thatI2/I1 ) 6.7. Thus, for the non-hydrogen-bonded phenoxyl, the lower-
wavenumber member of the Fermi doublet loses most of its Raman intensity. This finding provides a
basis for understanding the anomalous Raman singlet signature (∼854 cm-1) observed for tyrosine in
coat protein subunits of filamentous viruses Ff and Pf1 [Overman, S. A., et al. (1994)Biochemistry 33,
1037-1042; Wen, Z. Q., et al. (1999)Biochemistry 38, 3148-3156]. The implications of the present
results for Raman analysis of tyrosine hydrogen-bonding states in other proteins are considered.

The efficacy of Raman spectroscopy as a structural probe
of proteins requires definitive vibrational assignments for
spectral bands associated with specific secondary structures
of the peptide main chain and specific local environments
of the side chains. Among the earliest Raman markers
established as diagnostic of protein side chain environment
are those occurring in the 820-860 cm-1 interval (1). In a
classic 1975 paper, Siamwiza and co-workers (2) demon-
strated that the pair of tyrosine Raman markers centered at
approximately 830 and 850 cm-1 in globular proteins
represents a Fermi-interaction doublet arising from energy
level coupling between the normal modeν1

1 (ring-breathing
fundamental) and the second harmonic 2ν16a (ring-deforma-
tion overtone) of thepara-substituted phenolic side chain.
If Fermi interaction is very weak or absent, only the
uncoupledν1 mode would be expected to exhibit a Raman
band of appreciable intensity in the 820-860 cm-1 interval

(i.e., I2/I1 ∼ 10). Siamwiza and co-workers (2) further
demonstrated that the relative Raman intensity ratioI2/I1

(whereI2 and I1 are the peak intensities of the higher- and
lower-wavenumber members of the doublet, respectively) is
strongly dependent upon the hydrogen-bonding state of the
tyrosine phenoxyl group. Thus, in proteins, when the
phenoxyl proton is the donor of a strong hydrogen bond, it
is found thatI2/I1 is approximately equal to 0.30; conversely,
when the phenoxyl oxygen is the acceptor of a strong
hydrogen bond, thenI2/I1 approaches 2.5. If the phenoxyl
group acts as both a donor and an acceptor of hydrogen
bonds, as is expected for a solvent-exposed tyrosine, then
I2/I1 is approximately 1.25.

The similarity of p-cresol (I) to the phenolic moiety of
tyrosine (II) makes it an ideal model compound for under-
standing the vibrational modes of the tyrosyl side chain.
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Takeuchi, Watanabe, and Harada (3) investigated the Raman
and infrared spectra ofp-cresol and several of its deuterated
species in solution and carried out normal coordinate
calculations. Their results support the correlation of Siamwiza
and co-workers (2), which is now widely accepted for
characterizing tyrosine environments in soluble globular
proteins (4-6). A similar correlation may also hold for the
near-UV resonance Raman (UVRR) spectra (7). In the case
of nonglobular proteins, however, the structural significance
of the I2/I1 parameter has not been rigorously assessed. For
example, the literature contains no report of the measurement
of I2/I1 for a tyrosyl side chain meeting both of the following
criteria: (1) the side chain is buried within a transmembrane
R-helix, and (2) the local hydrogen-bonding environment of
the phenolic OH group is known from an independent
structural determination.

Overman and co-workers (8-10), using both site-directed
mutagenesis and tyrosine-specific isotope labeling of the
filamentous bacteriophage Ff, presented definitive evidence
that neither of the two tyrosyl side chains (Tyr 21 and Tyr
24) of the 50-residueR-helical coat protein subunit generates
the canonical Fermi doublet observed for tyrosines in other
proteins. Instead, Tyr 21 exhibits a single prominent Raman
band at 851( 1 cm-1, and Tyr 24 exhibits a single prominent
band at 855( 1 cm-1. Apparent singlets, rather than
doublets, are also observed in the 229 nm excited UVRR
spectrum of Ff (11). Such singlets are unprecedented and
indicate a heretofore uncharacterized local environment for
tyrosine phenoxyls in the native viral capsid. Interestingly,
Tyr 21 and Tyr 24 are located in a highly hydrophobic
segment of the subunitR-helix. Prior to virion assembly,
this region of the subunit can be protected from polar
interactions by sequestration within the host cell membrane
(12, 13). Once the subunits are incorporated into the
extensively overlapped and interdigitated superhelical array
of the mature Ff virion (14, 15), the tyrosines presumably
remain shielded from polar interactions. Biophysical studies
confirm that coat subunits of Ff do not retain their native
R-helical secondary structure unless incorporated within the
assembled virion or solubilized in membrane-like phospho-
lipid bilayers or detergent micelles (16, 17).

Overman and Thomas (9, 10) concluded that the anoma-
lous Raman singlets exhibited by both Tyr 21 and Tyr 24 in
subunits of the native Ff assembly might be indicative of a
highly hydrophobic local environment for each phenoxyl
group, a state not represented in any previously studied model
compound or globular protein. This is compatible with
membrane sequestration prior to assembly, as well as with
tight packing of subunits in the mature virion. To further
test this hypothesis, we have investigated the Raman
spectrum of the tyrosyl model compound,p-cresol, in a
simulated hydrophobic environment, viz., in the vapor phase
at elevated temperature (∼300 °C). Intermolecular associa-
tions, including phenoxyl hydrogen bonding, should be
minimal or completely absent under these conditions. In
addition, we have investigated the infrared spectrum of
p-cresol in the vapor state (∼200 °C) to attain a compre-
hensive understanding of the vibrations of this molecule

when intermolecular interactions are absent. Raman and
infrared spectra ofp-cresol liquid have also been re-examined
for comparison with the newly obtained vapor phase data.
Finally, ab initio calculations have been carried out on
p-cresol to support vibrational assignments of the Raman
and infrared spectral bands. The results reveal a novel
vibrational signature for tyrosine that is relevant not only to
filamentous virus architecture but also to other applications
of Raman spectroscopy in the structural analysis of tyrosine-
containing proteins.

EXPERIMENTAL PROCEDURES

p-Cresol (99%) was purchased from Aldrich Chemical (St.
Louis, MO). Raman spectra were collected on a Jobin Yvon
U-1000 spectrometer (Instruments S. A., Edison, NJ) using
excitation at 514.5 nm from an Innova 20 argon-ion laser
(Coherent, Santa Clara, CA). The laser power at the sample
cell was 2 W for vapor and 800 mW for liquid samples.
Vapor phase spectra were obtained at 300( 5 °C using a
custom-designed, thermostatically controlled Raman cell (18)
into whichp-cresol liquid was injected; the Raman cell was
subsequently frozen with liquid nitrogen and sealed after
evacuation on a vacuum line. Liquid phase spectra were
obtained at 22( 0.5 °C. Either a charge-coupled device or
a photomultiplier tube was used for detection of the Raman
scattered light. The Raman spectra were collected and
processed using standard software packages.

Infrared spectra were recorded on either a Bomem DA8.02
or a BioRad FTS-60 instrument. Vapor phase spectra at
200 ( 10 °C were recorded using a heatable 10 cm metal
cell with KBr windows. Liquid samples (melts) between KBr
plates were recorded at 45°C.

RESULTS

Experimental and Theoretical Vibrational Spectra of
p-Cresol.A comprehensive tabulation of Raman and infrared
band frequencies, relative intensities, and assignments for
the p-cresol molecule in liquid and vapor states is given in
Table 1. Included for comparison are previously reported
experimental data, as well as the results of normal coordinate
analysis andab initio calculations. The assignments (left
column) are based upon approximateC2V symmetry, which
should be followed quite closely for normal modes of the
para-substituted phenyl ring, assuming relatively free rota-
tions of the exocyclic CH3 and OH substituents. Localized
vibrations of the CH3 and OH groups are listed separately
in Table 1 (bottom section), with the exception of the totally
symmetric vibrations of symmetry speciesA1 (top section).
Because theC2V symmetry is only approximate, several of
the CH3 and OH vibrations cannot be readily classified
according to this point group and have not been numbered
in the conventional manner. However, we indicate the two
vibrations corresponding to modes designated previously (2)
asν1 andν16a.

Raman Spectrum of p-Cresol Liquid.Figure 1 shows the
Raman spectrum ofp-cresol liquid (22°C). The spectral
bands of the 300-1800 cm-1 interval are virtually identical
to those previously reported and analyzed in detail (2, 3).
Of particular interest is the weak Raman band at 416 cm-1,
assigned previously and presently to an out-of-plane ring-
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bending mode of symmetry typeA2 (ν16a in ref 2). The
presentab initio calculation (Table 1 andAb Initio Calcula-
tion below) predicts that two normal modes of vibration occur
in the neighborhood of 420 cm-1. The first is theA2 ring-
bending mode (ν16a), for which the predicted wavenumber
is 419 cm-1 and the predicted band intensity is moderate in
the Raman but negligible in the infrared; the second is a
C-OH wagging mode withB2 symmetry, for which the
predicted wavenumber is 426 cm-1 and the predicted Raman
intensity is negligible. Interestingly, theab initio calculation
predicts that theB2 C-OH wagging mode should have

observable infrared intensity, as will be discussed below
(Infrared Spectra ofp-Cresol Liquid and Vapor).

Takeuchi and co-workers (3) reported Raman spectra of
the o-dideuterio- and tetradeuteriophenoxyl isotopomers of
p-cresol in solution and demonstrated thatν16a shifts to 368
and 372 cm-1, respectively, as expected for theA2 ring-
bending mode. Conversely, theB2 C-OH mode was shown
to exhibit much smaller deuterium isotope shifts. The
relevance of these assignments is that the overtone of theA2

ring-bending mode (2ν16a) undergoes energy-level interaction
(Fermi resonance) with the symmetric skeletal stretching

Table 1: Experimental and Calculated Vibrational Frequencies ofp-Cresol

IR vaporb IR liquidb Raman liquidc lit. this work

approximate
descriptiona

Raman
vaporc

this
work lit.d

this
work lit.d

this
work lit.d CASSCFe

B3LYP
6-31+Gf

B3LYP
6-311++G**

scaling
factor

A1 O-H stretch 3654 (30) 3654 3713 3333g vs 3344g 3370g (1) - 3711 3611 3838 0.952
3337g (1)
3504g (1)

C-H stretch 3061h (48) - 3067h 3062h w 3058h 3061h (24) 3057h 3095 3033 3191 0.959
C-H stretch 3061h (48) - 3067h 3062h w 3058h 3061h (24) 3057h 3049 2998 3167 0.967
CH3 sym stretch 2881 (22) 2880 w - 2866 mw - 2867 (19) - 2900 2865 3021 0.953
C-C stretch 1618 (6) 1612 ms 1621 1615 ms 1618 1616 (42) 1612 1624 1622 1656 0.973
C-C stretch 1517 (1) 1516 s 1520 1514 vs 1515 1515 (3) - 1537 1519 1545 0.981
CH3 sym

deformation
1385 (8) - - 1380 vw 1379 1382 (34) 1380 1436 1384 1415 0.979

C-O stretch 1256 (20) 1258 s 1255 1238 vs 1235 1255 (11) 1251 1245 1258 1274 0.987
CH3 stretch 1215 (16) - - 1213 vw - 1217 (29) 1212 1194 1180 1229 0.989
C-H wag 1172 (17) 1172 s 1178 1171 m 1172 1174 (28) 1170 1128 1161 1195 0.981
C-H wag 1008 (2) 1010 vw 1015 1016 w 1016 1018 (3) 1011 1008 982 1031 0.987
C-C stretch (ν1) 839 (100) 840 vvw - 841 ms 841 844 (100) 842 823 833 851 0.986
ring-bending 737 (6) 738 m 739 738 ms - 742 (6) 740 727 736 745 0.991
ring-bending 460 (51) 459 w 459 462 w 464 466 (56) 468 459 459 467 0.983
2ν16a 812 (15) - - - 823 824 (35) 823 - - - -

A2 C-H wag (op) 953 (1) - - 954 952 957 (1) - 952 962 962 0.991
C-H wag (op) - - - - - - - 824 830 830 0.987
ring-bending (op)

(ν16a)
- - - - - 416h (3) 416h 416 414 419 0.995

B1 C-H wag (op) 918 (1) - - 927 w 926 927 (1) 928 936 921 919 0.999
C-H wag (op) - 819 s 811 815 vs 816 - - 805 804 804 1.019
ring-bending (op) - 699 w 698 703 w 702 703 (11) 700 698 693 693 1.009
ring-bending (op) - 504 s 503 508 s 508 510 (4) 512 510 504 513 0.982
C-O wag (op) - - 294 - - - - 333 321 331 0.888
C-CH3 wag (op) - - - - - - 161 157 146 144 -

B2 C-H stretch 3039 sh 3029h ms - 3033 ms 3036 3039 (44) 3037h 3064 3007 3157 0.959
C-H stretch 3016 (23) 3029h ms - 3024 ms 3024 3013 (33) 3037h 3042 2986 3146 0.963
C-C stretch - - - 1600 s 1600 1602 (35) 1612 1599 1596 1632 0.980
C-C stretch - 1428 m 1431 1437 ms 1437 - - 1456 1430 1456 0.981
C-C stretch 1334 (1) 1334 m 1337 1363 m 1369 1330 (1) - 1366 1329 1359 0.982
C-H wag 1298 (1) - - 1298 w 1298 1298 (7) 1290 1294 1297 1332 0.974
C-H wag 1114 (1) - 1114 1116 vw ? 1114 (3) 1112 1077 1102 1129 0.987
ring-bending 644 (4) 644 vw 642 645 vw - 646 (79) 642 657 643 657 0.980
C-O wag - 416 vw 420 416 vw 416 416h (3) 416h 430 422 426 0.977
C-CH3 wag 328 (5) - 333 339 mw 339 339 (57) 341 313 304 304 1.079

other CH3

and OH
modes

CH3 antisym
stretch

2934 (51) 2935 m 2915 2922 ms 2922 2915 (45) 2919 2973 2942 3098 0.947

CH3 antisym
stretch

2934 (51) 2935 m 2915 2922 ms 2922 2915 (45) 2919 2953 2914 3067 0.957

CH3 antisym
deformation

1472 (1) - - 1463 w 1463 1464 (7) 1458 1519 1465 1502 0.980

CH3 antisym
deformation

1472 (1) - - 1463 w 1463 1464 (7) 1458 1513 1447 1487 0.990

CH3 rock - 1104 m 1105 1105 ms 1107 1109 (3) - 1073 1035 1060 1.042
CH3 rock - - - 1042 w 1042 1042 (2) 1032 1027 1009 1001 1.041
CH3 torsion - - - - - - - 65 - 18 -
O-H wag (ip) 1187 (12) - - - - - - 1214 1217 1185 1.002
O-H wag (op) - - 294 s - - - - 294 297 296 0.993

a Only the principal contribution is shown; several vibrations are strongly coupled. Abbreviations: op, out-of-plane; ip, in-plane.b Abbreviations:
s, strong; m, medium; w, weak; v, very.c Relative intensities in parentheses are on arbitrary 1-100 scale. Abbreviation: sh, shoulder.d Literature

values from ref21. e From reference23. f From reference24. g Hydrogen-bonded species.h Wavenumber values used twice.
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mode of the phenyl moiety (ring-breathing mode withA1

symmetry) to produce the Fermi doublet with components
near 824 and 844 cm-1 in p-cresol liquid. The results of
Takeuchi and co-workers (3) show that theB2 C-OH
wagging mode is not involved in the Fermi interaction. Also
in accord with the previous work (2, 3), our measurements
indicate thatI2/I1 ) 3.6 forp-cresol liquid. This is considered
diagnostic of strong hydrogen-bond acceptance by the
phenolic oxygen atom ofp-cresol in the liquid state and is
close to the “canonical” maximum value (I2/I1 ) 2.5) for a
similarly hydrogen-bonded tyrosine in a globular protein (2).

In the 2600-3800 cm-1 interval, the spectrum of Figure
1 is dominated by bands due to C-H stretching vibrations
of the exocyclic methyl group (2867 and 2921 cm-1) and
aromatic hydrogens (3013, 3039, and 3061 cm-1). What
appear to be weak overtones may also contribute near 3200
cm-1. Of particular interest, and not reported previously, is
the phenoxyl O-H bond stretching vibration. The O-H
stretching band is expected within the 3300-3700 cm-1

interval, with the precise position determined by the hydrogen-
bonding state of the phenoxyl proton. In Figure 1, the O-H
bond stretching vibration is represented by three very broad
and weak bands centered near 3217, 3355, and 3513 cm-1.
The observed frequencies, intensities, and contours are
indicative of significant hydrogen-bonding interactions of the
phenoxyl proton (19). Because we find no spectral or
chromatographic evidence of contamination ofp-cresol liquid
with water or other hydrogen-bonding agents, we conclude
that the appearance of three distinct bands is due to
participation of the phenoxyl proton in several spectroscopi-
cally distinguishable types of intermolecular hydrogen bonds.
For example, strong hydrogen bonding to a phenoxyl oxygen
acceptor and weaker hydrogen bonding to theπ-electron
system of the phenolic ring could produce different O-H
stretching bands. Dimers, trimers, and higher oligomers may
also generate distinguishable Raman markers.

Raman Spectrum of p-Cresol Vapor.Figure 2 shows the
Raman spectrum ofp-cresol vapor (300°C). Raman band
contours of several different types are expected in vapor
phase spectra, depending upon the symmetry type of the
normal mode and related structural factors. Although the

Raman band contours can be calculated, the calculated results
may differ from the observed contours for various reasons
(S. Sakurai and J. Laane, unpublished results) (20). In the
case ofp-cresol vapor, some hybridization of the calculated
contours is expected, because the molecular symmetry is
lower thanC2V. In addition, contours of low-energy vibra-
tional bands can be perturbed by significant population of
excited vibrational energy levels at 300°C, which leads to
the simultaneous appearance of both the fundamental band
and partially overlapping “hot” bands. For these reasons, only
qualitative or semiquantitative agreement can be expected
between calculated and experimental Raman band contours
of p-cresol at 300°C. This is illustrated in Figure 3, which
compares four of the observed vapor phase Raman bands
with their corresponding calculated contours. Given the
foregoing considerations, the agreement is highly satisfactory
and adds validity to the assignments and following inter-
pretations.

Most of the Raman bands observed in the vapor phase
spectrum ofp-cresol (Figure 2) have identifiable counterparts
in the liquid phase spectrum (Figure 1) and are assigned
accordingly (2, 3), as shown in Table 1. However, the
following major differences between vapor and liquid are
noteworthy. First, the vapor phase spectrum exhibits no
Raman intensity in the 3300-3600 cm-1 interval that could
be considered diagnostic of hydrogen bonding by the

FIGURE 1: Raman spectrum ofp-cresol liquid at 22°C obtained
with 514.5 nm excitation (800 mW) in the regions 300-1800
(charge-coupled-device detection) and 2800-3800 cm-1 (photo-
multiplier detection). Insets (1:10 intensity reduction) show the full
intensity profiles of the truncated bands at 646 and 844 cm-1.

FIGURE 2: Raman spectrum ofp-cresol vapor (600 Torr) at 300
°C obtained with 514.5 nm excitation (2 W) in the regions 300-
1800 (charge-coupled-device detection) and 2800-3800 cm-1

(photomultiplier detection).

FIGURE 3: Observed (top) and calculated (bottom) contours of
representative Raman bands in the vapor phase spectrum ofp-cresol
at 300°C. Shown from left to right are the bands centered near
644, 328, 460, and 3654 cm-1. These are typical of the different
Raman band contours expected for thep-cresol molecule (20).
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phenoxyl proton. Instead, a strikingly strong and sharp
Raman band occurs at 3654 cm-1. This band can be assigned
unequivocally to the phenoxyl OH group ofp-cresol (19)
and demonstrates that the phenolic O-H proton is not
engaged in an intermolecular hydrogen bond in the vapor
phase at 300°C. Second,p-cresol vapor does not exhibit
the canonical Fermi doublet intensity ratio that is expected
in the 820-860 cm-1 interval and observed for the liquid
(Figure 1). Instead, a very strong band is observed at 839
cm-1, and a very weak companion is observed at 812 cm-1

(Figure 2). Although the bands at 839 and 812 cm-1 do
reflect a Fermi doublet, their peak intensity ratio (I2/I1 )
6.7) greatly exceeds the previously proposed limit (2).

Other Raman bands of the vapor phase spectrum that differ
appreciably from their counterparts in the liquid phase
spectrum are those at 328, 644, 1385, and 1618 cm-1. In
each case, the band is weak and displays a broadened contour
due to rotational structure in the vapor phase, but intense
and strongly polarized in the liquid phase. All have been
assigned to in-plane vibrations of thepara-substituted phenyl
group (3).

Infrared Spectra of p-Cresol Liquid and Vapor.Infrared
spectra ofp-cresol in the liquid (22°C) and vapor (200°C)
states are compared in Figure 4 with theab initio-calculated
spectrum. As is evident in Table 1, the infrared spectrum of
the liquid is in substantial agreement with previously
published results (21). It is important to note that vibrations
of symmetry speciesA2, which are infrared forbidden in strict
C2V symmetry, are not expected to exhibit appreciable
intensity in the spectra of Figure 4. This includes theA2 ring-
bending mode (ν16a), the first overtone of which has the
potential for Fermi resonance with theA1 ring-breathing
fundamental (ν1). Although infrared spectra of both the liquid
and vapor states exhibit a weak band near 416 cm-1, this
band arises not from the infrared-forbiddenA2 fundamental
but from theB2 wagging mode of the exocyclic C-OH
group. This assignment is supported by theab initio
calculation (next section), which predicts moderate infrared
intensity and negligible Raman intensity for theB2 C-OH
wagging mode and vice versa for theA2 ring-bending mode.

Ab Initio Calculation.To support the empirical vibrational
assignments listed in Table 1, we employed Gaussian 98 (22)
at the B3LYP 6-311++G** level for theab initio calculation
of vibrational (infrared and Raman) spectra of thep-cresol

molecule. The calculated vibrational frequencies and scaling
factors required to fit the experimental data are included in
Table 1, and the calculated spectra are included in Figures
4 (infrared) and 5 (Raman). The scaling factors range from
0.950 for the highest-wavenumber band (O-H stretching
vibration) to∼0.99 for other bands. The calculated structure
is shown in Figure 6. Theab initio results are in excellent
overall agreement with both the experimental data presented
here, previous normal coordinate calculations (3), and
previousab initio calculations (23, 24), and provide ad-
ditional information about the internal coordinates associated
with each vibrational mode.

We have also computed the theoretical Raman spectrum
(intensity vs wavenumber) forp-cresol, using the scaling
factors listed in Table 1. The computed and experimental
Raman spectra are compared in Figure 5. Although the

FIGURE 4: Comparison of the observed infrared absorption spectra
of p-cresol liquid (bottom) and vapor (middle) with the scaledab
initio calculation of infrared intensities in the gas phase (top). The
ab initio calculation was conducted at the B3LYP 6-311++G**
level (22).

FIGURE 5: Comparison of the observed Raman spectrum ofp-cresol
vapor (bottom) with the scaledab initio calculation of Raman
intensities in the gas phase (top). Theab initio calculation was
conducted at the B3LYP 6-311++G** level (22). Note that the
Fermi doublet at 839/812 cm-1 in the vapor spectrum is absent
from the calculated spectrum. The latter exhibits instead a single
band at 851 cm-1 that can be assigned to theA1 ring-breathing
mode (see explanation in text).

FIGURE 6: Structure of p-cresol calculated at the B3LYP
6-311++G** level (22). Bond lengths are in angstroms.
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computation is for a vapor phase non-hydrogen-bonded
molecule, the band contours were calculated utilizing Lorent-
zian band shapes rather than by simulation of vapor phase
contours. Hence, full agreement between calculated and
observed band shapes or peak intensities is not expected.
On the whole, however, the agreement in frequencies and
intensities is satisfactory. It should also be noted that theab
initio calculation yields only the fundamental vibrational
modes of the vapor phase molecule; neither overtones nor
overtone-fundamental coupling interactions are computed.
Accordingly, while the experimental vapor phase spectrum
exhibits the 812 cm-1 band (lower-wavenumber member of
the Fermi doublet), the computed spectrum does not. This
provides additional support for assignment of the 812 and
839 cm-1 couplet in the experimental vapor phase spectrum
to a Fermi interaction doublet.

DISCUSSION

Structural Significance of the Tyrosyl Raman Signature
in the 820-860 cm-1 InterVal. Thep-cresol molecule in the
vapor phase is proposed as a model for the non-hydrogen-
bonded state of the phenolic group, with application to the
tyrosyl side chain in proteins. The validation of the model
is demonstrated by the Raman band of very high wavenum-
ber (3654 cm-1) and very narrow width (19) observed for
the phenolic O-H stretching vibration ofp-cresol vapor, as
seen in Figure 2.

In the spectral interval 820-850 cm-1, the vapor phase
Raman spectrum ofp-cresol is distinguished by a Fermi
doublet consisting of a very strong (839 cm-1) and a very
weak (812 cm-1) component in lieu of the typical Fermi
doublet diagnostic of phenoxyl hydrogen-bonding interac-
tions in p-cresol liquid and in tyrosine-containing globular
proteins (2, 4, 5). The Fermi doublet ofp-cresol vapor thus
exhibits an extraordinarily large peak intensity ratio (I2/I1 )
6.7) in comparison top-cresol liquid (I2/I1 ) 3.6) and
hydrogen-bonded tyrosines in globular proteins (0.30<
I2/I1 < 2.5). The results presented here indicate that a non-
hydrogen-bonded tyrosine phenoxyl should exhibit a Fermi
doublet withI2/I1 . 2.5, likely approaching a value of 6 or
7. In addition, becauseI2 is so much greater thanI1, the
diagnostic Raman signature of such a non-hydrogen-bonded
tyrosine may appear as a singlet rather than as a doublet.
This is particularly likely for a protein or viral protein
assembly yielding a Raman spectrum of limited signal-to-
noise ratio.

We propose that in the absence of phenoxyl hydrogen
bonding, Fermi coupling betweenν1 and the first overtone
of the out-of-plane ring-deformation mode (2ν16a) is con-
siderably weaker than in the presence of hydrogen bonding.

Extension of the PreViously Proposed Correlation of
Siamwiza et al. (2).The Fermi doublet diagnostic of the non-
hydrogen-bonded phenolic moiety exhibits a Raman peak
intensity ratio (I2/I1 ) 6.7) that is clearly distinguishable from
the range identified by Siamwiza et al. (2) as diagnostic of
hydrogen-bonded tyrosines (0.3< I2/I1 < 2.5). Accordingly,
the results presented here provide a definitive empirical basis
for characterizing the novel non-hydrogen-bonded phenoxyl
environment from the conventional hydrogen-bonding en-
vironments prevalent in globular proteins. Importantly, the
current findings suggest a basis for structural interpretation

of the anomalous Raman signatures observed for coat protein
tyrosines of the filamentous viruses Ff (8) and Pf1 (25), as
discussed in the next section.

Tyrosyl Raman Markers in Coat Proteins of Filamentous
Viruses.In the case of Ff (strains fd, f1, and M13), each of
the two tyrosines of the coat subunit is known to generate a
single strong Raman band in the 820-860 cm-1 interval of
the Raman spectrum (8, 9), in lieu of a canonical Fermi
doublet (2). The apparent Raman “singlets” occur at 851
cm-1 for Tyr 21 and 855 cm-1 for Tyr 24 (9). This finding
is supported by both site-directed mutagenesis of Tyr 21 and
Tyr 24 (individually and in combination) and residue-specific
deuterations of coat protein tyrosines and phenylalanines,
as shown in Figure 7. Importantly, the data depicted in Figure
7 demonstrate that the three phenylalanines of the Ff coat
subunit account for virtually all of the Raman intensity of
Ff at 827 cm-1. On the basis of these results, the previously
reported (8) tyrosyl signatures of Ff, whereinI2 . I1, can
be interpreted structurally as diagnostic of non-hydrogen-
bonded phenoxyl groups in the native virion assembly.

The coat subunit of the Ff assembly is the first native
protein for which a non-hydrogen-bonded tyrosine phenoxyl
has been identified. The absence of phenoxyl group hydrogen

FIGURE 7: Raman spectra in the region 600-900 cm-1 of isotopic
and mutant variants of the Ff filamentous virus demonstrating
assignment of the prominent bands near 853 cm-1 to tyrosine and
those near 827 cm-1 to phenylalanine. From bottom to top, wild-
type unlabeled fd virus (A), mutant f1 virus in which Met replaces
Tyr 21 (B), mutant f1 virus in which Met replaces Tyr 24 (C),
wild-type fd in which phenolic rings of Tyr 21 and Tyr 24 are
deuterated (D), and wild-type fd in which phenyl rings of Phe 11,
Phe 42, and Phe 45 are deuterated (E). Note that the Raman bands
of the two mutants, at 855 (B) and 851 cm-1 (C), respectively, are
about half as intense as their composite in the wild-type virus at
853 cm-1 (A). Because the 827 cm-1 band is virtually completely
removed by phenylalanine deuteration (E), it is assigned to Phe
not Tyr. The 853f 817 cm-1 deuteration shift and the absence of
an 827 cm-1 deuteration shift (D) establish the singlet-like tyrosine
markers for Tyr 21 and Tyr 24. Further details are given in refs8
and9.

Raman Signature of Non-Hydrogen-Bonded Tyrosine Biochemistry, Vol. 40, No. 8, 20012527



bonding in Ff may be attributed to the location of the
tyrosines within a highly hydrophobic segment of the subunit
sequence that represents part of the tightly packed subunit
interface of the viral capsid. Indeed, it has been shown that
thermal disassembly of the Ff virion and subsequent dena-
turation of its subunitR-helical structure are sufficient to
generate a more canonical tyrosyl doublet in the Raman
interval 820-860 cm-1 (9).

A similar situation applies to the filamentous virus Pf1.
Each of the two tyrosines of the Pf1 coat subunit (Tyr 25
and Tyr 40) generates an apparent singlet at∼854 cm-1 in
the 820-860 cm-1 interval of the Raman spectrum (25). We
conclude, therefore, that phenoxyl groups of both Tyr 25
and Tyr 40 in Pf1, like those of Tyr 21 and Tyr 24 in Ff, do
not engage in significant hydrogen bonding in the assembled
virion. Again, this may be a consequence of subunit packing
in the assembled virus, which presumably traps the tyrosyl
side chains in environments unfavorable to phenoxyl hydrogen-
bonding interactions.

ReleVance to Other Proteins.Although the Raman signa-
ture of the non-hydrogen-bonded phenoxyl (I2/I1 ) 6.7) is
distinct from that of the hydrogen-bonded phenoxyl (0.3<
I2/I1 < 2.5), the former would be difficult to identify in a
protein containing both types of tyrosines. In fact, the tyrosyl
signature withI2 . I1 has been demonstrated only for coat
protein subunits of filamentous viruses Ff and Pf1, where
all tyrosines are evidently of the non-hydrogen-bonded type.
Nevertheless, we anticipate that a tyrosyl Raman singlet may
be identified in future protein studies. Likely candidates are
proteins consisting ofR-helix bundles with tightly packed
hydrophobic interfaces, wherein tyrosine phenoxyls may be
restricted from forming hydrogen bonds with solvent mol-
ecules or other polar groups. This structural model, which
apparently applies to the assembled coat subunits of Ff and
Pf1 (14, 15), may well apply to certain membrane-spanning
helices. As noted above, the coat subunits of filamentous
viruses indeed exhibit many properties typical of transmem-
braneR-helices (13).

The extant literature of protein Raman spectroscopy is
weighted overwhelmingly toward the study of water-soluble
globular proteins, as opposed to membrane proteins (4, 5).
In addition, the few membrane proteins examined previously
contain tyrosines that are distributed among both transmem-
brane (solvent-protected) and peripheral (solvent-exposed)
domains. For the reasons indicated above, the identification
of a subset of non-hydrogen-bonded tyrosines in such
proteins by Raman spectroscopy would be highly problem-
atic. Accordingly, the apparent under-representation of non-
hydrogen-bonded tyrosines among previously investigated
proteins is not surprising.

CONCLUSIONS

A non-hydrogen-bonded phenoxyl group has been dem-
onstrated for the tyrosyl model compoundp-cresol in the
vapor phase at 300°C. Under these conditions, the phenoxyl
Raman signature is distinguished by a Fermi doublet
(839/812 cm-1) with an extraordinarily high intensity ratio
(I2/I1 ) 6.7), which provides a basis for structural interpreta-
tion of previously reported Raman signatures of the fila-
mentous viruses Ff and Pf1 (8, 25). The results presented
here also have broad implications for future use of Raman

spectroscopy as a probe of tyrosyl hydrogen bonding in
proteins (2).

The long-standing proposal of Siamwiza and co-workers
(2), viz., that the RamanI2/I1 parameter serves as a reliable
gauge of the average tyrosine hydrogen-bonding environment
in a protein, was predicated upon the assumption that the
phenoxyl group of each tyrosine is always hydrogen bonded,
either as a donor, or as an acceptor, or as both a donor and
an acceptor. Given this assumption, each phenoxyl is
expected to generate a Fermi doublet with components
(intensities) at approximately 830( 5 (I1) and 850( 5 cm-1

(I2) and with an intensity quotientI2/I1 between 0.30 and
2.5, depending upon the detailed hydrogen-bonding environ-
ment of each contributing phenoxyl. The present results
indicate a need to modify and extend this proposition.
Specifically, if the protein contains tyrosine phenoxyl groups
that are not hydrogen-bonded, each such group can be
expected to contribute to the composite Raman signature
according to the ratioI2/I1 ) 6.7. In a protein containing
both hydrogen-bonded and non-hydrogen-bonded phenoxyls,
the measured value ofI2/I1 will comprise contributions from
both types in accordance with their populations. Neglect of
the non-hydrogen-bonded contributors will skew the mea-
surement toward the upper limit of the hydrogen-bonded
contributors and will not be representative of the average
phenoxyl hydrogen-bonding environment in the protein.

Our results provide a structural basis for interpreting the
apparent tyrosyl Raman singlets encountered for the Tyr 21
(851 cm-1) and Tyr 24 (855 cm-1) side chains in the coat
protein subunit of the filamentous virus Ff. We propose that
the phenoxyl groups of Tyr 21 and Tyr 24 are not hydrogen-
bonded in theVirion assembly. This conclusion is consistent
with the hydrophobic environments inferred previously (8).

A similar situation applies to the subunit tyrosines, Tyr
25 and Tyr 40, in the class II filamentous virus Pf1. Each
generates an apparent Raman singlet (∼854 cm-1) rather than
a canonical doublet (25). The locus of Tyr 25 in Pf1 is
analogous to that of Tyr 21 and Tyr 24 in Ff, i.e., within the
central hydrophobic region of the subunit. Although side
chain packing in the vicinity of Tyr 40 is not known, the
Raman singlet for this residue suggests an environment in
which theparaphenoxyl group also isnothydrogen-bonded
in the usual sense. It is perhaps noteworthy that the position
of Tyr 40 in the Pf1 subunit corresponds to that of Trp 38
in the subunit of the Pf3 virus and Trp 39 in the subunit of
the Xf virus, both of which are architecturally similar (class
II) to Pf1 (26). Interestingly, each of these aromatic side
chains (Tyr 40 in Pf1, Trp 38 in Pf3, and Trp 39 in Xf) is
characterized by anomalous Raman markers (27), and each
may fulfill a similar unorthodox structural role. In the cases
of Pf3 and Xf, the anomaly pertains to tryptophan and may
be the result of cation-π interaction (28) involving the
indolyl moiety and a neighboring basic side chain (29).
Future studies will focus on determining whether a cation-π
interaction may also be feasible for the aromatic ring of Tyr
40 in the Pf1 assembly.
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