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Conclusions

From theoretical considerations, one would expect
that the Fermi contact term would be dominant and
that orbital and dipolar contributions would be small
for light nuclei.?® Thus, one might expect observa-
tions in proton—proton couplings would find analogy
with carbon-proton and carbon-carbon couplings.
The amount of carbon-proton and carbon—carbon
data that is available does in fact show numerous
parallels, and the similarity between Jupn values and
Jcu and Joc values is sufficiently clear to suggest
that the use of Jygu values may be increasingly im-

(59) J. N. Murrell, Progr. Nucl. Magn. Resonance Spectrosc., 6, 1 (1970).
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portant to help establish correlations between Jcu
and J ¢c values and molecular structure.

Note Added in Proof. Some recent high-resolution
work with furan®? indicates some proton—carbon cou-
pling assignments in five-membered heteroaromatic
compounds should be reversed (see ref 33).
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the Robert A. Welch Foundation (Grant No. B-325) and of North
Texas State University Faculty Research.
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The central challenge of modern biochemistry is to
elucidate biological function in terms of molecular
structure. A considerable catalog of information on
biomolecular architecture is already available from
X-ray diffraction studies on crystalline or partially
ordered materials. Numerous spectroscopic methods
have been introduced to monitor structural features
and detect changes which accompany biological
function. Among them, vibrational spectroscopy of-
fers high promise, since vibrational frequencies,
available from Raman or infrared spectra, are sensi-
tive to geometric and bonding arrangements of local-
ized groups of atoms in a molecule.

The study of vibrational spectra has played a lead-
ing role in structural investigations of small mole-
cules, and a substantial body of systematic knowlege
has been formed.! Application to biological materials
is beset with difficulties, however. Water, the ubiqui-
tous biological medium, is an excellent absorber of
infrared radiation, leaving only restricted “windows”
for infrared spectroscopy. These can be somewhat
extended by using D20 as well as H20 solutions.?
Raman spectroscopy does not suffer as much from
this limitation, since water is a poor Raman scatter-
er. Lasers now provide the high light power density
required for Raman spectroscopy and allow examina-
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tion of minute quantities (microliters) of material.
The chief obstacle encountered with biological mate-
rials, however, is their complexity. A molecule con-
taining N atoms has 3N — 6 (3N — 5 for linear mole-
cules) normal modes of vibration. The macromole-
cules of biology contain thousands of atoms and have

. far too many vibrational frequencies to be resolved,

let alone assigned in a normal Raman or infrared
spectrum. Fortunately these frequencies tend to
group themselves into more-or-less discrete bands,
which can be identified with certain classes of struc-
ture. These bands can then be used to monitor
changes in gross conformation, and this technique
has been fruitfully applied to proteins, nucleic acids,
and lipids.3-4

If one is interested in structural features of a spe-
cific site of biological function within a macromole-
cule, then the myriad vibrations of the whole mole-
cule are a serious interference. What is needed is a
selective technique that samples only the vibrations
of the atoms in the vicinity of the site. This can be
provided by resonance Raman spectroscopy, if the
atoms in the site give rise to an isolated electronic
absorption band. A normal Raman spectrum is ob-
tained by illumination of the sample in a transparent
region of its spectrum. In resonance Raman spectros-
copy, the illumination is within an absorption band.
Most of the Raman bands are attenuated by the ab-

(1) E. B. Wilson, J. C. Decius, and P. C. Cross, “Molecular Vibrations,”
McGraw-Hill New York, N. Y., 1955,

(2) G. J. Thomas, Jr., in “Physical Techniques in Biochemical Re-
search,” 2nd ed, Vol. 1A, A. Weissberger, Ed., Academic Press, New York,
N.Y., 1971, Chapter 4.

(3) J.L.Koenig, J. Polym. 8ci., Part D, 6, 59 (1972).

(4) T. G. Spiro in “Chemical and Biochemical Applications of Lasers,”
C.B. Moore, Ed., Academic Press, New York, N. Y., 1974, Chapter 2.
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sorption, but some bands may be greatly enhanced.
This effect is due to a coupling of electronic and vi-
brational transitions, and the vibrational modes
which are subject to enhancement are localized on
the grouping of atoms which give rise to the elec-
tronic transition, i.e., the chromophore. Resonance
Raman spectroscopy therefore provides a means of
monitoring vibrational frequencies of a chromophore,
independent of its (nonabsorbing) matrix. Since bio-
logical chromophores (hemes, flavins, metal ions,
etc.) are usually at sites of biological function, the
technique offers high promise as a new probe of bio-
logical structure.

While its application to biology is new, the reso-
nance Raman effect has long been familiar to physi-
cists. Resonance enhancement was implicit in the
treatment of Raman scattering theory given by Van
Vleck® and by Placzek,® some 40 years ago, and has
been the subject of several experimental studies in
the interval.”-? Only recently, however, have multi-
frequency, and now tunable, lasers become available,
with which one can deliberately tune in to the ab-
sorption bands afforded by biological chromophores.
This Account provides a brief introduction to the
principles of the technique and to some recent appli-
cations, particularly to heme proteins, which have
proven to be fertile subjects for study.

Characteristics of Resonance Raman Scattering

The Scattering Process. Raman spectroscopy in-
volves a light-scattering experiment in which the fre-
quency of the scattered light is analyzed. Most of the
scattered light emerges at the incident frequency
(Rayleigh scattering), but occasionally a photon
scatters inelastically from a molecule and is shifted
from its original frequency by a quantum of energy
corresponding to a molecular transition of the sam-
ple. The transition may be translational (e.g., lattice
modes of a crystal), rotational, vibrational, or elec-
tronic in nature. All of these processes have been de-
tected in Raman scattering, but we are here con-
cerned with the vibrational effect, a schematic repre-
sentation of which is given in Figure 1. A photon can
lose energy by raising a molecule to an excited vibra-
tional state, or gain energy by inducing the reverse
process, producing Stokes or anti-Stokes lines, re-
spectively, in the Raman spectrum. Since the frac-
tion of molecules occupying excited states decreases
exponentially with increasing energy, the intensity of
anti-Stokes lines falls off rapidly with increasing fre-
quency shift.

Resonance enhancement of Raman bands comes
into play when the energy of the incident light ap-
proaches that of an electronic transition. If the pho-
ton is actually absorbed in the electronic transition
and then reemitted, the process is called fluores-
cence. The conceptual distinction between scattering
and fluorescence under resonance conditions (having
to do with the lifetime of the photon-molecule com-

(5) J.H. Van Vleck, Proc. Nat. Acad. Sci. U. S., 15, 754 (1929).

(6) G. Placzek, “Rayleigh and Raman Scattering,” UCRL Translation
No. 526L from “Handbuch der Radiologie,” Vol. 2, E. Marx, Ed., Leipzig,
Akademische Verlagsgesellschaft VI, Leipzig, p 209.

(7) J. Behringer in “Raman Spectroscopy,” Vol. 1, H. A. Szymanski,
Ed., Plenum Press, New York, N. Y., 1967, p 168.

(8) W. Holzer, W. F. Murphy, and H. J. Bernstein, J. Chem. Phys., 52,
399 (1970).

(9) R.J.Gillespie and M. J. Morton, JJ. Mol. Spectrosc., 30, 78 (1969).
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Figure 1. FEnergy level scheme illustrating the vibrational Raman
scattering process.

plex19) is subtle, but for practical purposes it is easy
to distinguish the two processes by varying the excit-
ing frequency. For Raman scattering the frequency
shifts are independent of the exciting frequency,
while for fluorescence, the absolute frequency re-
mains constant. Moreover in liquids, fluorescence al-
most always occurs in a broad spectral band, be-
cause of molecular perturbations during the lifetime
of the excited state while Raman bands are sharp.
For this reason fluorescence can easily obscure reso-
nance Raman spectra.

A promising approach to reducing such interfer-
ence is to time-resolve the emitted light, using
pulsed laser sources. Because of the short lifetime of
many fluorescence processes, however, there are
practical difficulties in devising an effective “fluores-
cence filter.”1 Fortunately many biological chromo-
phores have low fluorescence vields, thanks to effec-
tive quenching mechanisms.

Raman Intensities. The total intensity of a
Raman line for randomly oriented molecules is given
by

7 5

I = gﬂlov Zla”f (1)
where Iy is the intensity of the incident light, vs is
the frequency of the scattered light, and o, is an ele-
ment of the scattering tensor.1? This tensor is viewed
classically as the molecular polarizability (Rayleigh
scattering) or its derivative with respect to the nu-
clear displacements (Raman scattering). Its quan-
tum mechanical expression, through second-order
perturbation theory, is given by the Kramers-Heisen-
berg-Dirac dispersion equation??

(@) Z [ MdmeMDew o (M,-)me(Mj)en] @)

Vo — YV, Ve + Vg

Here m and n are the initial and final states of the
molecule, while e is an excited state, and the sum-
mation is over all excited states. The quantities
(M;)me and (M)en are electric dipole transition mo-
ments, along the directions j and i, from m to e and

(10) P. F. Williams, D. L. Rousseau, and S. H. Dworetsky, Phys. Rev.
Lett., 32, 196 (1974).

(11) R. P. Van Duyne, D. L. Jeannaire, and D. F. Shriver, Anal. Chem.,
46, 213 (1974).

(12) J. Tang and A. C. Albrecht in “Raman Spectroscopy,” Vol. 2, H. A.
Szymanski, Ed., Plenum Press, New York, N. Y., 1970, Chapter 2.
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from e to n, while v, is the frequency of the transi-
tion from m to e, and v, and v are the frequencies of
the incident and scattered photons. In the nonreso-
nance region v, < ve, and a;; is independent of the
exciting frequency. As v, approaches v, however, «;;
is subject to preresonance enhancement through the
first term on the right-hand side of eq 2. When v, —
v, becomes very small (it is prevented from reaching
zero by inclusion of a damping constant to allow for
a finite electronic line width), then one element in
the summation, corresponding to the resonant elec-
tronic transition, dominates all others, assuming
that the transition moments are sizable. When v, >
v, the resonance enhancement again decreases.

Equation 2 is unspecific about the initial and final
states of the molecule and therefore gives no infor-
mation as to which vibrations are subject to reso-
nance enhancement. To examine this question it is
customary to use the adiabatic approximation (sep-
arability of electronic and vibrational wave func-
tions).13 One can then expand the electronic wave
function in a Taylor series of the nuclear displace-
ments, using the Herzberg-Teller formalism .12 When
this is done, it becomes apparent that the vibrations
which experience resonance enhancement are similar
to those which (in the excited states) lend intensity
to the electronic absorption spectrum.12 Consequent-
ly resonance Raman spectroscopy can be considered
as a form of high-resolution vibronic spectroscopy.

An alternative approach is to apply third-order
time-dependent perturbation theory to the scattering
process.'* The results are similar to those stem-
ming from the Herzberg-Teller approach, and the
most convenient formulation15 is

1 (Mj) olle M(,Mi,) g
0y = Eg‘/\f[(ue _E Vo)f(l/f — Zf/s) *

(Mi)gehe AV(MJ') 2
(v, + us)f(zxf + ;0)] ®)

where the summation is over all excited electronic
states e and f, taken in pairs, and g is the electronic
ground state. Here hecAv is a vibronic coupling ma-
trix element, connecting states e and f by a particu-
lar vibration Av. Some terms which are expected to
be of lesser magnitude have been omitted from the
full equation4 for a;;.

Two kinds of resonance process are expected to be
important, corresponding to the conditions e = f
and e # fin eq 3, which Albrecht and Hutley16 have
called A and B terms, respectively. A terms involve
vibrational interaction with a single excited electron-
ic state, through the Frank-Condon overlaps. Only
for totally symmetric vibrations are these overlaps
nonzero for both the initial and final states of the
molecule. B terms involve vibronic mixing of two ex-
cited states, e and f. The active vibrations may have
any symmetry which is contained in the direct prod-
uct of the two electronic transition representations.
Moreover, A and B terms may be distinguished by

(13) Nonadiabatic effects may be nonnegligible; however, ¢f. J. M.
Friedman and R. M. Hochstrasser, Chem. Phys:, 1, 457 (1973).

(14) W. L. Peticolas, L. A. Nafie, P. Stein, and B. Fanconi, J. Chem.
Phys., 52, 1576 (1970).

(15) D. W. Collins, D. B. Fitchen, and A. Lewis, J. Chem. Phys., 59,
5714 (1973).

(16) A.C. Albrecht and M. C. Hutley, J. Chem. Phys., 55, 4438 (1971).
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Figure 3. The near-uv (Soret) and visible (a-8) absorption spec-
trum of ferrocytochrome c. Arrows span the approximate regions
in which resonance with each of the two kinds of optical transi-
tions dominates the Raman spectrum (from ref 17).

the excitation frequency dependence of the prereso-
nance enhancement.16

Heme Scattering. These characteristics are nicely
illustrated by the resonance Raman spectra of heme
proteins,1? whose chromophore is an iron porphyrin
complex (Figure 2). The Raman spectra are domi-
nated by the porphyrin vibrational modes which are
enhanced by resonance with the allowed electronic
transitions in the visible and near-ultraviolet region.
These are w-n* transitions,'® polarized in the por-
phyrin plane, and the strong Raman bands are at
frequency shifts (1000-1700 c¢m~-1) appropriate for
in-plane stretching vibrations of the ring. Within this
set different bands are enhanced depending on
whether the excitation wavelength lies in the vicinity
of the visible (« and B8) or near-ultraviolet (Soret)
bands. Figure 3 shows a typical heme absorption
spectrum, that of reduced cytochrome ¢, while Fig-
ure 4 illustrates the alteration in the Raman spectra
of oxy- and deoxyhemoglobin on changing the exci-
tation wavelength.

(17) T. G. Spiro and T. C. Strekas, J. Amer. Chem. Soc., 96, 338 (1974),
and references cited therein.

(18) M. Gouterman, J. Chem. Phys., 30, 1139 (1959); J. Mol. Spectrosc.,
6, 138 (1961).
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Figure 4. Resonance Raman spectra of oxy- and deoxyhemoglo-
bin in the a—-8 (Ao 5145 A) and Soret (Ao 4519 A) scattering re-
gions. The solutions were 0.68 and 0.34 mM in heme for oxy- and
deoxyhemoglobin, respectively, and the latter contained 0.4 M
(NH,)2S0y4, the »1(S042-) band (981 cm~?) of which is indicated.
Frequency shifts for corresponding bands are marked by the ar-
rows (from ref 17).

The modes which are in resonance with the in-
tense Soret band are all of type A, and are totally
symmetric.19-20 No A terms are seen in the «-8 re-
gion, presumably because the absorption (transition
moment) is much lower in the « than in the Soret
band. A rich variety of vibronic, type B, modes are
observed,2! however. The 8 band is known to be a
vibronic side band on the « band, the result of vi-
bronic mixing between the « and Soret transitions.®
Both are of E, symmetry, under the effective Day
point group of the chromophore, and the allowed
symmetry of the vibronically active modes is E, X
E, = Ajg + Big + Bag + Agg. The Ay modes, how-
ever, have been shown to be ineffective in vibronic
mixing.22 Indeed all of the bands which are in-reso-
nance with the -8 bands are either depolarized (Bi,
or Byg) or are anomalously polarized, the latter hav-
ing greater intensity in the perpendicular than in the

(19) T. C. Strekas and T. G. Spiro, J. Raman Spectrosc., 1, 197 (1973).

(20) L. A. Nafie, M. Pézolet, and W. L. Peticolas, Chem. Phys. Lett., 20,
563 (1973).

(21) T. G. Spiro and T. C. Strekas, Proc. Nat. Acad. Sci. U. S., 69, 2622
(1972).

(22) M. H. Perrin, M. Gouterman, and C. L. Perrin, J Chem. Phys., 50,
4137 (1969).
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parallel scattering component. Anomalously polar-
ized bands have contributions from Az, modes,
which have antisymmetric scattering tensors, i.e.,
axy = —ayx. Observation of these bands?! in hemo-
globin and cytochrome ¢ was the first experimental
confirmation of antisymmetric vibrational scattering,
which is forbidden in the nonresonance region, al-
though the phenomenon was predicted 40 years ago
by Placzek.® Recent experiments?3.2¢ have also con-
firmed Placzek’s suggestion,® recently reemphasized
by McClain,?5 that antisymmetric scattering can be
measured directly using circularly polarized as well
as linearly polarized illumination.

Equation 3 predicts resonance maxima at both the
incident and the scattered frequency. This prediction
has been confirmed for heme proteins for the visible
electronic transition. The plot of intensity vs. excita-
tion wavelength, called the excitation profile, peaks
at the center of the « band,?% i.e., the position of res-
onance of the incident frequency, v = »,. As the ex-
citation frequency is increased into the region of the
8 band, the Raman intensity increases again and
reaches a second maximum, which, however, lies at
increasingly higher frequency with increasing vibra-
tional frequency of the individual Raman bands.2!
The intensity maxima are at positions correspond-
ing to the sum of the electronic and vibrational
frequencies, v, + Av. This is just the position of reso-
nance of the scattered frequency, ve = vs = v, — Av.

Applications

Heme Structure. The dominant features of the
resonance Raman spectra of heme proteins are por-
phyrin ring modes in the 1000-1700-cm~?! region.?
Vibrations involving the iron atom are unfortunately
not strongly enhanced, presumably because the reso-
nant w-7x* transitions are largely localized on the
porphyrin ring.® Assignment of the numerous ring
modes is difficult, since they contain contributions
from many internal coordinates. They can be readily
catalogued, however, via their three different states
of polarization, and overlapping bands can often be
resolved by varying the excitation wavelength to
take advantage of their differential enhancement.
Consequently corresponding modes can reliably be
correlated from one heme derivative to another.1?

Figure 5 shows a frequency correlation diagram for
a series of heme protein derivatives, chosen for their
well-characterized spin (high spin or low spin) and ox-
idation (Fe(Il) or Fe(IIl)) states. The hemoglobin
spectra display more bands than do those of cyto-
chrome ¢, probably because of the two peripheral
vinyl substituents on protoporphyrin IX, known to
be conjugated with the ring, which are replaced in
cytochrome ¢ by thioether links to the protein (Fig-
ure 2). The vinyl groups may themselves be responsi-
ble for one or two high-frequency vibrations, and can
also induce Raman activity into infrared-active
modes (E,) since their asymmetric disposition de-
stroys the center of symmetry of the chromophore.
Most of the frequencies remain nearly constant for
all the derivatives, but a few display substantial

(23) M. Pézolet, L. A. Nafie, and W. L. Peticolas, J. Raman Spectrosc.,
1, 455 (1973).

(24) J. Nestor and T. G. Spiro, J. Raman Spectrosc., 1, 539 (1973).

(25) W.M. McClain, J. Chem. Phys., 35, 2789 (1971).
(26) T.C. Strekas and T. G. Spiro, J. Raman Spectrosc., 1, 387 (1973).
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Figure 5. Correlation diagram for resonance Raman bands of hemoglobin and cytochrome c. Spin and oxidation states of the various
species are indicated. See text for discussion of the oxyhemoglobin oxidation state. The lengths of the solid lines are roughly proportional
to the observed relative intensities at 5145 A excitation (4965 A for FMHb) for anomalously polarized (A) and depolarized (Q) bands,
and at 4579 A for polarized (O) bands. Suggested assignments (approximate) to various heme internal coordinates are indicated at the
top. The bands marked PPIX (protoporphyrin) and VINYL are observed for hemoglobin derivatives only (from ref 17).

shifts. Conversion from Fe(IIl) to Fe(II) without oped over whether the iron-oxygen complex should
change in spin state produces a slight but systematic be thought of as Fe2?TOz (low spin)28:29 or as
lowering of the ring frequencies (compare ferri- with Fe3+0s~ (low spin, with exchange coupling between

ferrocytochrome ¢ (low spin), and fluoromethemoglo- unpaired electrons on Fe3+ and 037),3° or even as
bin with deoxyhemoglobin (high spin)), suggesting a Fet+ (092~ .31 It is therefore of some interest that, on
concomitant weakening of the bonds in the ring. the basis of its resonance Raman frequencies, oxy-

Such weakening may be attributable to population hemoglobin classifies unambiguously as low-spin
of =* antibonding ring orbitals via back-donation of  Fe(IIl).17:32 Figure 5 shows that all of its frequencies
electrons from the iron d, orbitals, which should be are nearly the same as those of cyanomethemoglobin.

greater for Fe(II) than for Fe(IlI).1? Consistent with this, the O-O stretching frequency,
Conversion from low- to high-spin states, without recently located in the infrared spectrum of packed

change in oxidation state, produces pronounced fre- red cells,33 ig at a frequency, 1104 cm—1, characteris-

quency lowering for some of the Raman bands (com- tic of superoxide.

pare cyano (low spin) with fluoromethemoglobin On the other hand the resonance Raman frequen-

(high spin) (Fe(IIl)) and ferrocytochrome c¢ (low cies of carbonmonoxyhemoglobin are found to be the
spin) with deoxyhemoglobin (high spin) (Fe(Il)). same as those of OgHb, including the band at 1377
These shifts, which are much larger than those ac- cm~1, which is a reliable oxidation-state marker (see
companying oxidation-state change, can be related Figure 6).17 Yet the formulation Fe3+CO~ is uncon-
to the alterations in heme structure which are known genial, as the CO~ radical would be highly unstable.
to accompany spin-state changes.2?” In low-spin Relief of charge on a metal center vie back-donation
hemes, the iron atom, whether Fe(Il) or Fe(IIl), lies to w-acceptor ligands such as CO and O; is a famil-
in the plane of the four pyrrole nitrogen atoms, but iar concept in inorganic chemistry, however. Indeed,
high-spin Fe(II) or Fe(Ill), in which the antibonding the lowering of the stretching frequency®* of carbon
d orbitals are half-occupied, are too large to fit into monoxide on binding to hemoglobin is comparable to
the central porphyrin cavity. In high-spin hemes the that found in transition-metal carbonyls. One need
iron atom moves out of the porphyrin plane, and the not insist that oxyhemoglobin contains superoxide
pyrrole groups tilt, with the nitrogen atoms pointed radical to allow that substantial back-donation to
at the iron atoms, producing a doming of the entire the bound Os (or CO) molecule occurs, leaving the
heme group.?? It is no doubt this doming which pro- iron atom with about the same charge as in low-spin
duces the observed frequency lowering of the ring Fe(IlI) hemes.

modes, through changes both in kinematic coupling

. . (28) L. Pauling, Nature (London), 203, 182 (1964).
and in the force field. (29) J. S. Griftith, Proc. Roy. Soc., Ser. A, 235, 23 (1956).
Electron Distribution in Oxy- and Carbonmo- (30) J. Weiss, Nature (London), 203, 83 (1964).

s : : : (31) H.B. Gray, Advan. Chem. Ser., No. 100, 365 (1971).
noxyhemoglobin. While deoxyhemoglobin contains (32) T. Yamamoto, G. Palmer, D. Gill, I. T. Salmeen, and L. Rimai, .
high-spin Fe(II), oxyhemoglobin is diamagnetic. Biol. Chem., 248, 5211 (1973).

Over the years a considerable controversy has devel- (83) C. H. Barlow, J. C. Maxwell, W. J. Wallace, and W. S. Caughey,

Biochem. Biophys. Res. Commun., 55, 91 (1973).
(27) J. L. Hoard, Science, 174, 1295 (1971). (34) J.O. Alben and W. S. Caughey, Biochemistry, 7, 175 (1968).



344 Spiro
1377cm! m 1358 cm~!
il
COMb | j l\ DEOXY Hb
| \ | Xo=45794
‘ ’U |
/" \
} / ! 40 mw
/‘ ‘
oI
Y W |

13 mw

|
I \M
l

1300

1400
Aviem~1)

Figure 6. Portion of the Raman spectrum of carbonmonoxyhemo-
globin {1377-cm~* peak), showing reversible photodissociation to
deoxyhemoglobin (1358-cm ! peak). The sample, 0.66 mM COHb
with sodium dithionite added, was placed under argon and run in
a (sealed) rotating cell, at ~2000 rpm. The changing peak heights
correspond to changing ratios of COHb and deoxyHb at the indi-
cated power levels (measured at the sample) of 4579-A Ar+ laser
radiation. The spectra were recorded in order of decreasing power
levels, and the absorption spectrum of the solution at the end of
the experiment corresponded to that of pure COHb. Photodisso-
ciation is less pronounced with longer wavelength excitation (from
ref 17).

Other Applications. The number of resonance
Raman applications to biological systems is increas-
ing rapidly, and space precludes more than a listing
of some of the chromophores for which spectra have
recently been reported. Cobalt-substituted hemoglo-
bin gives Raman spectra3® nearly identical with
those of protein-free cobalt porphyrins, suggesting
very little doming of the heme group, in contrast to
native hemoglobin. Raman spectra of oxidized cyto-
chrome ¢’ are indicative of a heme structure inter-
mediate between those of low- and high-spin
hemes,3% as are those of horseradish peroxidase.37-38
Cytochrome oxidase spectra?9:3% give some indica-
tion of inequivalence of heme a and as.3? Chloro-
phyll#0:41 and vitamin B;242-4% give spectra similar
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to those of hemes. Carotenes give intense resonance
scattering,*4:45 readily observable in situ in plant
tissues.*® Rhodopsin may involve a charge-transfer
complex between retinal and aromatic protein side
chains, as evidenced by resonance enhancement of
both retinal and aromatic amino acid vibrations
upon excitation in the rhodopsin absorption band.%?
Transferrin spectra show enhancement of tyrosine
modes,*8-30 confirming tyrosine coordination of the
bound Fe3+. Resonance Raman spectra of the iron-
sulfur proteins rubredoxin®!:52 and adrenodoxin®3
show Fe-S stretching modes, while those of “blue”
copper proteins show both Cu-S and Cu-N (or
Cu-0) stretching modes.?* Oxygen bound to hemer-
ythrin®% and hemocyanin® has been shown by the
resonance Raman technique to be peroxide-like; an
022- group apparently bridges two Fe3+ or Cu2+
ions, respectively, in the oxyproteins. It is p0551b1e to
1ntroduce an artificial chromophore, i.e., a “reso-
nance Raman label,” into biological sites. Thus the
structural consequences of binding methyl orange to
bovine serum albumin,?? and of binding chromopho-
ric haptens to their antibodies®® have been explored
with resonance Raman spectroscopy.

Most of the studies cited in this account have ap-
peared within the last 2 years. It is clear that appli-
cations of resonance Raman spectroscopy to biologi-
cal systems, still in their infancy, are growing rapid-
ly. It should be stressed, however, that the technique
is limited to systems with intense absorption at
wavelengths corresponding to available laser sources,
which currently operate in the red or blue regions of
the spectrum. This limitation is being rapidly over-
come by the development of lasers with increasingly
wide tuning ranges. It will soon be possible to tune
Raman spectrometers through the ultraviolet region,
where nucleotides and aromatic amino acids absorb
strongly. The scope of resonance Raman studies will
then become wide indeed.
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