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ABSTRACT: Raman spectroscopy is a form of vibrational
spectroscopy based on inelastic scattering of light. In
resonance Raman spectroscopy, the wavelength of the incident
light falls within an absorption band of a chromophore, and
this overlap of excitation and absorption energy greatly
enhances the Raman scattering efficiency of the absorbing
species. The ability to probe vibrational spectra of select
chromophores within a complex mixture of molecules makes
resonance Raman spectroscopy an excellent tool for studies of
biomolecules. In this Current Topic, we discuss the type of
molecular insights obtained from steady-state and time-resolved resonance Raman studies of a prototypical photoactive protein,
rhodopsin. We also review recent efforts in ultraviolet resonance Raman investigations of soluble and membrane-associated
biomolecules, including integral membrane proteins and antimicrobial peptides. These examples illustrate that resonance Raman
is a sensitive, selective, and practical method for studying the structures of biological molecules, and the molecular bonding,
geometry, and environments of protein cofactors, the backbone, and side chains.

1. INTRODUCTION
The Raman effect was first reported by C. V. Raman in 19281,2

and describes inelastic scattering of light from molecules. The
difference in energy between the incident and scattered photon
corresponds to the vibrational frequency of one of the Raman-
active normal modes of the molecule. Hence, Raman
spectroscopy reveals vibrational structures. Raman scattering
is observed for normal modes that are characterized by a
change in polarizability during vibration; in contrast, infrared
absorption is associated with a change in dipole moment during
vibration. The Raman effect is inherently weak; ∼1 in 1010 of
the incident photons is inelastically scattered in the form of
Raman scattering relative to absorption in the form of an
infrared transition.3 The energy of the Raman scattered photon
may be lower or higher than that of the incident light. In Stokes
Raman scattering, the energy of the scattered photon is lower
than that of the incident photon (see Figure 1). When the
energy of the scattered photon is higher than that of the
incident radiation, the process is called anti-Stokes Raman
scattering. Anti-Stokes scattering requires population of higher-
lying vibrational states and, therefore, is observed for only low-
frequency or hot vibrational modes.
In resonance Raman spectroscopy, the incident wavelength is

resonant with an electronic transition. Figure 1 shows both the
Stokes and anti-Stokes resonance Raman scattering process.
The efficiency of Raman scattering is increased drastically,
typically by ∼103 to 106, under resonance conditions.3−5

Vibrational modes that are coupled to the allowed electronic
transition of the absorbing chromophore are selectively
enhanced. Fully symmetric modes generally exhibit the
strongest enhancements because they can have large displace-

ment (Δ) between ground and resonant excited states (Figure
1).6 In one limit, the Raman cross section of a mode is
proportional to Δ2. Separate from resonance enhancement, the
excitation (Eexc) and scattering (Escatt) photon energies also play
important roles in determining Raman intensities because the
resonance Raman cross section is proportional to EexcEscatt

3.
This wavelength dependence offers an important advantage for
ultraviolet (UV) resonance Raman spectroscopy.
The first biological application of resonance Raman spec-

troscopy (on carotenoids) appeared in 1932, which is only four
years after C.V. Raman first reported the Raman effect.5 About
four decades later, in 1970, Rimai and co-workers published the
spectra of carotenoid pigments from carrot root and tomato
tissue and of the protein rhodopsin from frozen bovine
retinae.7,8 Raman measurements of the heme structure in
hemoglobin9,10 and cytochrome c11 were reported afterward. In
light of these studies, a strategy for the calculation of resonance
Raman scattering was presented by Warshel to facilitate
vibrational-mode assignment and the interpretation of spectra
from proteins.12 Today, more than 40 years after the first visible
resonance Raman spectrum of a biological system was
published, Raman instrumentation is commercially widespread,
and visible resonance Raman spectroscopy has become a
straightforward tool in biophysics research.
In the case of biological molecules, when the excitation

wavelength is tuned to coincide with a UV or visible absorption
band of a chromophore, the scattering intensities of the normal

Received: May 11, 2015
Revised: June 28, 2015
Published: July 29, 2015

Current Topic

pubs.acs.org/biochemistry

© 2015 American Chemical Society 4770 DOI: 10.1021/acs.biochem.5b00514
Biochemistry 2015, 54, 4770−4783

pubs.acs.org/biochemistry
http://dx.doi.org/10.1021/acs.biochem.5b00514


modes associated with that chromophore are enhanced while
Raman intensities of all other normal modes of the biomolecule
and aqueous buffer remain weak. In this manner, resonance
Raman spectroscopy provides chromophore-specific signal
without the need for isotopic labeling or other chemical
modification. This specificity contrasts with infrared absorption
in which strong signal from IR-active water as well as other
molecules is a common problem. This increased sensitivity of
resonance Raman allows for the investigation of samples with
low concentrations; resonance Raman spectra of micro- to
nanomolar concentrations are obtained in minutes. Raman
spectroscopy, like other vibrational techniques, has high time
and structure sensitivity and can be used to characterize nuclear
motions that occur on the timescale of 10−13 s and measure
changes in bond lengths of ∼0.2 Å.13 Collectively, these
advantages make resonance Raman a valuable method for
studying the structures of biological molecules, and the
molecular bonding, geometry, and environment of protein
cofactors, the backbone, and side chains.
The fact that resonance Raman is capable of yielding

structural information with fast time resolution and high
selectivity makes it an excellent tool for the study of protein
dynamics. Steady-state and time-resolved optical techniques,
including resonance Raman spectroscopy, complement high-
resolution structural methods in the characterization of
electronic and nuclear structures of biological molecules and
reaction intermediates. High-resolution methods reveal the
average atomic coordinates of the protein ensemble, typically
under equilibrium conditions. In addition to static structures,
knowledge of the dynamics associated with proteins is essential
for fully understanding their varied functions. A broad range of
dynamical events over several orders of magnitude in time scale
have been probed, such as bond formation and breakage, side-
chain rotations, ligand binding, protein folding, and aggrega-
tion. The large variation in biologically relevant time scales can

be accessed with a variety of methods. X-ray diffraction14 and
multidimensional nuclear magnetic resonance (NMR)15

techniques remain two of the most powerful structural tools
for biomolecules. Optical tools are also essential in the study of
proteins. It is now standard to determine reaction kinetics of
aqueous protein solutions using continuous-wave (CW) or
pulsed lasers combined with rapid-mixing, rapid-flowing, or
pump−probe methods. Techniques such as absorption,
fluorescence, circular dichroism, and vibrational spectroscopies
offer advantages such as minimal sample preparation, dilute
solutions, and facile sample recovery. The advent of pulsed
lasers has allowed for the measurement of reaction kinetics with
femtosecond time resolution, which is comparable to the time
scale for molecular vibrations.
We present in this Current Topic biological applications of

resonance Raman spectroscopy, with focus on time-resolved
studies of a prototypical photoactive protein and recent UV
resonance spectroscopy of biomolecules. The first section
provides background on the experimental methods, and the
second section discusses visible resonance Raman studies of
rhodopsin; we have chosen rhodopsin as a prototypical protein
to illustrate the depth and breadth of information gained from
resonance Raman studies, in particular time-resolved experi-
ments. In the final section, we discuss investigations of the side
chains and backbone of soluble and membrane proteins using
UV resonance Raman spectroscopy.

2. EXPERIMENTAL METHODS
2.1. Picosecond and Femtosecond Resonance Raman

Spectroscopy. The history of visible ultrafast resonance
Raman spectroscopy is extensive, and there has been rapid
growth in the capabilities of this technique. The first
picosecond resonance Raman experiments were conducted in
the early 1980s, which is approximately a decade after the first
CW experiment was described. In these initial studies of
hemoglobin and rhodopsin dynamics, a single-pulse method
was used in which pump and probe photons were contained
within a single 30 ps pulse.16,17 Subsequent two-color, pump−
probe experiments based on dye lasers and solid-state,
Ti:sapphire systems were reported.18−23 In the dye lasers,
tunability was achieved by combinations of dyes and nonlinear
frequency conversion methods, such as second-harmonic
generation or continuum generation. Ultrafast resonance
Raman experiments based on Ti:sapphire systems relied on
harmonic generation as well as Raman shifting. The stability
and commercial availability of Ti:sapphire lasers further
expanded the capabilities of resonance Raman to the
femtosecond time regime in femtosecond stimulated Raman
spectroscopy (FSRS).24−27 Given the robust nature and ease of
operation of Ti:sapphire systems, ultrafast Raman studies have
become common, and numerous reviews of picosecond
spontaneous21−23 and femtosecond stimulated24−27 resonance
Raman experiments have been published. FSRS has become a
particularly valuable technique that has allowed investigations
of excited-state structures and dynamics. Experimental details
will not be described here.

2.2. Ultraviolet Resonance Raman Spectroscopy. UV
resonance Raman spectroscopy (UVRR) also has an extensive
history of nearly four decades and became widespread as laser
and detection systems became more sophisticated. The first
UVRR spectra of nucleic acids and UV preresonance Raman
spectra of small molecules were acquired in 1975 by a doubled
Ar ion laser at 257 nm,28,29 followed by preresonance Raman

Figure 1. Schematic of the Raman process for a single, harmonic
normal mode. Energies of the incident excitation and Raman scattered
photons are denoted Eexc (green) and Escatt (red and blue),
respectively. The zero−zero energy of absorption is denoted E00.
Left: off-resonance Raman spectroscopy (Stokes) in which Eexc does
not coincide with an absorption band. Middle: resonance Raman
scattering in which Escatt is lower than Eexc (Stokes). Right: resonance
Raman spectroscopy in which Escatt is greater than Eexc (anti-Stokes).
The difference in energy between Eexc and Escatt is the Raman shift,
denoted Evib, and reflects the vibrational energy of the normal mode.
The difference in equilibrium geometry between ground and excited
states is denoted Δ.
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studies of benzene derivatives with a nitrogen dye laser.30

These and other intracavity-doubled CW lasers are excellent for
UVRR experiments because they offer inherently narrow
spectral bandwidths that give rise to high-resolution spectra.
Additionally, photolysis with CW lasers results in minimal
photodamage relative to pulsed systems. The drawback of CW
lasers is that they are not tunable, with wavelengths limited to
harmonics of the lasing medium; useful wavelengths for UVRR
studies of proteins are 228.9 and 206.5 nm from doubled argon
and krypton ion lasers, respectively. Greater tunability is
achieved with pulsed lasers, including Nd:YAG and Ti:sapphire
systems, that pump other media, such as Raman shifters that
contain a variety of gases (H2, D2, etc.), nonlinear crystals for
frequency conversion, and dye lasers.
Currently, the most widespread UVRR systems utilize

kilohertz nanosecond Ti:sapphire lasers combined with
harmonic generation. In this setup, the laser can typically be
tuned from ∼700 to 960 nm and the third and fourth
harmonics provide wavelengths in the UV region of
approximately 195−240 nm.22,31−35 The advantages of this
system are numerous: the high repetition rate minimizes the
probability for nonlinear phenomena in the sample, the data
collection time is reasonable, nanosecond pulses ensure narrow
bandwidths that are suitable for UVRR, and the system is
entirely solid-state and, therefore, is robust and straightforward
to operate. However, as with all pulsed lasers, high pulse
energies can cause significant photodamage, and the concen-
tration of photodamaged sample can continuously increase in
the sample reservoir if one utilizes a recirculating system. The 1
kHz repetition rate of a standard Ti:sapphire laser system
combined with a single-pass microcapillary flow system is ideal
for preventing the accumulation of photoproducts; the
illuminated sample volume in a capillary or liquid jet can be
replenished between laser pulses, and the photolyzed sample
can be discarded. With the right balance among the sample flow
rate, capillary diameter, and laser spot size, sample usage and
signal can be optimized. For example, a 10 min single-pass
Raman measurement of a small (30 kDa) protein may require
≤1 mg of sample for a reasonable signal-to-noise ratio (S/N).
One of the most difficult aspects of UVRR is rejection of

Rayleigh scattering. With 228.0 nm excitation, a 200 cm−1

Raman-shifted photon has a wavelength of 229.0 nm, which is
only 1.0 nm shifted from the excitation wavelength. As a
comparison, the same 200 cm−1 Raman-shifted photon with
514.5 nm excitation is separated from the excitation wavelength
by 5.3 nm. This difference illustrates one of the biggest
challenges of UVRR: it is difficult to obtain a commercial UV
cutoff filter that can effectively separate 228.0 and 229.0 nm,
whereas visible cutoff filters can easily separate 514.5 and 519.8
nm. For this reason, the majority of Rayleigh rejection is
accomplished with high-throughput prefilters or other modified
dispersing systems. Some examples of filters used in UVRR
experiments include low-dispersion, prism-based prefilters,36−38

modified double monochromators,32,33,39 and a spatial filter.40

3. APPLICATION OF TIME-RESOLVED, VISIBLE
RESONANCE RAMAN SPECTROSCOPY
3.1. Protein Chromophores Investigated by Reso-

nance Raman. Visible resonance Raman spectroscopy has
been applied to a wide range of colored proteins and related
model compounds. Because the Raman effect is weak,
chromophores that exhibit low fluorescence and high
absorptivity have been the main subjects of this technique.

Heme and retinal proteins are ideal for resonance Raman
spectroscopy, and as such, these cofactors have been and
continue to be studied extensively. Metal−ligand bonds, such as
those in iron-containing (e.g., ferredoxin) and copper-
containing (e.g., azurin) proteins, have also been investigated
by resonance Raman spectroscopy. It has been possible to
study fluorescent chromophores, including flavins41 and
chlorophylls,42,43 using fluorescence rejection techniques, such
as gated detection44,45 and shifted excitation Raman difference
spectroscopy (SERDS),46 as well as fluorescence quenching
methods.41 In the past decade, stimulated Raman spectroscopy
has allowed Raman investigations of molecules with near unity
fluorescence quantum yields, e.g., laser dyes and fluorescent
proteins.42,47 FSRS has become a powerful modern tool; the
combination of femtosecond time resolution and insensitivity
to fluorescence has allowed researchers to investigate complex
dynamics without complications from fluorescence, such as
excited-state proton transfer in green fluorescent protein.47

Examples of proteins and cofactors investigated via visible
resonance Raman spectroscopy are shown in Figure 2. Here we
discuss both historical and modern experiments of one of the
most widely studied photoactive proteins, rhodopsin.

3.2. Rhodopsin. Rhodopsins make up a class of photo-
receptors that utilize a retinal chromophore as the light
absorber. These proteins are found in eukaryotes, bacteria, and
archaea and are essential for organism survival and adaptation
to the environment.48 The two most widely studied retinal
proteins are the mammalian visual pigment, rhodopsin, and the
microbial proton pump, bacteriorhodopsin. Despite a diver-
gence in function, they share a common mechanism for
photoactivation, which is photoisomerization of a retinal
chromophore. In both proteins, the retinal chromophores are
attached to lysine residues via a protonated Schiff base linkage
and are located in the center of a membrane-embedded, seven-
α-helix structure. Because of the low fluorescence quantum

Figure 2. Absorption spectra of some biomolecules studied by
resonance Raman spectroscopy. Spectra are for the amino acid L-
tryptophan (L-trp), and proteins ferredoxin (fd), bovine rhodopsin
(Rho), azurin, chlorophyll a (Chl a), and bacterial chlorophyll a (BChl
a). Representative excitation wavelengths from frequency-doubled or
fundamental lines of argon ion 228.9, 257.2, 351.1, 457.9, 488.0, and
514.5 nm), krypton ion (413.1, 568.2, 647.1, 676.4, and 752.5 nm),
and diode (785 nm) lasers are indicated as vertical lines along the top.
Note the two scales of molar absorptivity for solid (left axis) and
dashed−dotted (right axis) traces. The absorption spectrum of fd is
from ref 167, and spectra of Chl a and BChl a are from refs 168 and
169.
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yields and high molar absorptivities of the reactants and
photointermediates, rhodopsin and bacteriorhodopsin, as well
as other retinal proteins, have been investigated extensively
with resonance Raman spectroscopy.
The visual pigment rhodopsin, herein simply termed

rhodopsin, is the protein responsible for vision in all
vertebrates, mollusks, and arthropods. It is a well-studied G
protein-coupled receptor (GPCR) and, in fact, was the first
GPCR to be crystallized in 2000.49 Early photochemical studies
of mammalian rhodopsin were led by Wald and co-workers,
who demonstrated in the early 1950s that the molecular basis
of vision is the 11-cis-to-trans photoisomerization of a protein-
bound retinal chromophore that absorbs maximally at 498
nm.50 These and other foundational discoveries in vision were
recognized by a Nobel Prize in 1967, and several years later, the
first resonance Raman spectra of rhodopsin from intact bovine
retinae7 and solubilized in detergent51 were reported.
The initial, groundbreaking resonance Raman studies were

followed by a suite of rapid-flow, low-temperature, and pump−
probe experiments that revealed the ground-state structures of
rhodopsin and its photoproducts and thermal products. The
first resonance Raman spectrum of the 77 K-trapped all-trans
photoproduct,52 called bathorhodopsin (λmax = 543 nm),
exhibited unusually intense peaks at 856, 877, and 920 cm−1

that were not present in resonance Raman spectra of the model
compound, the all-trans protonated Schiff base. These
resonance Raman and related transient absorption spectra led
some to hypothesize that bathorhodopsin was not an all-trans
species but instead reflected a cis structure that had undergone
proton translocation53 or tautomerization.54 These hypotheses
were shown to be incorrect, and subsequent low-temperature
resonance Raman studies of isotopic derivatives led Mathies
and co-workers to properly assign the intense bathorhodopsin
peaks to hydrogen-out-of-plane (HOOP) modes of a highly
strained and distorted all-trans chromophore.55,56 Resonance
Raman spectroscopy was key in establishing that the bath-
orhodopsin all-trans retinal chromophore is not planar, but
instead, exhibits ∼40° dihedral twists about the C11C12 and
C12−C13 bonds because of protein−chromophore interac-
tions.57 This distorted photoproduct also exists at room

temperature and appears within hundreds of femtoseconds
following photon absorption.58 The relevance of this distorted
chromophore in bathorhodopsin has been the subject of many
papers. It is now well accepted that a significant fraction of the
photon energy is stored in these distortions, and that this
strained chromophore ultimately drives global protein con-
formational changes for G protein activation.57

Other intermediates have also been investigated in detail with
both low- and room-temperature resonance Raman spectros-
copy; the room-temperature measurements were performed
with time-resolved methods, such as fast-flow and pump−probe
spectroscopy. Bathorhodopsin converts to the blue-shifted
intermediate (BSI, λmax of 477 nm), and this conversion is
accompanied by partial relaxation in the all-trans structure.59

The chromophore continues to relax and transfer energy to the
surrounding protein as BSI decays to lumirhodopsin (λmax =
492 nm), followed by Meta I (λmax = 478 nm).60 This relaxation
is evident in the comparison of the resonance Raman spectra of
rhodopsin,58 bathorhodopsin,58 and lumirhodopsin60 in Figure
3; the intense, ∼850 cm−1 HOOP modes appear in
bathorhodopsin but are absent in rhodopsin and lumirhodop-
sin. A comparison of the protein and chromophore structures
based on X-ray diffraction highlights the surprising similarity
between the 11-cis (rhodopsin) and distorted all-trans (bath-
orhodopsin) species and shows the subsequent structural
changes in the relaxed lumirhodopsin form (Figure 3). This
analysis of rhodopsin and bathorhodopsin illustrates that
resonance Raman spectra of two species may exhibit significant
differences despite relatively minor variations in crystallo-
graphic structures. Meta I decays to Meta II (λmax = 380 nm),
which exhibits a deprotonated all-trans retinal; Meta II is the
signaling state of rhodopsin during which the G protein,
transducin, is activated to initiate the enzymatic cascade.
Finally, the retinal chromophore is released to yield the
apoprotein opsin and all-trans retinal.
Our understanding of the chromophore dynamics as well as

the global protein response associated with the isomerization
reaction has been enhanced through time-resolved resonance
Raman experiments. Picosecond visible pump−probe and
femtosecond stimulated Raman spectroscopy (FSRS) experi-

Figure 3. Crystal structures and resonance Raman spectra of rhodopsin (gray) and two photointermediates, bathorhodopsin (red) and
lumirhodopsin (blue). The protein backbone is shown as yellow ribbons and corresponds to that of rhodopsin. Crystal structures are from Protein
Data Bank entries 1U19 (rhodopsin), 2G87 (bathorhodopsin), and 2HPY (lumirhodopsin). Tryoptophan, tyrosine, and phenylalanine residues
within 4.5 Å of the retinal chromophore are shown; Y178 has been omitted to preserve the unobstructed view of the binding pocket. Pump−probe
time delays for resonance Raman spectra are indicated. Raman spectra are from refs 58 (rhodopsin and bathorhodopsin) and 60 (lumirhodopsin).
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ments demonstrated that the highly strained, all-trans
chromophore of bathorhodopsin is present within 200 fs
following photon absorption;58,61 this time scale was consistent
with transient absorption data62 that had been reported at least
10 years prior to these resonance Raman studies. Analysis of
the FSRS data further indicated that the photoproduct
approaches its equilibrium structure in ∼140 fs,63 and
picosecond anti-Stokes experiments revealed vibrational cool-
ing of the chromophore in ∼3 ps.64 Transfer of the photon
energy from the distorted chromophore to surrounding protein
binding pocket has also been investigated with time-resolved
UVRR spectroscopy (see below).

4. ULTRAVIOLET RESONANCE RAMAN (UVRR)
SPECTROSCOPY
4.1. Protein Chromophores Investigated by UVRR. UV

lasers have extended the application of resonance Raman
spectroscopy to chromophores that absorb UV light and are
prevalent in all proteins, such as amide backbone, aromatic
amino acids, proline, and, to a lesser extent, sulfur-containing
residues.65,66 As was demonstrated for visible resonance Raman
spectroscopy, selectivity in UVRR is also achieved by tuning the
excitation wavelength. For example, the backbone carbonyl π
→ π* transition is intense at wavelengths below ∼210 nm, so
excitation near 200 nm preferentially probes secondary
structure. On the other hand, higher-wavelength excitation
(∼230 nm) probes side-chain structure. This selectivity is
illustrated in the UVRR spectra of the peptide melittin, which
has the primary sequence GIGAVLKVLTTGLPALISWIKRK-
RQQ. Figure 4 shows that 210 nm excitation of melittin gives

rise to a UVRR spectrum of the backbone that is different from
that of the 230 nm spectrum of the single tryptophan residue at
position 19.
4.1.1. Secondary Structure. The UVRR spectrum of amide

backbone can be used to characterize secondary structure
because of the sensitivity of vibrational frequencies to the
hydrogen bonding environment. Intense UVRR bands appear
for vibrations that involve carbonyl and amide functional
groups: amide I (predominantly CO stretch), amide II
(∼60% N−H bend + ∼40% C−N stretch), and amide III
(∼40% C−N stretch + ∼30% N−H bend) modes.67 In

addition to these well-known amide modes, the amide IIp
mode of proline and the amide S mode are also utilized in
UVRR spectroscopy.66,68,69 Analysis of the amide III (∼1250−
1350 cm−1), amide II (∼1520−1560 cm−1), amide I (∼1630−
1680 cm−1), and amide S (∼1390 cm−1) regions reveals the
relative content of random coil, α-helix, and β-sheet secondary
structure in proteins and peptides.68,70,71 A summary of
vibrational normal modes and their correlation to structure
and environment in UVRR spectra of proteins is presented in
Table 1.
The information gained from UVRR analysis of the backbone

may be compared to results from far-UV (190−250 nm)
circular dichroism (CD) measurements. Because normal-mode
frequencies may reflect variations in backbone dihedral angles,
UVRR can report on a single turn of an α-helix.72 In contrast,
CD reports on the global average of the secondary structure of
the peptide because of the effects of exciton coupling.73 A
consequence of this difference is that UVRR intensities scale
linearly with the fraction of α-helix whereas in CD spectros-
copy, the molar ellipticity per residue decreases as α-helical
content decreases, and a threshold length of α-helix must
persist to give reliable results in a CD spectrum.74 Exciton
coupling is especially important in CD spectra of short
peptides. Short α-helical peptides result in CD spectra with
variations in peak positions and relative intensities.75 An
additional challenge inherent to CD spectroscopy is that highly
scattering samples are difficult to investigate. Differential light
scattering and absorption flattening from particles, such as
membrane vesicles, may alter the observed shapes and relative
intensities in CD spectra.76 Finally, CD spectra are broad and
generally featureless relative to UVRR spectra and, therefore,
do not easily reveal fractional contributions of mixed α−β sheet
secondary structures. In summary, UVRR is an attractive
alternative to far-UV CD spectroscopy that will provide
additional insights into the secondary structures of challenging
systems.

4.1.2. Aromatic Amino Acids. The majority of UVRR
studies of side chains focus on tryptophan, tyrosine, and
histidine because these aromatic residues have strong Raman
peaks that report on structure, environment, and protonation
state (see Table 1).77−87 Phenylalanine, like tyrosine and
tryptophan, also exhibits strong resonance Raman peaks whose
intensities depend on the absorption cross section at the
Raman excitation wavelength. However, in contrast to
tryptophan and tyrosine, the Raman peaks of phenylanine are
poor reporters of microenvironment because their peak
positions are unchanged in varied solvents.66 Hence, the
UVRR spectrum of phenylalanine is not commonly studied.
Off-resonance Raman studies of tryptophan and tyrosine have
also played a critical role in interpretation of UVRR
spectra.88−91 These and other Raman studies have established
empirical relationships between Raman frequencies/intensities
and molecular details, including hydrogen bond strength,
microenvironment, static structure, cation−π interactions, and
protonation state. Figure 5 shows UVRR spectra of model
compounds of tryptophan (N-acetyl-L-tryptophan ethyl ester),
tyrosine (N-acetyl-L-tyrosinamide), and phenylalanine (L-
phenylalanine).
Tryptophan exhibits an intense absorption band in the UV,

and has consequently been extensively studied by UVRR.
Systematic analyses revealed spectral signatures of the indole
ring that report on local hydrophobicity, the strength of the
indole N−H hydrogen bond, and the C2−C3−Cβ−Cα torsional

Figure 4. UVRR spectra of melittin in random coil conformation in
buffer. The excitation wavelength is primarily resonant with the
backbone (210 nm) or the single tryptophan residue at position 19
(230 nm). Modes that are enhanced with 210 nm are indicated in the
top spectrum.
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angle, χ2,1. Although the near-UV (>250 nm) CD spectrum of
tryptophan contains information about hydrophobicity and
hydrogen bonding,92 interpretation can be challenging because
of broad and overlapping features of varying sign, and analysis
should ideally be aided by UVRR.93,94 Overall, the breadth of

information in a UVRR spectrum of tryptophan makes this an
excellent tool for a wide range of biophysical studies.
The ability of UVRR to report on tryptophan is advanta-

geous because this amino acid is one of the most important
residues in terms of protein structure, function, and dynamics.
It is the least abundant residue in soluble proteins, accounting
for only 1.1% of the amino acids expressed in cytoplasmic
proteins,95 but is more prevalent in membrane proteins, with an
abundance of 2.9% in transmembrane α-helical domains.96 This
aromatic residue plays key functional roles in proteins because
of its unique properties among the 20 natural amino acids:
tryptophan exhibits the largest accessible nonpolar surface area
that is polarizable, possesses an indole N−H moiety that is
capable of hydrogen bond donation, and displays the greatest
electrostatic potential for cation−π interactions.97,98

These important physical properties render tryptophan an
ideal amphiphilic residue. As such, it displays the greatest
propensity to reside in the interfacial region of membrane
proteins compared to any other naturally occurring amino
acid.99 Tryptophan has been found to stabilize membrane-
spanning proteins and peptides by acting as anchors along the
interface of the bilayer.100,101 Replacement of tryptophan
residues with phenylalanine in the 325-residue integral
membrane protein, outer membrane protein A, destabilizes
the protein relative to the wild type when the protein is folded
into lipid bilayers.102,103 Tryptophan residues in membrane-
associated antimicrobial peptides also play important functional
roles in hemolytic and bactericidal activity.104,105 These and
other examples illustrate that the presence, location, and
environment of tryptophan residues are critical in the study of
folding and insertion of membrane proteins and membrane-
associated peptides.

Table 1. UVRR Bands of the Protein Backbone and Residues from refs 65, 66, 81, 85, and 86a

chemical group designation description Raman shift (cm−1) properties

tryptophan W1 benzene ring stretch 1620 environment polarity
tryptophan W3 CC pyrrole stretch 1552 structure
tryptophan W4 CH bend + NH bend 1494 H-bonding
tryptophan W6 NCC stretch + NH bend 1435 H-bonding
tryptophan W7 doublet Fermi doublet 1360 and 1340 environment polarity, π-interactions
tryptophan W8 CC stretch + NH bend 1307 H-bonding
tryptophan W9, W10 CH bend + NH bend 1230−1250 H-bonding
tryptophan W16 benzene ring breathing 1004 environment polarity
tryptophan W17 NH bend 879 H-bonding
tryptophan HOOP hydrogen out-of-plane 770−820 π-interactions
tryptophan W18 indole breathing 760 environment polarity, π interactions
tyrosine Y8a ring stretch 1617 H-bonding, protonation state
tyrosine Y8b ring stretch 1601 H-bonding, protonation state
tyrosine Y7a′ CO stretch 1263 proton-accepting strength
tyrosine Y7a CC stretch 1210 proton-donating strength
tyrosine Y9a CH bend + OH bend 1180 structure
tyrosine Y1 + 2Y16a Fermi doublet 850 and 830 H-bonding
histidine in D2O N/A CC stretch and NCN stretch 1577 and 1317 neutral histidine
histidine-D+ in D2O N/A NCN stretch 1408 protonated histidine
amide backbone amide I CO stretch 1630−1680 secondary structure
amide backbone amide II CN stretch + NH bend 1520−1560 secondary structure
amide backbone amide III CN stretch + NH bend 1250−1350 secondary structure
amide backbone amide S CαH bend 1390 secondary structure
proline amide IIp CN stretch of X-Pro 1460 H-bonding, cis/trans

aMolecular and environment properties that are correlated to the band positions and intensities are also indicated. Designations and normal-mode
descriptions that are not available are indicated N/A.

Figure 5. 230 nm UVRR spectra of L-phenylalanine (Phe), N-acetyl-L-
tyrosinamide (Tyr), and N-acetyl-L-tryptophan ethyl ester (Trp).
Amino acid side chains are shown. Labeled peaks correspond to those
in Table 1.
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4.2. Applications of UVRR Spectroscopy to Proteins
and Peptides. Soluble and membrane proteins have been
investigated via UVRR. We briefly describe UVRR studies of
soluble proteins and describe recent investigations of more
challenging membrane-associated and aggregated proteins and
peptides. The choice of biological systems that are discussed is
intended to be representative of the array of biomolecules that
may be studied as well as the types of scientific questions that
may be investigated.
4.2.1. Soluble Proteins. A wide range of soluble proteins and

scientific questions have been investigated via UVRR. UVRR
frequencies and intensities are sensitive to environment, so it is
relatively straightforward to correlate UVRR peaks with the
local environment of tryptophan and tyrosine residues in
proteins, including interactions with metals and charged
residues.80,88,106−111 One advantage of UVRR over electronic
tools, such as fluorescence, is that the effects of hydrogen
bonding and local dielectric on UVRR peaks are separable,
thereby allowing independent investigations of changes in H-
bonding or hydrophobicity.81 Histidine protonation states are
easily determined by UVRR studies of protein in D2O buffer,
and such experiments have been performed on superoxide
dismutase and galectins.112−114 An area with growing use of
UVRR is the pharmaceutical industry, in which UVRR
experiments have been reported for recombinant therapeutic
proteins115 and antibodies116 as well as drug binding.117,118

Time-resolved UVRR experiments have also probed dynamics
of heme proteins and photoactive yellow protein,119−122 and a
variety of UVRR experiments have investigated intermediates in
protein folding.123,124 In addition to native side chains and the
backbone, other moieties have been interrogated by UVRR,
such as unnatural amino acids125 and flavins.126 These and
other examples illustrate the breadth of information gained
from UVRR studies of soluble proteins.
4.2.2. Membrane Proteins. Membrane proteins have also

been investigated by UVRR, but these systems are more
challenging to study than soluble proteins because of limited
sample quantities and high background scattering from vesicles
or micelles. Bacteriorhodopsin and rhodopsin are perhaps the
most well-studied membrane proteins, with UVRR papers on
bacteriorhodopsin first appearing nearly 25 years ago.127,128

Since these initial reports, other steady-state and pump−probe
UVRR experiments have elucidated changes in structure during
the bacteriorhodopsin photocycle, such as modifications in
local and hydrogen bonding environments of tyrosine and
tryptophan residues, opening of a water-permeable channel,
and the picosecond-to-nanosecond response of protein pocket
to isomerization reaction.129−135 Experiments on the visual
pigment rhodopsin have also been reported.34,136,137 The
insights gained from these UVRR studies have revealed the
response of the retinal binding pocket to photon absorption.
For example, it has been shown that there is a 3 ps response of
tryptophan and tyrosine residues to the photoisomerization
reaction.34 A small number of other detergent-solubilized
membrane proteins have also been investigated, such as
photosystem II,138 cytochrome c oxidase,139 and cytochrome
bc1 complex.140 In the past several years, UVRR experiments
have been extended to a membrane protein embedded in a
synthetic lipid bilayer.141,142 In particular, UVRR studies of
outer membrane protein A (OmpA) and its mutants revealed
tryptophan−lipid interactions during the insertion and folding
of OmpA into bilayers of small unilamellar vesicles.141,142 The
ability to gain insight into the dynamics of membrane proteins

is an important advantage of UVRR and allows for
investigations of complex reactions and systems that may not
be amenable to traditional tools such as NMR or crystallog-
raphy.

4.2.3. Model Peptides for Soluble and Membrane Protein
Folding. Small peptides provide an excellent opportunity to
investigate protein folding. Model peptides are especially
valuable for studies of membrane protein folding because
experiments and data analysis can be simplified. Additionally,
the expression and purification of large quantities of integral
membrane proteins is a challenging task, whereas membrane-
associated peptides can be synthesized in sufficient quantities.
UVRR spectroscopy is well-suited for the study of membrane-
associated biomolecules because the presence of lipid vesicles
and detergents does not complicate the spectra.142

Several groups have measured UVRR spectra of small
peptides to study the structures and kinetics of soluble protein
folding. Asher and co-workers,143 for example, have studied the
kinetics and thermal stability of α-helix-like soluble peptides. In
contrast, only a small number of model membrane peptides
have been studied. One such model membrane peptide, N-
acetyl-tryptophan-pentaleucine (AcWL5), was found to have β-
sheet-type structure in lipid vesicles based on results obtained
from UVRR spectra;144 this finding is in accordance with the β-
sheet oligomeric structure previously reported for AcWL5.145

The UVRR spectrum revealed that the tryptophan residue in
AcWL5 is hydrogen-bonded in a hydrophobic region of the
lipid bilayer. This result provides a molecular description of
how tryptophan is able to help stabilize membrane proteins.100

The hydrophobic α-helical model membrane peptide, ME1, has
also been investigated using UVRR spectroscopy. ME1 is a 32-
residue transmembrane helix segment of the natural membrane
protein glycophorin A that has five additional mutations.
Comparison of the UVRR spectrum of this peptide to that of
the soluble α-helical protein myoglobin led to the conclusion
that the intensity of UVRR amide bands serves as a reliable
marker to identify lipid-solubilized and solvent-exposed helical
structure in proteins.146 A final example of a membrane-
associated peptide for folding studies is the α-helical, pH low
insertion peptide (pHLIP). This peptide exhibits structural
changes as a function of pH, and UVRR experiments
determined that this peptide is desolvated and structured as a
membrane-associated peptide.147

4.2.4. Antimicrobial Peptides (AMPs). While the membrane
peptides described above serve as model systems for protein
folding, some small membrane-active peptides fold and insert
into lipid bilayers and function as membrane disruptors. One
such class of peptides is antimicrobial peptides (AMPs). AMPs
are an ancient component of innate immunity that are
selectively toxic to bacteria148 and are crucial for the survival
of many organisms that do not possess lymphocytes or
antibodies important for immunity, such as insects.149 AMPs
typically have fewer than 50 residues and generally exhibit
segregated regions of cationic and hydrophobic amino acid
residues that give rise to an amphiphilic structure for binding to
membranes.149 In the presence of a bilayer, they form α-helices
or rigid β-sheet structures with disulfide bridges and often
exhibit primary sequences with an unusually high abundance of
select amino acids.148,150 Mutation or deletion of certain
residues, including tryptophan, has been found to be
detrimental to the activity of many AMPs.104,151−153 These
peptides are water-soluble yet spontaneously insert into
membranes and, therefore, have properties of both soluble
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and membrane proteins. The observation that bacteria do not
develop resistance to AMPs suggests that AMPs may serve as a
novel class of antibiotics to combat antibiotic-resistant bacteria.
This potentially transformative use of AMPs motivates UVRR
and other studies of the mechanisms of membrane disruption.
The mechanisms of AMP insertion and folding into

membranes are not well understood. Electrostatic interaction
between cationic AMPs and anionic bacterial membranes is
important for initial peptide−membrane binding. However, the
formation of salt bridges does not fully explain the selectivity of
AMPs for bacterial over eukaryotic membranes. Several models
of AMP disruption mechanisms have been proposed. In one
model, AMPs carpet the membrane, causing an increase in the
permeability of the membrane. AMPs may form pores that
cause ions and molecules to leak out through the membrane. It
has also been proposed that AMPs simply act to dissolve the
membrane in a manner similar to that of a detergent.148

One example of an AMP that has been successfully studied
by UVRR is the human cathelicidin, LL-37.154 This AMP is
expressed primarily in neutrophils and epithelial cells and
shows broad-spectrum antimicrobial activity.155 An important
goal of this project was to elucidate the microenvironment of
the peptide buried in a bilayer and thus shed light on the
mechanisms of membrane disruption. In this study, phenyl-
alanine residues at positions 6 and 17 were replaced with
tryptophan residues and yielded the two single-tryptophan
mutant peptides F6W and F17W. These mutations did not alter
the antimicrobial activity or the overall secondary structure
compared to those of wild-type peptide LL-37. On the basis of
results obtained from fluorescence quenching experiments and
UVRR spectroscopy, the positions of tryptophan residues for
both mutants were found to be deeply buried in the lipid
bilayer (∼12 Å from the bilayer center) of mixed anionic/
zwitterionic lipid vesicles (bacterial membrane mimics). UVRR
data revealed a decrease in hydrogen bonding and environment
polarity for both tryptophan residues upon folding and
insertion of the peptide into the lipid bilayer; this finding is
consistent with deep insertion of the aromatic residues into the
bilayer. The UVRR results, combined with fluorescence and
CD data, ruled out a detergent-like mode of action for this
AMP and, instead, supported carpeting and/or toroidal pore
mechanisms.
The UVRR and fluorescence results complement previous

NMR studies by Ramamoorthy and colleagues.156 Both studies
support the possible mechanisms of carpeting and/or toroidal
pore and suggest that the orientation of LL-37 in the bilayer is
parallel, not perpendicular, to the bilayer surface. The solid-
state NMR experiments also suggested that LL-37 lies at the
bilayer surface and is immobilized. One of the strengths of
UVRR is the ability to reveal microscopic detail near the
tryptophan residue without the need for isotopic labeling or
high concentrations typical of NMR studies. The UVRR results
suggest that tryptophan is not interacting with lipid headgroups
but, instead, is likely buried in the hydrocarbon core of the
bilayer. Analysis of the W18 and W16 tryptophan modes
suggests that possible intramolecular cation−π interactions may
stabilize one of the buried tryptophan residues in the bilayer.
UVRR data also directly reveal differences in the level of
hydration among random coil, soluble oligomer, and vesicle-
bound forms of LL-37. Collectively, these molecular insights
augment structural information that is gained through NMR
studies and deepen our understanding of LL-37.

The AMPs lactoferricin B (LfB) and pEM-2 have also been
investigated using UVRR spectroscopy.157 LfB is an α-helical
25-residue peptide composed of a segment of bovine
lactoferrin, and pEM-2 is a modified 13-residue peptide derived
from myotoxin isolated from Bothrops asper snake venom. Both
peptides have tryptophan residues that are important for AMP
activity against Gram-negative and -positive bacteria.158,159 As
revealed by UVRR experiments, the hydrophobicity of
tryptophan environments increased when both peptides were
introduced into the helix-inducing solvent 2,2,2-trifluoroetha-
nol. Additionally, the hydrophobicity near the tryptophan
residues of LfB did not increase in the presence of purely
zwitterionic lipid vesicles (eukaryotic membrane mimic).
However, the hydrophobicity was enhanced in the presence
of anionic lipid vesicles (bacterial membrane mimic), indicating
that LfB preferentially folds and inserts into lipid bilayers that
mimic bacterial membranes.
Similar results were found for the anoplin peptide, an α-

helical peptide isolated from the venom of the wasp Anthemis
samariensis.160 Modifications in the primary structure of the
peptide, including full substitutions of L-amino acids for D-
amino acids and C-terminal deamidation, did not change the
overall secondary structure of the peptide based on the results
obtained with UVRR spectroscopy. Furthermore, it was found
that all modified forms of the peptide adopted α-helical
secondary structure in the presence of anionic lipid vesicles.
Very little peptide structure was observed in the presence of
zwitterionic lipid vesicles, further confirming the preferential
binding of AMPs for anionic synthetic lipid bilayers.
A final example that illustrates the utility of UVRR

experiments is the chimeric peptide CM15, which is a hybrid
peptide comprised of seven residues from the AMP cecropin
(from silk moth) and eight residues from the toxic peptide
melittin (from honeybee venom).161 CM15 is engineered to
combine the best of two worlds: it is potent, like melittin, but
selective and nonhemolytic, like cecropin. UVRR analysis of
CM15 with both 228 and 210 nm excitation led to the
surprising result that unlike typical AMPs and toxins, CM15
retains a predominantly unfolded, hydrated, conformation
when bound to vesicles comprised of zwitterionic lipids. Even
more unexpected was the finding that this unfolded CM15 is a
potent membrane disruptor as assessed by fluorescence leakage
assays. UVRR spectra of melittin, cecropin, and the hybrid
CM15 in three different environments are shown in Figure 6;
all three peptides are unfolded in buffer and fully folded as α-
helices in the presence of anionic lipid vesicles. The fraction of
α-helix in the presence of zwitterionic lipids was determined by
using the unfolded and fully folded spectra as basis spectra.
CM15 was found to be only 23% α-helical when bound to
zwitterionic vesicles, but it was nearly as potent as melittin
(89% α-helical) in terms of membrane disruption. This finding
that an engineered, hybrid peptide exhibits high potency as an
unfolded peptide suggests that new models for peptide−
membrane interactions may be needed.161

4.2.5. Fibril-Forming Peptides. Another family of challeng-
ing biomolecules consists of the aggregation-prone disordered
peptides. Amyloid-β (Aβ) is an intrinsically unstructured
peptide (29−43 amino acids) derived from proteolysis of the
larger Aβ precursor protein. For reasons that are not yet
understood, Aβ forms well-ordered insoluble aggregates, or
fibrils, that collect as plaques in the brains of Alzheimer’s
patients. Because of the unique properties of this peptide,
techniques typically utilized to elucidate protein structure, such
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as X-ray crystallography and solution NMR, are not well-suited
for studying the structures of the biologically relevant, unfolded
forms of this peptide.162 UVRR spectroscopy, however, does
not require a crystalline or homogeneous phase and, therefore,
can be used to elucidate structures of disordered peptides and
proteins, including fibrils and heterogeneous aggregates. An
additional benefit is that UVRR spectroscopy specifically
reports on hydrogen bonding networks that give rise to
peptide secondary structure, local hydrophobicity, and tertiary
contacts that are known to be associated with aggregate
formation.163,164 In the context of these advantages, UVRR
spectroscopy, in particular deep UV (<200 nm excitation), is
ideally suited for the study of Aβ and other peptides that may
be linked to neurodegenerative disorders.
A relatively small number of UVRR studies of Aβ peptides

have been published. The deep UVRR spectra of Aβ peptides
that form either parallel or antiparallel β-sheets have been
characterized. It was reported that these different β-sheet motifs
of amyloid fibrils could be distinguished via UVRR.165 This
study further indicated that the parallel β-sheet conformation in
fibrils is different from the analogous β-sheets in soluble
proteins. In contrast, antiparallel β-sheet conformations were
described to be similar for both fibrils and soluble proteins. In
another study, myricetin, a flavenoid known to interact with Aβ,
was observed to inhibit amyloid formation of Aβ via a thioflavin
T assay. Additionally, results from CD and UVRR experiments
revealed that myricetin altered the conformation of the
hydrophobic segment of the peptide and may interact with
the aromatic amino acids present in Aβ. This finding indicates
that UVRR spectroscopy may be sensitive to changes in peptide
structure when anti-amyloidogenic small molecules are

introduced into the sample.166 These important discoveries
on the structure of Aβ in amyloid fibrils underscore the
flexibility of UVRR spectroscopy and the level of molecular
detail that can be attained by this technique.

5. CONCLUSION
Resonance Raman spectroscopy is a valuable optical technique
that elucidates structures and dynamics of biomolecules. A
primary advantage of this method over other vibrational and
structural tools is the ability to interrogate select portions of the
protein by tuning the excitation wavelength to within an
absorption band of the chromophore of interest. Given the
widespread availability of robust and tunable UV-to-visible
lasers, it is now relatively straightforward to obtain resonance
Raman spectra of the protein backbone, side chains, and
colored prosthetic groups. In combination with modern pulsed
methods, resonance Raman spectroscopy is able to reveal
structural changes and functional dynamics of biomolecules
over all relevant time scales, from femtoseconds to seconds.
These benefits make resonance Raman spectroscopy an
excellent complement to the many other tools used in the
study of the most complex and experimentally challenging
biomolecules.
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