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N ew techniques in vibrational spectroscopy are promising for the
study of biological samples as they provide exquisite spatial and/or
temporal resolution with the benefit of minimal perturbation of the
system during observation. In this Minireview we showcase the power
of modern infrared techniques when applied to biological and bio-
mimetic systems. Examples will be presented on how conformational
changes in peptides can be traced with femtosecond resolution and
nanometer sensitivity by 2D IR spectroscopy, and how surface-
enhanced infrared difference absorption spectroscopy can be used to
monitor the effect of the membrane potential on a single proton-

transfer step in an integral membrane protein. Vibrational spectra of
monolayers of molecules at basically any interface can be recorded
with sum-frequency generation, which is strictly surface-sensitive.
Chemical images are recorded by applying scanning near-field
infrared microscopy at lateral resolutions better than 50 nm.

1. Introduction

Chemistry is the science of the composition, structure,
properties, and reactions of matter. From a physical point of
view, chemistry is based on electron affinity. Thus, knowledge
of the electronic structure and the dynamics is of immediate
relevance to our fundamental understanding of reactivity.
State-of-the-art electron microscopy is capable of imaging the
(probability of the) location of electrons, in other words, the
orbitals.] The movement of electrons can nowadays be traced
by attosecond (107'®s) spectroscopy.’! More recently, ultra-
high spatio-temporal resolution in all four dimensions was
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achieved by time-resolved electron®
and X-ray diffraction.*”] However,
the application of these fascinating
methodologies to biological specimens
is hampered by the fact that liquid
water is required to form and maintain
their structural and dynamical integ-
rity. Moreover, fragile biological ma-
terial is destroyed easily by the indis-
pensable high energy of the radiation used.

Vibrational spectroscopy is one of the most promising
biophysical techniques for probing biomaterial with high
temporal resolution and spatial sensitivity. Because of the low
energy of the radiation used, infrared spectroscopy is an
essentially nonperturbing technique. Although the observa-
tion of living organisms on the atomic level is still in its
infancy, many vibrational spectroscopic methods can be
applied to model systems. Typically, such biomimetic systems
represent segments of the organism under close-to-physio-
logical conditions. This Minireview presents and discusses
recent technological advances in the vibrational spectroscopy
of proteins. We categorize these advances in a) techniques
applied to the observation of thin layers down to the level of a
monolayer and less, b) observations of small areas beyond the
diffraction limit, and c) approaches that are sufficiently fast to
trace elementary reaction steps (Figure 1). THz spectroscopy,
which is another emerging technique in biospectroscopy,®” is
not reviewed here because of space limitations.
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Figure 1. Sketch of the length and time scales of biological samples
relevant to the vibrational techniques presented in this Minireview.

2. Thinner

The application of infrared spectroscopy to monolayers
has a long history. It traces back to the 1960s to the
development of the theory on infrared reflection absorption
spectroscopy (IRRAS).®! Experiments started with molecular
studies on the solid/ultrahighvacuum (UHV) interface® but
soon developed into studies on the solid (metal)/liquid™**
and air/liquid interfaces."”! To probe the properties of the
latter interface as a mimic of a cell membrane, lipid
monolayers were studied extensively by IRRAS in combina-
tion with the Langmuir-Blodgett (LB) technique. This
approach was extended to the analysis of the secondary
structures of peptide and protein monolayers embedded in a
lipid layer. Thakur and Leblanc investigated changes in the
secondary structure and orientation of lysozyme in Langmuir
monolayers in dependence of the surface pressure.!'! Kou-
zyzha et al. applied the same methodology to the alanine-rich
polypeptide K;A iK;.™)

Although the improved sensitivity of IRRAS for the
detection of monolayers on such surfaces is acknowledged, it
is a great challenge to apply IR spectroscopy to functional
studies of proteins on the monolayer level. The challenge
behind the functional studies of enzymes is that minute
structural changes must be detected in front of the bulk
protein structure when the enzyme is catalytically active. The
corresponding change in absorption can be as small as 1075,
and the sensitivity of IRRAS is usually not sufficient to detect
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such small signals. In this case , the enhanced IR absorption
employed in SEIRAS is superior.

2.1. Surface-Enhanced Infrared Absorption Spectroscopy
(SEIRAS) of Monolayers

An alternative for monolayer detection by IR spectros-
copy is the application of surface-enhanced infrared absorp-
tion (SEIRA) spectroscopy. SEIRA is a phenomenon where
the IR absorption signal of a surface-bound molecule that is
adsorbed on a nanoscale-roughened metal surface is en-
hanced (Figure 2a)."! The enhancement is caused by a
dielectric change of the metal film at the position of the
molecular vibration. The broad absorption of the metal film,
which is assisted by the surface plasmon polariton (SPP),
covers the near-IR to the mid-IR region and is modulated by
the dipole of the adsorbed molecules in a narrow vibrational
range. The modulation occurs on the order of 10-100 fold of
the original molecular vibration. As a consequence, the
vibrational band of the adsorbed molecule is enhanced,
although the real enhancement is caused by the change of the
metal absorption itself. As with any optical near-field effect,
signal enhancement in SEIRAS is restricted to the immediate
vicinity of the surface and rapidly drops off within 10 nm. As a
result the vibrational contributions of molecules on the
surface can be discriminated from those in the bulk. Although
SEIRAS can be performed in transmission configuration, it is
advantageously exploited by using the attenuated total
reflection (ATR) configuration, where a metal film with a
thickness of about 10-100 nm is deposited on the reflection
surface of the ATR prism. This optical configuration facili-
tates the manipulation of the sample conditions, for example,
adsorption of sample on the metal film, exchange of the
solution, illumination by light, and application of a voltage to
the metal film.['”!

Since the field enhancement in SEIRA is restricted to the
immediate vicinity of the surface, it is essential that the
biological sample is tethered to the metal film. However,
proteins are very susceptive to environmental conditions and
may easily degrade when directly bound to the metal surface.
Even when the protein is not completely denatured, it can
malfunction when the binding conditions, for example,
orientation, binding site, and distance from the metal surface,
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Figure 2. Experimental setups for a) SEIRAS, b) SFG, c) SNIM, and d) SFG-2D IR experiments.

are not properly chosen. Chemical modification of the solid
surface is one of the practical solutions to control the
adsorption conditions. The metal surface is “cushioned” by
modification with a layer of organic molecules. This is
achieved conveniently by the self-assembly of a monolayer
(SAM) of thiol-terminated functional molecules. The key
interaction is the strong affinity of the thiol group to the metal
surface through quasi-covalent bonds.™

Since the field-enhancing metal film can be also employed
as an electrode, SEIRAS has been often used for the
investigation of electrochemical interfaces."*?" This is ad-
vantageous for the direct transfer of electrons to or from the
adsorbed molecules, where SEIRAS monitors structural
changes during the redox reaction (in situ). This approach
was exploited for the first time in functional studies of redox-
driven proteins: the structural changes of a cytochromec
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(cytc) monolayer adsorbed on a Au electrode were monitored
during redox cycling.?*! The surface of the gold electrode
was chemically modified such that the bound cytc was
uniformly orientated; this enabled direct electron transfer
through the external control of the electrode potential.
Recording of the spectra was performed simultaneously with
cyclic voltammetry, such that the direct correlation could be
drawn between the structural changes of the protein (from
FTIR difference spectroscopy) and the electron-transfer
reaction (from electrochemistry). These experiments demon-
strated that SEIDAS (surface-enhanced IR difference spec-
troscopy) captures the minute structural changes within cytc
during the redox reaction. The kinetics of the redox reaction
were recorded in the micro- to millisecond regime by time-
resolved SEIRAS measurements in combination with the
potential jump transient recording method.!

The same strategy was applied in a functional studies on
hydrogenases.” Wisitruangskul et al.” recorded SEIRA
spectra of a [NiFe] hydrogenase, which reduces protons to
generate H,, during the redox reaction. SEIRAS was used to
monitor the molecular structure of the CO and CN ligands at
the binuclear Ni,Fe center of the hydrogenase during
enzymatic production of hydrogen under potential control.
Krassen et al.? studied a hybrid complex, which consisted of
photosystem I from cyanobacteria and a hydrogenase on a
solid gold surface, in situ by SEIRAS.P®! This hybrid complex
demonstrated light-induced H, evolution.

On account of the capacity of SEIDAS for monolayer
detection, this technique is perfectly suited for functional
studies on membrane proteins®’! which essentially exist as a
monolayer in the native cell membrane. By proper orienta-
tional control through a chemically modified surface,”**! a
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biomimetic model system of a cell membrane can be
produced on the surface of a metal electrode by which an
electric field can be applied. The membrane potential is a key
factor for the function of the membrane protein, but the effect
of the potential on the protein function cannot be gauged by
common structurally sensitive techniques. Jiang et al. applied
this approach to study the photoreaction of sensory rhodop-
sin ILP" one of two light sensors for the phototaxis of
archaeabacteria. They demonstrated that the variation in
electrode potential, equivalent to the change in membrane
potential, exerts a specific effect on a single proton-transfer
reaction but does not affect the structure. The developed
technique holds promise not only for studies on the impact of
the membrane potential on other membrane proteins but
opens the way for studies on voltage-gated ion channels. This
structurally sensitive method will be of utmost biomedical
relevance.

The application of SEIRAS is not limited to the study of
isolated proteins but has been extended to whole cells.
Busalmen et al. measured adsorption and redox processes of
the bacteria Geobacter sulfurreducens on a gold electrode
surface by SETRAS.F"% These Fe'-reducing bacteria sup-
port their growth by donating electrons to the metal in order
to oxidize organic compounds. High numbers of c-type
cytochromes are located in the outer membrane of the
bacteria, such that electrons can be transferred by direct
contact to the electrode. At the formal potential of 0.17 V (vs.
Ag/AgCl), major changes in the SEIRAS spectra are similar
to the spectrum of isolated cytochromec.

2.2. Sum Frequency Generation (SFG)

A very powerful vibrational spectroscopic technique for
the study of protein monolayers is sum frequency generation
(SFG) spectroscopy (Figure 2b). SFG is a second-order
nonlinear optical process in which two beams generate a
third beam whose frequency is the sum of the optical
frequencies of the two pump beams.'®! In SFG spectroscopy,
two pulsed laser beams, typically one of fixed frequency in the
visible range and one of tunable frequency in the infrared
range, are overlapped spatially and temporally at an interface.
Light at the sum frequency of both beams is collected in
reflection. SFG is intrinsically surface-specific since it occurs
only where the inversion symmetry is broken. This second-
order nonlinear optical process is forbidden in media that
possess inversion symmetry, for example bulk solution media.
As a result, the specific SFG signal is detected exclusively
from the monolayer at the interface without interference by
background bulk signals.

The theory of SFG has been known since the 1960s, but
received little attention.”*" SFG was rediscovered in the late
1980s as a surface analytical tool with submonolayer sensi-
tivity.*>*! To produce an SFG signal, intense laser pulses are
required (e.g. 5-15 pJ per pulse, At =3 ps). In the early stages
of SFG development, a major difficulty was the lack of
tunable mid- and far-infrared sources with sufficient emission
power, and investigations were limited to the near-infrared
range of 3-5 pm (>2000 cm™"). Because of this restriction,
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initial SFG studies on proteins and peptides focused mainly
on C—H and O-H stretching vibrations,®” which provided
structural information about side-chain orientation (with the
exception of a study using a free electron laser for the mid-IR
range®). Only in the past five years have SFG studies been
extended to the amide I region (~1650 cm™') owing to the
development of high-power tabletop IR lasers.””

The main advantage of SFG spectroscopy is its versatile
applicability to virtually any interface (solid/liquid, air/liquid,
or liquid/liquid such as oil/water interfaces)."”!" With this
advantage SFG outperforms other surface-sensitive vibra-
tional techniques such as SERS or SEIRAS, which are
restricted to experiments on metal surfaces. The surface
sensitivity of SFG has been further improved by the develop-
ment of broadband heterodyne-detected SFG,"*!! which can
be used to monitor as low as a few percent of a monolayer.
The application of SFG to biological samples was initially
centered around structural studies of lipid layers at the air/
water interface,”! but was soon extended to studies of the
secondary structures of membrane proteins embedded in lipid
layers. Chen and co-workers were very active in using SFG as
an in situ analytical tool to investigate the structure of small
proteins (e.g. fibrinogen,™*! melittin,*! and the foot protein
of Mytilus edulis'*!) and membrane protein fragments (the By
subunit (Gg,) of G-protein”)) in lipid bilayers. As one
example, they analyzed the amide I band to elucidate the
binding and orientation of the Gy, subunit in a POPC (1-
palmitoyl-2-oleoyl-sn-glycero-3-phosphocholine) lipid bilay-
er*! As the amide I band reflects various secondary struc-
tural motifs of a complex protein structure, detailed structural
analysis based on fitting the amide I band envelope is
difficult. Introducing the polarization as an additional param-
eter and its variation in the pump and probe beams in SFG,
for example SSP and PPP (denoting Vis/IR/SFG polarization,
respectively), delivers additional structural parameters for
band analysis. Based on such polarization-dependent data,
the authors unambiguously determined the orientation of the
G, subunit to be tilted —35° with respect to the surface
normal of the lipid layer.

In conclusion, SFG represents a versatile method for the
study of molecular processes at interfaces of any kind.
However, the method is demanding because it requires
state-of-the-art laser technology. The strength of SEIRAS
lies in the ease of implementation and the possibility to study
conformational changes and proton transfer in proteins
during catalysis.

3. Smaller
3.1. Scanning Near-Field Infrared Microscopy (SNIM)

Although vibrational spectroscopy can probe structures
down to the monolayer level (several nm), the lateral
resolution is usually limited by diffraction (roughly 5 um for
the mid-IR range). This limit was overcome by the invention
of near-field proximal probes. The scanning near-field optical
microscope (SNOM) reveals subwavelength detail, because it
uses near-field probing rather than beam focusing.*s! SNOM

www.angewandte.org

5419


http://www.angewandte.org

Minireviews

5420

requires a fine aperture with a diameter substantially smaller
than the wavelength. The light passing through such an
aperture of diameter stays confined within a small distance
behind the aperture, and it is in this region that the sample
must be scanned to create a near-field image. Owing to the
poor transmittance of the metallic aperture, the resolution is
practically limited to A/10 (& 50 nm). Extending this principle
to the mid-infrared region leads to the unpleasant conclusion
that the practical resolution is limited to about 1 pm, which is
often insufficient for imaging microscopy in the fields of
subcellular biology or nanoelectronics. In so-called “scatter-
ing-type” scanning near-field infrared microscopy (s-
SNIM),™! enhanced spatial resolution is accomplished by
the “apertureless” tip—a simple, sharp, metallic needle
commonly used in atomic force microscopy (AFM; Fig-
ure 2¢). This needle functions like an optical antenna and
supplies a concentrated electric field at its apex. The high field
at the tip has a transverse width which is about equal to the
tip’s radius of curvature. Therefore, the microscope’s reso-
lution is defined by the curvature (currently 10-20 nm[*).
The near-field interaction between the high field at the tip and
sample is modulated by application of a small longitudinal
oscillation to the tip. The modulated near-field signal is de-
modulated and amplified by the lock-in method to suppress
background scattering signals. These tip manipulations are
accomplished with a tapping-mode AFM with metal-coated
cantilevers. Thus, the s-SNIM apparatus consists of a standard
AFM combined with an IR-scattering measurement.

The first s-SNIM image was reported by Keilmann and
Knoll.***" They obtained a chemical image of a mixed layer
of polymethylmethacrylate and polystyrene on a scale of
about 100 nm, which is about one-hundredth of the applied
wavelength (1 =9-11 nm from a CO laser). At the boundary
of the two polymers, contrast changes were observed owing to
changes in vibrational absorption. A strong enhancement of
the contrast, in other words, the absorption signal, was
observed, which suggests that SEIRA effects may occur at the
optical near-field of the probe tip.

Kopf et al. recently reported s-SNIM experiments on
SAM films of 1-octadecanethiolate and biotinylated alkyl-
tholate (BAT) formed on a gold substrate.’!! They clearly
observed patterns of the two different SAMs with a lateral
resolution of approximately 90 x 90 nm?, which corresponds
to the detection limit of 27 attogram (10~'® g) or about 30000
BAT molecules. Although s-SNIM has not yet been applied to
a monolayer or to the surface of biological samples, the
technique looks promising for approaching the single-mole-
cule detection limit of infrared spectroscopy without invasive
labeling of the material.

SNIM may be compared to tip-enhanced Raman spec-
troscopy (TERS), which uses the same principle of scattering
detection but employs visible laser sources.”>>! This is an
advantage over SNIM, where tunable mid-IR laser light must
be used to achieve contrast. However, great care must be
taken that the strong electromagnetic field present at the tip
of the TERS setup does not damage the sensitive (biological)
sample.
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4. Faster

4.1. Time-Resolved Infrared Spectroscopy from Microseconds to
Femtoseconds

Most of the crucial steps of enzyme catalysis proceed in
the micro- to millisecond time domain. Conventional dis-
persive spectroscopy can be applied in this regime, but it is
usually limited by the low flux of the available broadband IR
light sources. Instead, tunable laser sources may be used as
the probe, for example lead salt laser diodes.” The recent
development of quantum cascade lasers in the mid-IR range
might foster further development owing to their considerably
higher power and ease of maintenance. A significant improve-
ment in optical resolution and signal-to-noise ratio was
achieved by using the step-scan approach developed in
Fourier transform spectroscopy with its broadband (multi-
plex) detection.”™ The technique is commercially available as
an option to state-of-the-art FTIR spectrometers; however,
its application to complex systems that exhibit small differ-
ence signals still requires modifications by the user.® The
step-scan approach was and is a valuable tool to investigate
the mechanisms of many proteins, most of them light-gated.
Recent examples cover the whole spectrum from the proton-
pump bacteriorhodopsin®” to blue-light sensors,**>* proteins
from the light-harvesting complex,® and photosystem 1.[°1:%
The technique can even be applied to single, micrometer-
sized crystals of proteins./*

Time-resolved spectroscopy on proteins with femtosecond
time resolution is still challenging when conducted in the mid-
IR range. The pump-probe approach is commonly accom-
plished in the visible spectral range, but the broad electronic
bands are less informative than the detailed vibrational
spectra when it comes to the details of a chemical reaction.
Initially, single-wavelength measurements were performed,
where the probe light of a continuous-wave IR laser was up-
converted into the visible range for detection.” The employ-
ment of IR array detectors enabled the pump-and-probe
approach with pulsed lasers to be applied, where the
spectrally broad probe pulse was dispersed by a grating and
the full spectral information was monitored at a specific delay
time.[! A further improvement came about by the introduc-
tion of stable all-solid-state titanium-sapphire lasers as
sources for the pump and probe pulses. Difference signals in
the infrared region are more than two orders of magnitude
lower than in the visible as a result of the much lower
extinction coefficient of IR absorption bands. Because of this
and also the strong absorption of water in the mid-IR region,
protein samples must be highly concentrated. Despite these
challenges, the evolution of reactions from the excited-state
surface were studied in several proteins with ultrafast
dispersive infrared spectroscopy covering a broad spectral
range. A special focus has been the isomerization reactions in
photoreceptors; one of the fastest reactions in nature is the
200 fs switch of retinal in visual rhodopsin./® Using infrared
spectroscopy, a time constant of 500 fs has been determined
for the isomerization of retinal in the proton-pump bacterio-
rhodopsin.) More recent examples include the bistable
switch of the linear tetrapyrrole in phytochromes, where light-
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induced on-! and off-switching™! has been followed for the
first time by ultrafast IR spectroscopy. Another strength of
infrared spectroscopy is the detection of hydrogen bonds. It
has been shown that the breaking of a hydrogen bond plays a
crucial role in the isomerization of the chromophore p-
coumaric acid in photoactive yellow protein.”” Similarly, a
rearrangement of the hydrogen-bonding network surround-
ing the chromophore of the BLUF domain (a FAD-contain-
ing sensor of blue light) was postulated to take place in the
primary step after electron transfer to the flavin cofactor.”

4.2. Two-Dimensional IR Spectroscopy

A significant drawback of conventional (1D) IR spectros-
copy of systems as complex as biomolecules is the lack of
spatial information. For a molecular interpretation of the
assigned signals in the framework of a reaction model,
structural information derived from NMR spectroscopy or X-
ray crystallography is necessary. In contrast, 2D IR spectros-
copy provides spatial information independent of any other
structural data by direct analysis of cross-peaks from vibra-
tional couplings and comparison to theoretical models. It
probes and resolves interactions between distant chemical
functional groups. 2D IR spectroscopy is considered to be a
complementary method to NMR spectroscopy, where the
time resolution is limited to milliseconds, and to time-
resolved X-ray crystallography.

2D IR spectroscopy in this context refers to fs-pulsed
spectroscopy as opposed to conventional two-dimensional
Fourier transform IR spectroscopy often referred to as
correlation spectroscopy. The 2D IR experiment is performed
either in the frequency domain!™ or in the time domain. 2D
IR spectroscopy in the frequency domain does not differ from
conventional pump-probe spectroscopy and is achieved by
scanning the narrow-band pump laser frequency and record-
ing transient spectra with a broadband probe pulse at a
defined time delay. The time-domain approach (echo spec-
troscopy) is similar in its pulse sequence to correlation
spectroscopy (COSY) or nuclear Overhauser effect spectros-
copy (NOESY) in NMR experiments.™ A vibrational
coherence is established, then interrupted, and the induced
free induction decay (FID) is finally resolved over time. This
relaxation is much faster than in NMR spectroscopy and leads
to a time resolution of some tens of picoseconds in 2D IR
experiments. In analogy to NMR spectroscopy, the Fourier
transform of the FID then yields the 2D IR spectra.

Two main features arise in a 2D IR spectrum by
comparison of measurements with and without a pump pulse.
Pairs of diagonal elements are resolved that originate from
the transitions of the excited oscillators. These signals reflect
excited-state absorption (positive signal) and stimulated
emission (negative signal). Additionally, ground-state absorp-
tion by the probe pulse after depopulation by the pump pulse
contributes to the negative signal. The pair of signals is
separated in frequency owing to anharmonicity (Figure 3).
The second major feature is the occurrence of off-diagonal
cross-peaks that are caused by inharmonic coupling between
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Figure 3. Schematic 2D IR spectrum showing negative contributions
from stimulated emission and ground-state absorption and positive
signals from excited-state absorption. Additional off-diagonal cross-
peaks reveal vibrational couplings between oscillators and therefore
contain information on the 3D structure.

different oscillators. They carry valuable information about
the structure of the system.

One focus of 2D IR spectroscopy on complex molecules
has been the amide I vibration of peptides and proteins. The
C=O0 stretching vibration of the peptide backbone is a strong
oscillator that couples to neighboring oscillators of similar
frequency. These couplings can take place through space, for
example through dipolar interactions, and through bonds
(through the C, atoms of the peptide backbone or even across
a hydrogen bond). Therefore, structural information is not
directly derived from the couplings. Instead, the spectral
patterns are analyzed with regard to angles and mutual
orientation of the oscillators. In this procedure either a
theoretical model is applied to simulate the spectra and to
extract the information, or the different polarization depend-
ence of the cross-peaks is used.[™ The capability of 2D IR and
the validity of the models was first checked on the known
structure of a cyclic pentapeptide.’ In a next step, the
coupling strength and the angle between the transition
dipoles in tri-alanine with its two peptide carbonyls were
determined.”” From the coupling strength, the dihedral
angles of the backbone were obtained with the help of
quantum-chemical calculations. Thus, 3D structural parame-
ters were retrieved from infrared spectroscopic experiments.
To enable this breakthrough in the analysis of the weak cross-
peaks, the strong diagonal peaks were suppressed by exploit-
ing their different polarization dependence.””” In the step to
larger systems, this specific information is blurred by the large
number of overlapping bands and the manifold of coupling
mechanisms. However, it is possible to discriminate between
different secondary-structure elements of peptides and pro-
teins that are characterized by a specific position, splitting,
amplitude, and line shape of the cross-peaks and diagonal
peaks. This has been shown for antiparallel 3-sheets of several
model proteins” and 3,,-/a-helices of octapeptides.**5! A
further improvement in specificity was achieved by analyzing
the differences in coupling of the amide I’ to the amide II’
vibration.’” 2D IR enables a refinement of the quantitative
description of the exciton-like amide modes by theoretical
models, which will have an impact on secondary-structure
determination of proteins in general.

A major obstacle in the analysis of 2D IR spectra is
spectral crowding. The overlap of signals can be overcome by
introducing isotope labels in a site-specific manner to resolve
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the contribution and environment of single residues. Through
the “C='%0- and "“C='®0O-labeling of residues, coupling
constants can be determined, for example within a helix.!
This approach has been applied to a complete transmembrane
(27 residues) domain of a human membrane protein by
tracking inhomogeneous line-broadening to fluctuations in
the different sections of the protein inside and outside of the
membrane.® Tsotopic labeling can also be used to remove
couplings in very complex systems such as amyloid fibrils,
which are found as plaques in brain tissue of patients with
Alzheimer’s disease.™ Interstack distances within the fibrils
were obtained from the coupling constants. The formation of
amyloids by aggregation can be monitored directly by 2D IR
spectroscopy; in this it is possible to access the kinetics of
polypeptide aggregation with a residue-specific resolution
and without external labeling.®®®") In a very recent study on
the M2 channel of the influenza virus, the empirical depend-
ence of the line-shape of a series of isotopically labeled
carbonyls from residues within the channel pore was used to
derive structural information about rotational movements
accompanying channel closure.® Remarkably, the mem-
brane protein was studied in a near-native environment,
which allowed a critical assessment of conflicting structures
from solid-state NMR spectroscopy and X-ray crystallogra-
phy. This development demonstrates that 2D IR spectroscopy,
while being under development, is already capable of
contributing to key biological questions.

The kinetics of ultrafast processes have been studied using
2D IR experiments. The main field of investigation has been
protein foldirlg‘ The high spatial sensitivity of IR spectroscopy
in the sub-Angstrom regime was exploited to detect the
minute changes in hydrogen bonding accompanying folding
processes. These changes are usually hidden in conventional
1D FTIR experiments because of spectral congestion. The
additional dimension in the 2D experiment permits the
comparison to molecular dynamics (MD) simulation. As an
immediate result from such a combined theoretical and
experimental approach, the speed limit of contact formation
of protein side chains was revised from 20 ns in the original
postulate®™ to 160 ps.*” These results were obtained by
monitoring changes in hydrogen-bonding strength in a small
model peptide in which a f§ turn is restrained by a disulfide
bond. The unfolding process was triggered by photolysis of
the disulfide bond by a femtosecond UV light pulse. In an
application to a larger system, the dynamics of the unfolding
of ubiquitin was studied after a fast temperature jump.”! The
investigation of fast processes is not limited to amide modes:
other strong oscillators such as CO gas may be exploited to
trace enzyme kinetics. For example, the exchange of different
substates in the CO binding of myoglobin was studied, where
the cross-peaks indicate their interconnectivity.”? The high
time resolution of 2D IR was demonstrated by monitoring the
exchange of the substrates on the 50 ps time scale.”” Hamm
and co-workers further demonstrated the feasibility of 2D IR
difference experiments®® by studying another work horse
often employed in methodological development, the light-
driven proton-pump bacteriorhodopsin. These authors were
able to selectively analyze only those vibrations which
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changed during the reaction. This very powerful trick extends
the scope of this method to the whole vibrational spectrum.

Very promising is the combination of 2D IR with SFG
(see Section 2.2). Similar to SEIRAS discussed above, 2D IR
spectroscopy exploits the surface-selection rules to measure
with monolayer sensitivity. A fourth near-IR pulse is intro-
duced to the pulse sequence (sum frequency generation SFG
2D IR), which up-converts the radiated IR signal to the
visible spectral region (Figure 2d).””! Besides providing sur-
face selectivity, the method makes it possible to determine the
orientation of the aligned vibrational dipoles by an appro-
priate polarization of the laser pulses. So far this technique
has been applied only to a dodecanol monolayer on water,”!
but it is a promising approach for experiments on more
complex systems.

In summary, the strength of 2D IR spectroscopy is the
combination of its sensitivity to structural elements with its
high inherent time resolution. It does, however, not yet
provide a direct measure of distances between structural
elements. The number of distance restraints obtained is far
less than in NMR spectroscopy. However, the analysis has
yielded dihedral angles between functional groups in proteins
which are valuable parameters in structure determination.
Because of the high time resolution of 2D IR experiments, it is
possible to investigate mechanisms, including the geometry of
the transition state,”” of processes in the picosecond time
range not accessible by NMR spectroscopy.
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