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Abstract

Proteins exhibit structural fluctuations over decades of time scales. From the picosecond side
chain motions to aggregates that form over the course of minutes, characterizing protein structure
over these vast lengths of time is important to understanding their function. In the past 15 years,
two-dimensional infrared spectroscopy (2D IR) has been established as a versatile tool that can
uniquely probe proteins structures on many time scales. In this review, we present some of the
basic principles behind 2D IR and show how they have, and can, impact the field of protein
biophysics. We highlight experiments in which 2D IR spectroscopy has provided structural and
dynamical data that would be difficult to obtain with more standard structural biology techniques.
We also highlight technological developments in 2D IR that continue to expand the scope of
scientific problems that can be accessed in the biomedical sciences.

Graphical Abstract

1. INTRODUCTION

The structural evolution of proteins, designed to accomplish precise functions, is at the heart
many processes in biology.13 Knowledge of the kinetics of the interconversion between
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members of a structural ensemble can lead to fundamental insights into the mechanisms of
these processes.*° Of course, for a technique to measure kinetics, the time resolution of the
technique needs to be shorter than the time scale of structural change. 2D IR spectroscopy
provides the ideal time resolution to measure structural change. With a subpicosecond time
resolution, there is essentially no protein or biological structural change that is too fast for it
to follow. About the only things that move on a 1 ps time scale are water molecules and ions
as they make and break hydrogen bonds; protein backbones are essentially fixed in space, as
are side chains, on this picosecond time scale.16:7 Thus, a 2D IR spectrum provides a
snapshot of water and ion dynamics around static protein structures. Collecting multiple 2D
IR spectra as a function of time turns these static snapshots into a movie.

Water and ion dynamics is critical for biological function and many researchers have utilized
the picosecond dynamics of 2D IR spectroscopy to measure water structure in liquids and in
biological systems.”~19 Hydration can be mapped in membrane proteins and ion channels
and other biomolecular assemblies, such as DNA.11-13 Regarding the protein structures
themselves, the 2D lineshapes reflect the distribution of protein structures in the ensemble,
thereby providing a measure of structural heterogeneity.1214-17 Structural heterogeneity, by
which we mean the populations of protein structures, plays a role in enzymes, since the
active sites are very sensitive to geometry.# Structural heterogeneity is important in stability,
such as side chains that stabilize protein structures.1® It is a probable cause of amyloid
polymorphs.12

2D IR spectroscopy can also be used to study kinetics longer than the intrinsic picosecond
time resolution by triggering a conformational change. Triggers include cis—trans
isomerizations, conformational change, temperature or pH jumps, bond breakage, and other
methods that induce conformational changes.2%-22 Following the trigger, 2D IR spectra can
be used to probe the resulting conformational changes to arbitrarily long times. To get
statistics for spectra with good signal-to-noise ratio, the experiments either need to be
repeated using replenishable triggers or by collecting the 2D IR spectra faster than the
kinetics.1423 Between the intrinsic time scale and the trigger methods, there are few kinetics
that cannot be measured with 2D IR spectroscopy.

The excellent time resolution of 2D IR spectroscopy can also be complimented by bond-
specific or domain-specific structural resolution by the use of isotope labeling. The intrinsic
structural resolution of 2D IR spectroscopy is already much better than FTIR spectroscopy,
because of the cross-peaks, 2D line shapes, and the quadratic scaling of signals with
transition dipole strengths.242> But 13C or 13C=180 isotope labeling creates spectroscopic
features for precise portions of the protein. Isotope labeling of individual residues has been
used in many protein systems.26-2% More recently, domains of proteins have been labeled to
look at global structures,30 and mixtures of labeled and unlabeled proteins provide 2D IR
spectra of monomers in protein ensembles. This combination of time and structural
resolution is unique among all tools in structural biology.

The focus of this review is to survey the applications of 2D IR spectroscopy toward
investigating protein conformations and their evolution, both under equilibrium and
nonequilibrium conditions. In addition to proteins and peptides, 2D IR has been successfully
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used to address a broad range of fundamental questions in physical chemistry,31-3% which
are unfortunately outside the scope of this review. We cover the development of the 2D IR
technique and emphasize its contribution to measuring the dynamics of structural change in
biological systems. Throughout the review, we hope to highlight the important experiments
that have impacted protein science. Additionally, we would like the reader to recognize why
2D IR spectroscopy can, and will, impact the fields of biochemistry and protein science. We
return to this point in the conclusion, where we present what we believe to be the future of
2D IR spectroscopy in biophysics and biochemistry.

2. THE 2D IR EXPERIMENT
2.1. Overview of Typical 2D IR Spectra

Figure 1a shows a cartoon of a 2D IR spectrum of a single vibrational mode in a molecule.
A linear IR (or FTIR or absorption spectrum) of this mode would have a single absorption
peak centered at its vibrational frequency. The corresponding 2D IR spectrum contains two
out-of-phase transitions. The positive peak (shown in red) corresponds to the ¥=0— 1
transition, where vis the vibrational quantum number for the mode, while the negative peak
(shown in blue) corresponds to the v=1 — 2 transition. The two peaks are separated by the
anharmonic shift, A. These peaks are typically known as diagonal peaks, as they appear
along the diagonal (w; = w3) line with the ¥=0 — 1 peak precisely on the diagonal. Both
positive and negative peaks will appear elongated along the diagonal if there is
inhomogeneous broadening. Each diagonal point can be thought of as a linear IR transition
with a characteristic homogeneous width; when there is a distribution of frequencies, there
are many diagonal points, leading to spectral elongation along the diagonal. For transitions
that are only homogeneously broadened, the 2D peak shapes become nearly circular. As we
will discuss in section 3.7, if the inhomogeneous distribution of frequencies are time-
dependent, then the 2D contours become circular with increasing waiting time, leading to
quantitative evaluations of fluctuations near a vibrator. This separation of homogeneous and
inhomogeneous line widths, characteristic of the photon echo, lends 2D IR unique
capabilities for investigating vibrational dynamics

Figure 1b is a cartoon of a molecule with two vibrational modes. When multiple oscillators
are present, such as in a protein, off-diagonal features can appear in 2D spectra, commonly
known as cross-peaks. The existence of cross-peaks depends on the vibrational coupling
between the two modes concerned. Cross-peaks give the joint frequency distributions of the
two coupled vibrators. Similar to diagonal peaks, cross-peaks also appear as out-of-phase
pairs that are separated by the off-diagonal or mixed-mode anharmonicity (&). The off-
diagonal anharmonicity depends on the coupling constant between the two modes, which
will depend on the molecular geometry and is often simply a function of the angle and
distance between the two transition dipoles. Thus, whereas diagonal peaks reveal
inhomogeneites of the vibrational frequency distribution, cross-peaks carry structural
information. The ability to measure vibrational couplings directly is one of the major
strengths of 2D IR. The following sections goes into the details of the pathways that lead to
cross-peaks and how they can be used to decipher molecular structure.
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Before we end this brief discussion on the basics of 2D IR spectra, it needs to be mentioned
that in the literature, 2D IR spectra have been plotted in two different ways. The first
approach plots wy as the ordinate and ws as the abscissa. The alternate approach plots w3 as
the ordinate and «w, as the abscissa. The spectra thus generated are related through an axis
rotation and inversion. Also, the sign convention used for 2D spectra have varied over the
years: some prefer the fundamental 0 — 1 transition to have a negative value, similar to
pump—probe spectroscopy, while the opposite, where the fundamental peak has a positive
value, is also commonly used. Of course, irrespective of the plotting convention, the spectral
information remains the same, and thus it is merely a matter of preference in using one style
over the other. Additionally, it is important to note that we refer to any functional group that
absorbs IR light as a chromophore, in analogy to visible spectroscopy of electronic states.

2.2. Outline of 2D IR Spectroscopy

2D IR spectra can be interpreted in a phenomenological manner following the discussion in
the last section (section 2.1). In many cases it is not necessary to understand the
mathematical details of how the spectra are generated. For those readers that are interested,
this section provides a brief outline of the fundamentals of the 2D IR experiment. The theory
of third-order nonlinear spectroscopy has been described in detail on many occasions;36-38
we therefore only introduce the key aspects of 2D IR that are necessary to understand and
interpret results that are discussed in the later sections. The technology that makes possible
generation of ultrashort mid-IR pulses has come a long way in the past decade and has been
described at length.3940 We therefore skip straight to the experimental implementations of
2D IR. The 2D IR experiment involves successive interaction of a chromophore with three
light pulses to produce a third-order material polarization, which generates a signal electric
field in directions specified by the wave vectors of the incident light. The signal (4, 7, &)
obtained in a three-pulse heterodyned echo measurement is a function of the pulse delays 4
(also labeled as 7), 7, and £ (also labeled as &, which are the time intervals between the first
and second, between the second and third, and between the third and the detected fields,
respectively. These delays are referred to as the coherence time, the waiting time, and the
detection time, respectively. Fourier transform of the signal over # and # yields a 2D
spectrum, which is a function of frequencies w; and ws (or w,and «x). The 2D IR signal is
traditionally detected by heterodyning with a reference pulse known as the local oscillator.
Heterodyning is necessary to measure the amplitude and the phase of the generated signal.
Measuring only the generated field with a square law detector yields the amplitude squared
of the generated field, whereas heterodyning yields both the amplitude and phase of the
signal as long as the phase of the local oscillator is known:

S(w): |Esignal (w)eisﬂsignal +Eref(w)ei§9ref77:wt ‘2
:|Esigna1(w)’2+|Eref‘(w)‘2+2Esignal(w) Eref(w)cos(Ap—wt) (1)

There are two principal methods of obtaining heterodyned spectra in a 2D IR experiment;
time domain and spectral interferometry.36 In time domain interferometry, the delay between
the local oscillator and the signal is scanned for every 4 and Fourier transformed over both
time dimensions to yield the 2D spectrum. However, this increases data acquisition times
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significantly, which is why the signal and the local oscillator are often dispersed in a
spectrograph and measured using an array detector. The spectrograph, or monochromator, is
effectively an experimental Fourier transform over #, thus reducing data collection times
and errors due to laser fluctuations (This is why in some literature the ws axis has been
labeled as wyy). The first laser pulse creates a coherence, which evolves in time (the
coherence time) before the second pulse terminates this evolution by creating a population.
After a finite delay (the waiting time), the third pulse regenerates the coherent state, which
now evolves again (the detection time). The signals that contribute to the third-order
polarization can be categorized into two kinds, rephasing and nonrephasing, that differ with
respect to the phase of the coherence during the coherence (t;) and detection (t3) times.
Nonrephasing pathways have the same phase for coherences during 4 and &, whereas for
rephasing pathways, the coherence that is created by the third pulse is the complex conjugate
of that during 4

rephasing: pg1 — p11 — P10
nonrephasing: po1 — p11 — po1 2

where pjiis the //th element of the density operator. The coherences evolving during 2 in
the nonrephasing pathways undergo a relaxation similar to free induction decay, while for
the rephasing pathways, the coherences “rephase”, returning to have the same macroscopic
dipole as at 4 =0, so it emits a field known as the echo, akin to optical photon echoes
observed many years ago.4! The ability of 2D IR to separate homogeneous and
inhomogeneous contributions to the spectra arises from this vibrational photon echo. The
rephasing and nonrephasing molecular responses can be represented as*2

chphasing: <e—zwt1 e_T/Tl e+Mt3 >

©)

_ Jatiwty —T/T Fiwt:
Rnonrephasing—<e te / te 3>

(4)

The angular brackets represent an average over a distribution of frequencies. The phase
difference of the coherence during # for rephasing and nonrephasing signals comes from
interactions with components of the electric field that are complex conjugates. Thus, these
pathways can be isolated by phase-matching conditions, which means selecting a certain
combination of the phases of the incident pulses by choosing a particular direction of the
signal field. The phase-matched signal direction for rephasing and nonrephasing pathways is
-k + k + kg and k — k» + ks, respectively. This is only true for a time ordering of pulses
where pulse 1 (with wave vector ;) precedes pulse 2 (with wave vector &>). For a time
ordering of pulses where pulse 2 precedes pulse 1, the nonrephasing signal is emitted in the
same phase-matched direction as rephasing; thus by switching between pulse orderings
(123) and (213), both rephasing and nonrephasing signals can be generated in the —k; + & +
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k3 phase matched direction. This is used in the boxCARS experimental implementations of
2D IR (vide infra). From the above equations, it is also clear that the rephasing and
nonrephasing signals appear in different quadrants of the {w,, ws} space: rephasing in the
{-, +} and the nonrephasing in the {+, +} quadrants. Both rephasing and nonrephasing
spectra have absorptive and dispersive components; a purely absorptive 2D IR spectrum is
obtained by summing the rephasing and nonrephasing spectra.36:43 In addition to these
pathways, the most commonly measured signals, there are other types of 2D IR spectra that
could provide more information about the sample. Another nonrephasing pathway that is
usually difficult to measure is the so-called double-quantum version of 2D IR spectroscopy
that is emitted in the k1 + k» — k3 direction. There has been past#4 and recent#® interest in
this particular implementation of 2D IR due to the ease of measuring vibrational couplings
and anharmonicities. This pathway is not usually measured because it further complicates
the most common experimental geometries. However, recent collinear implementations of
2D IR*647 promise to resurrect the use of this particular pathway to further enhance the
utility of 2D IR as a structural tool.

2.3. Experimental Implementations of 2D IR Spectroscopy

The two most common optical geometries for 2D IR spectroscopy are the four-wave mixing
boxCARS and the pump—probe geometry. In a traditional boxCARS geometry, the three
incident pulses are noncollinear; the signal emitted in the phase-matched direction —k; + k»
+ k3 is heterodyned with a local oscillator. The primary advantage of the boxCARS
geometry stems from the background-free detection of the third-order signal. Alternatively,
the experiment can also be implemented in the so-called pump-probe geometry.1448 |n fact,
some of the earliest reported 2D spectra were collected in this experimental scheme, albeit
with a hole-burning approach.#® In a pump—probe optical setup, the first two pulses (often
called the pump-pulses in analogy to transient absorption spectroscopy) are collinear. It thus
follows that both rephasing and nonrephasing signals are emitted in the same direction,
which is that of the wave vector of the third (or probe) pulse, 3. The signal is therefore not
background free, but this has an advantage: it is automatically heterodyned by &z, thus
making a separate local oscillator unnecessary and the experimental design much simpler.
Additionally, both rephasing and nonrephasing (and hence the absorptive) spectra are
measured simultaneously, leading to faster data acquisition. It is important to note in this
context that the pump—probe spectrum is related to the 2D IR spectrum through the

projection-slice theorem: it is projection of the heterodyned 2D IR signal on to the w3
axis,36.50,51

3. THEORY OF 2D IR SPECTROSCOPY

Interpreting 2D IR spectra in terms of protein structures and their environments requires a
physical model linking observables like frequencies, cross-peaks, and 2D line shapes with
molecular details. The more deeply one understands these models, the more quantitatively
2D IR spectra can be interpreted. But, once again, in many cases 2D IR spectra can be
interpreted qualitatively without a deep understanding of these details. This section gives a
brief overview of these details, but readers can also skip ahead to section 4 if applications
are the end goal.
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3.1. Vibrational Coupling

The very existence of a 2D IR spectrum is predicated on the anharmonic character of the
chemical bond.38 This means that the usual normal mode description is inadequate to
describe 2D IR because normal modes are harmonic. Theoretical developments in 2D IR
spectroscopy have thus relied on an anharmonic local mode description of the molecules,
especially for systems with a large number of oscillators.52 From the local modes, the
delocalized vibrations can be constructed. Here, we borrow terminology from the electronic
spectroscopy community and call these delocalized states vibrational excitons>3 2D IR can
characterize vibrational excitons, which can be related to the three-dimensional structure of
a molecule. To understand how 2D IR is used to determine the structure of proteins, we
present a brief synopsis of vibrational coupling.

Although the physical processes of electronic and vibrational excitons differ, the
mathematics are formally the same.38 If retaining only quantum-conserving terms, the
Hamiltonian can be written down as

N N N N N
Hij:Zhwibjbi+ZZ@7bjbi—ZZhAijbjbjbibj+HSB
i i g

J iy

®)

where bj and b are the raising and lowering operators, respectively, Vis the number of
oscillators, A is Planck’s constant divided by 27, gjj is the coupling between oscillators 7and
/Jin units of energy, wjis the fundamental frequency of oscillator /, A;is the anharmonicity
of oscillator /, and Hsg is the system bath Hamiltonian that describes the fluctuations of the
local mode energies and their respective couplings. For the moment, we neglect the system
bath Hamiltonian, focus on the molecules of interest, and refer to the reader to ref 38 for a
complete treatment.38 If only considering the two-exciton Hamiltonian necessary to describe
2D IR, H is a block diagonal matrix in the local mode basis. To calculate a 2D IR spectra,
we diagonalize the one and two exciton quadrants. This gives us the frequencies of the
observed transitions. The coupling constant 8, which depends on the distance and
orientation of the individual chromophores, can be related to the three-dimensional
molecular structure. The excitonic energies are determined by diagonalizing the local mode
Hamiltonian

UTHU=1Q (6)

where Q is the diagonal matrix of the excitonic vibrational frequencies and U and UT are the
matrices used to diagonalize the Hamiltonian. These are the vibrational frequencies
measured in an experiment. In addition to the frequencies, we need to know the transition
dipoles of the excitonic states. We express the excitonic transition dipoles as a linear
combinations of the local modes. That is, we transform the transition dipole matrix by the
same unitary transformation used to diagonalize the Hamiltonian.
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To illustrate, it is useful to consider two coupled oscillators. In this case, the total
Hamiltonian in the local mode basis is as follows.

I_ 0 0 0 0 0 0 -‘
0 Awi P2 O 0 0
H= 0 /312 leQ 0 0 0
100 0 2hwi—A 0 \/§ﬁ12
0 0 0 0 QhUJQ —A \/5512
0 0 0 V2812 V2B12  fwithws (7

The factor of v2 comes from the ladder operators operating on the doubly excited states. To
calculate the linear absorption signal, we only need the singly excited state energies. The
eigenvalues are given by

fiwt +Hhws F \/45122+(hw1—hw2)2

ESy=
e 2 ®)

The eigenvectors are then use to generate the excitonic transition dipoles from linear
combinations of the local mode transition dipoles. In the weak coupling limit, 81> K |Awy —
ha»| and the excitonic states are primarily localized onto individual chromophores with
energies that are approximately given by36

In the strong coupling limit, when 81, > |hawy — Aw|, the excitonic states effectively
become completely delocalized.36:38 The excitonic energies are split according to

fiw +hwo
ex . V1L .
1,2 5 F B2 (10)

So far we have only considered the singly excited states. However, to calculate a 2D IR
spectrum, we also need to consider the two-exciton Hamiltonian, which contains the
anharmonicities of the oscillators. Again, we first consider the strong coupling limit. In this
case, the oscillator strength is completely delocalized and therefore the separation between
the ground-state bleach and excited-state absorption is A/2.38 The cross-peaks, which
correspond to sequentially exciting the separated excitons, are separated by A. In the weak
coupling limit, the diagonal peaks are separated by the local mode anharmonicity, since the
excitons are primarily localized on the individual oscillators. The separation between the
out-of-phase cross-peaks can be calculated perturbatively to be36:54
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2
B12

Ap=—I4N—"
(hWQ —fiwq )2 (11)

3.2. Coupling Models

The key to relating the observed excitonic frequencies, anharmonicities, and peak intensities
to molecular structure is measuring the coupling, Bj;. In a protein, the amide I backbone
vibrations couple differently on the basis of the structure.556 To relate the measured
coupling to a molecular structure, we need to have some model that relates the three-
dimensional position of the atoms to the measured excitonic frequencies and transition
dipoles.57-52 |n principle, one can use use a fully ab initio normal mode calculation to fully
account for dipole, electrostatic, and mechanical coupling.53 Most biologically relevant
proteins are too large for this to be feasible. In lieu of a fully quantum mechanical
calculation, some models must be used to interpret the typical infrared spectrum of a protein.
Typically, these models are parametrized with fully quantum mechanical calculations.

The simplest of these models is transition dipole coupling.36:64.65 In this picture, the local
mode transition dipoles interact with one another via through-space dipole—dipole
interactions. The coupling B;;between chromophores is expressed as

1 [Hi- W _3(?717‘ )T )
47TE() 7‘1']'3 T¢j5 (12)

Bij=

This is the most intuitive picture of vibrational coupling, although it neglects the effects of
through-bond coupling and, therefore, breaks down at short distances.3¢ Another coupling
model is the transition charge density, which takes into account the electrostatic interaction
energy between two coupled local modes.36 A similar approach is the transition point charge
model, which replaces the integration in the transition charge density model with a
summation, which is more computationally feasible.36 Recently, Lee et al. published a
comparison of coupling models for a B-sheet.56 Jansen and Knoester have developed
coupling maps based on the effects of local electrostatics on the vibrational frequency.52 Al
of these models are necessary to provide simple and intuitive interpretations of the
vibrational spectra of proteins.

3.3. Transition Dipole Coupling in Common Protein Structural Motifs

Before discussing the general features of vibrational spectra associated with proteins, we
briefly discuss the infrared spectra of an infinite chain of coupled oscillators. Generally, the
mathematics to determine the eigenstates and their corresponding energies are formally the
same as the calculation of band structures in solid-state physics. Borrowing terminology
from this field, we consider the so-called “tight binding” model and only consider nearest-
neighbor couplings. We consider degenerate site energies (i.e., the local modes are
chemically identical oscillators) and we assume that the structure is periodic so all of the
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nearest-neighbor couplings are identical. The Bloch theorem states that the eigenstates of the
system can be expressed as linear combinations of Bloch functions. The Bloch functions are
the local mode wave functions modulated by a phase factor. Therefore, the wave function for
state kis given by

1 o
U= ZCZQWJIV/NU>
VNS (13)

Here Nis the number of oscillators and the summation of jis performed over all oscillators
in the chain. In the limit of an infinite chain, there is only an optically allowed state,
although fluctuations in the environment and structure can lead to the appearance of other
modes.38 The dispersion relation for an infinite chain is given by

2k
Ey=hwo+23cos (T) (14)

For a truly infinite chain, the A= 0 state is the only one that is optically allowed. Whether
this is the highest energy state or the lowest depends on the sign of the coupling and,
therefore, the orientations of the transition dipoles.

3.3.1. a-Helix Vibrational Excitons—The a-helix is a common secondary structure in
proteins and is especially prominent in membrane-bound proteins.12 Since an a-helix is a
three-dimensional structure, with ~3.6 amino acid residues per turn, couplings beyond
nearest neighbors cannot be neglected.3® There are three major excitonic modes in an a-
helix. The first is along the z-axis of the protein, parallel to the helical axis. This is called the
A mode. There are two other excitonic states, the E modes, that are degenerate and lie
perpendicular to the helical axis. It should be noted that the transition dipole strength and
frequencies of the transitions depend on a competition between the negative and positive
couplings. This often leads an a-helix to show up at about the same frequency as a random
coil. However, if we recall our discussion of the coupled dimer, we will notice that the
observed anharmonic shift, that is, the difference between the fundamental and excited-state
absorption in a 2D IR spectrum, is significantly smaller than the local mode anharmonicity
for strongly coupled oscillators.3¢ The ability to distinguish between the strong and weak
coupling limit makes 2D IR spectroscopy a useful tool for distinguishing between a random
coil and an a-helix.%”

3.3.2. B-Sheet Vibrational Excitons—p-Sheets of amino acids effectively form a 2D
system of coupled oscillators, with interstrand and intrastrand couplings. There has been
significant effort in calculating the couplings in S-sheets and relating them to observables in
a 2D IR spectrum.56:68 As shown in Figure 2, the linear FTIR spectrum is dominated by two
excitonic modes, referred to as the a* and a~ modes. It can also be seen that the intersheet
couplings dominate and lead to the intense, low-frequency mode at about 1620 cm™L. The
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large frequency shift and increase in transition dipole strength allow 2D IR to better
discriminate between random coils and S-sheets.8 In combination with isotope labeling,
this makes 2D IR and FTIR spectroscopies powerful tools to monitor changes in protein
secondary structure on the time scale of picoseconds to hours.

3.4. Effects of Disorder

In realistic systems, there is a distribution of local mode frequencies due to hydrogen
bonding and solvent fluctuations. Additionally, structural disorder can lead to a distribution
of the vibrational couplings. In this case, to simulate a realistic 2D IR spectrum, one must
include some standard deviation of the local mode frequencies and couplings about their
mean values. One would then generate many Hamiltonians, diagonalize them individually
with some phenomenological homogeneous dephasing time, and sum the resulting spectra.36

A distribution of local mode frequencies is often referred to as “diagonal disorder” because
its effects are observed along the diagonal of the Hamiltonian in the local mode basis. These
diagonal fluctuations serve to effectively localize the excitons to their local modes because
the disorder negates the effect of the coupling. Additionally, the fluctuations in the coupling,
B, effectively randomize the effect of the mixing and can make normally forbidden modes
become IR-active.38 Fluctuations in the diagonal and off-diagonal elements can also lead to
line shape effects, such as disorder-induced localization and exchange narrowing, as
observed in electronic and vibrational molecular aggregates.69-71

In a conventional FTIR spectrum, it can be extraordinarily difficult to determine if there is
significant structural or local mode disorder. However, Ge et al. noted that 2D IR
spectroscopy is exquisitely sensitive to the differences in these two cases.’? When the
diagonal disorder dominates, the cross-peaks are elongated parallel to the diagonal, because
they maintain the line shape of the fundamental peaks. When experimentally observed, this
is often referred to as a positive vibrational frequency correlation. If the standard deviation
of the coupling is much greater than the distribution of local mode frequencies, then the
cross-peaks are effectively rotated so that the energy levels become negatively correlated, or
anticorrelated, as shown in Figure 3.40 In practice, it is difficult to distinguish between these
two cases because both environmental and structural disorder are present. Additionally, the
peaks of interest need to be sufficiently resolved. However, there have been recent cases
where frequency correlations do give a more detailed understanding of the system.”3

In addition to the static distribution of local mode energies and structures (which create a
distribution of couplings), these quantities can also be dynamic. That is, as we change the
waiting time of the 2D IR spectrum, individual site energies and couplings could be
modulated. This leads to a change in line shape in a 2D IR spectrum. This dynamic disorder
is best described by a line shape function as opposed to generating many different
Hamiltonians and adding some fluctuations about a mean value. We describe this in more
detail in section 3.7.

3.5. Polarization Controlled 2D IR To Determine Structure

Since 2D IR is a coherent spectroscopy, all of the interacting fields have polarizations that
can be independently controlled. Control of the polarization of the pump and probe fields
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has long been used to measure reorientation dynamics in electronic transient absorption
spectroscopy.’ This is useful because it allows for the precise determinations of transition
dipole orientations. The same approach can be extended to 2D IR as well.”>~7 As
mentioned above, the cross-peaks in a 2D IR spectrum allow for unambiguous measurement
of the coupling constant between local vibrational modes. That being said, the cross-peaks
are often overlapping with the diagonal peaks. This leads to complex interference, which can
complicate spectral interpretation. Zanni et al. were the first to show that by exploiting the
polarization dependence of a 2D IR spectrum, one can mathematically combine distinct
spectra to eliminate diagonal peaks and retain only the cross-peaks.’® By measuring a 2D
spectrum with the pump polarized parallel to the probe pulse and subsequently measuring
the spectrum with the pump pulses perpendicular to the probe, the spectra can be
mathematically combined according to eq 15, eliminating all contributions to the spectrum
from the parallel component of the transition dipoles.

S5=8xxxx —3Sxxvy (15)

Although, in principle, this eliminates the diagonal peaks, in practice there is always some
ambiguity in the data due to longterm laser power fluctuations and fast anisotropy decays
due to energy transfer or fast dipole reorientations.3® The Tokmakoff group showed that one
can measure the parallel and perpendicular signals simultaneously to help alleviate noise
from these power fluctuations.”® Such experimental schemes can now be implemented more
easily with the availability of improved infrared detectors, as has recently been
demonstrated. 89 Additionally, Zanni et al. showed that the pulses could be polarized
according to (—45°,45°,0°,90°) to experimentally eliminate the Feynman pathways
contributing to the diagonal peaks.”® Polarization control can also be used to measure the
rotational relaxation or only measure population transfer by measuring a 2D spectrum with
pump pulses polarized at the so-called “magic angle”.38 However, since the rotational
correlation times of most proteins are much longer than the time scale of the 2D IR
experiment, we will not explore this in detail.

3.6. Isotope Labeling in 2D IR

For large proteins, the amide | band is often too complicated to directly measure couplings
because a protein has many amino acids that a congested line shape is created. Isotope
labeling has proven to be powerful tool in FTIR spectroscopy to determine molecular
structure.81.82 An isotope label effectively adds static diagonal disorder to a particular local
mode. In an uncoupled molecule this can shift a transition away from the broad line shape of
natural absorption. In a linear coupled chain, this static diagonal disorder disrupts the
coupling and effectively uncouples the amino acid from the rest of the chain. This can be an
extremely useful technique to determine couplings between two chromophores in extended
excitonic structures. Consider an infinite linear chain of coupled oscillators that, in general,
will not have identical couplings. If we want to determine the couplings between oscillator 7
and 7+ 2, it is extraordinarily difficult to measure this from the excitonic spectrum.
However, we can isotope label both of them, which decouples them from the extended
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vibrational exciton by changing the energy spacing between the isotope label and natural
isotopes in the extended linear chain, but since their local mode energies are still about the
same, the band will split due to the coupling between them. The splitting from the local
mode frequency can then be used to determine this coupling constant. As mentioned earlier,
this would be even easier with a 2D IR spectrum, where the cross-peaks and anharmonicities
can be used to determine the couplings between isotope labels. Additionally, environments
local to specific residues can also be interrogated using this approach, which is described
later.

In proteins, we often consider the amide | band, which primarily consists of the C=0 stretch
with some contribution from the C-N stretch and N-H bends. Labeling with 13C=0 gives a
small frequency shift of about 15-30 cm™1,83 but it is still largely obscured by the natural
amide | line width. Instead, one can label both the carbon and oxygen. Labeling of

the 13C=180 leads to a shift of ~60 cm~1-83 This is the most useful method to shift individual
amino acid absorptions away from the main amide | band, and there are many methods in
the literature with which to incorporate site-specific isotope labels in a peptide
synthesis.2”84 Figure 4 shows 2D IR spectra of a model parallel B-sheet with the indicated
residues (in Figure 4A) labeled. The authors used this isotope labeling scheme to measure
the efficacy of coupling models with the goal of using it to look for spectral signatures of
parallel B-sheets in more complicated systems.8°

2D IR has several advantages over conventional FTIR when it comes to isotope labeling.
The 2D IR signal scales as the fourth power of the transition dipole, whereas linear IR scales
as the dipole squared.36-38 This leads to enhanced spectral contrast and often leads to better
resolution of the isotope-labeled peak.86:87 Additionally, Woys et al. showed that line shape
analysis of a 2D IR spectrum can determine the environment, secondary structure, and
orientation of a membrane-bound peptide.88 Moran et al. have shown that segmentally
isotope labeled domains of a large protein can determine the secondary structure of the N-
terminus and C-terminus separately.30 Recently, Peuker et al. showed that non-natural
isotope labels can be included in large proteins using cell-free expression.8° These latter two
methods are extremely exciting, as they have opened the door to isotope labeling proteins
regardless of size.

3.7. Line Shapes and Dynamics

The frequency of a vibrational probe is sensitive to the motions of nearby atoms, particularly
those with net charges. The molecular motions that affect the vibrational frequency and its
evolution range from ultrafast time scales, such as hydrogen-bond making and breaking,%0:91
to slower structural reorganizations, such as enzyme binding pocket dynamics.® The
vibrations thus represent site specific, minimally perturbative probes of structure and
dynamics in a wide range of examples. The vibrational frequency correlation function or its
spectral representation carries the essential information regarding the properties of these
motions. The frequency correlation function, however, cannot be accurately obtained from
linear spectroscopies.?2 This makes 2D IR an essential technique for exploring the structural
dynamics in biological systems. A full interpretation of the microscopic origins of the
factors influencing these frequency correlation functions have stimulated detailed quantum
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simulations,61:62.91,93-101 ht in many cases, the experiments can lead to direct quantitative
inferences obtainable through judicious choice and variation of experimental parameters.
Certain vibrational modes, such as amide I, carbonyl, and C=N stretches, that are either
inherent to or easily incorporable into proteins serve as noninvasive probes of local
dynamics and structure. This is particularly advantageous, as other techniques that are
capable of exploring ultrafast structural dynamics, such as time-resolved fluorescence, need
incorporation of fluorescent probes that can occasionally be structurally perturbative,
leading to limited applicability of the technique. A 2D IR experiment, as mentioned above,
involves interaction of the chromophore with a sequence of three ultrashort infrared pulses.
The 2D IR echo signal depends on whether the inhomogeneous distribution of frequencies
originally present survived during the waiting time. Thus, the evolution of 2D spectra with
the waiting time reveals the signatures of fast dynamics that cause the frequency
distributions to decay. The decay of the inhomogeneous distribution of frequencies is
embedded in the frequency autocorrelation function, which can be modeled by a single or a
sum of exponential decays if the frequency fluctuations follow Gaussian statistics.36-38 The
frequency correlation appears in the relaxation functions of the third-order molecular
response:36-38

Rev(exp| i [gow(t’ ) dt —if

T+

TS (t) dt ) (16)

=exp[—g(7) £ g(T)—g(t) F g(r+T) F g(T+t) £ g(r+T+t)] (17)
The line shape functions g(#) are given as
g(t)=[dt1 [§ dta(dw(tr)ow(t))  (18)

Here the frequency fluctuations shown in eq 18 are assumed to follow Gaussian statistics.
The correlation function can therefore be modeled as a sum of Kubo functions;36-38

(0w (0)dw(t))=C(t)=>_A2e "/
' (19)

where tdenotes the time scale of the decay of the frequency correlations, and A represents
the standard deviations of the distribution of frequencies that lose correlation over that time
scale. Each pair {A, z} represents an independent relaxation process within the total
inhomogeneous distribution. In reality, it frequently occurs that there is a homogeneous
dephasing that can be incorporated as part of eq 19 by choosing the product Az to be very
small for one of the terms.92:102 Fyrthermore, given that vibrational lifetimes limit the actual
time window over which the frequency correlation decay can be observed, processes
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involving large amplitude changes in the backbone or side chain structure are too slow to
impact the correlation decay in a significant way and are modeled by setting the correlation
time of one of the components to infinity. A simplified and commonly used form for the
correlation function thus obtained is103

C(1)=20(t)/T5 +As% ™+ 25" (20)

where T3y =1/A%r. is known as the pure dephasing time scale. The frequency domain 2D
spectrum is directly proportional to the real part of the Fourier transform of the molecular
response in eq 17. The inhomogeneity of the frequency distribution is reflected in the 2D
line shape as an elongation along the diagonal line. As the waiting time is increased in a 2D
IR experiment, the decay of the frequency correlation function causes the 2D line shape to
change, becoming more symmetric with increasing loss of correlation, as depicted in Figure
5. The diagonal line width is thus directly related to the inhomogeneous distribution of
frequencies. The inhomogeneity, as mentioned before, can arise out a large number of
processes that can span a wide range of time scales, from solvent fluctuations to
conformational disorder.14 The frequency correlation decay can be quantitatively evaluated
by tracking the evolution of the shape of the 2D contours,105-107

One way to follow this shape change is to record the slope of the nodal line between the
positive and negative peaks of the 2D spectrum (Figure 5a). This was first demonstrated by
Kwac and Cho and shortly thereafter by Skinner and co-workers for model peptides such as
N-methylacetamide (NMA)?1108 and has since been successfully applied to a variety of
systems to probe frequency correlation dynamics.199.110 The nodal line slope method,
however, depends strongly on the overlap of the fundamental and overtone peaks in a 2D
spectrum and is only well-suited to systems with small vibrational anharmonicities. Another
approach that circumvents this limitation is the center line slope (CLS), which is defined as
the slope of the line joining the 2D fundamental peak maxima (Figure 5b). The CLS method
was first demonstrated by Fayer and co-workers and has since been accepted as the method
of choice in the field for extracting correlation time scales from 2D IR spectra,105.106
Besides the slope of the 2D contours, other experimental parameters that reflect the spectral
evolution can also be utilized, such the ellipticityl1! and integrated photon echo peak
shiftl0.112 that have been shown to be accurate measures of the correlation function. A
review of many of the popular techniques for extracting correlation dynamics was published
by Tokmakoff and co-workers.16

Another experimental quantity that 2D IR makes significantly easier to access is the
vibrational lifetime. The vibrational lifetime of an oscillator depends on coupling to the bath
modes and thus implicitly reflects the nature of the solvent around a vibrator.36:113
Traditionally, vibrational lifetimes have been estimated through frequency-resolved infrared
pump—probe spectroscopy, which is of course related to 2D IR through the projection slice
theorem. However, the additional frequency axis in 2D IR helps resolve specific resonances,
better allowing for more accurate determination of lifetime relaxation parameters, which can
be used to unambiguously access nuanced structural features.114
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4. USING 2D IR OF THE AMIDE | VIBRATION TO DETERMINE STATIC
PROTEIN STRUCTURE

With the ability to measure vibrational couplings, 2D IR spectroscopy has allowed the
determination of the structure of many peptides. NMR and X-ray crystallography are two
extraordinarily successful techniques in protein structure determinations.115-118 However,
structures of protein ensembles that are kinetically evolving are difficult to study with
current NMR and X-ray technologies. Early 2D IR experiments on biomolecules focused on
small polypeptides, with the goal of eventually applying 2D IR to more complex scientific
problems. In one of the first experimental implementations of 2D IR, Hamm et al. studied
three small peptides, apaamin, scyllatoxin, and bovine pancreatic trypsin inhibitor.4® The
authors of this study used a simple excitonic model to show that the amide | vibrations are
indeed delocalized. They were also the first to note that, in principle, 2D IR can uniquely
determine all elements of the coupling matrix and be related to the three-dimensional
structure. Another early 2D IR experiment related the cross-peak position and intensities to
the three-dimensional structure of a cyclic pentapeptide.>* Comparing the experimental
results to 2D IR spectra from density functional theory (DFT) calculations revealed
extraordinary agreement between theory and experiment. This study also showed that
through-bond mechanical coupling is an important mechanism that must be accounted for in
the 2D IR spectrum of small peptides. These first experiments on small peptides have led to
extensive application of 2D IR spectroscopy to determine protein structures. Woutersen and
Hamm used a coupling map computed with ab initio calculations to determine the dihedral
angle of trialanine from couplings measured with polarization-selective 2D IR
spectrscopy.119

2D IR spectroscopy has been exceptionally successful in studying the secondary structure of
proteins. As stated earlier, excitonic features with delocalized vibrations dominate the
infrared spectrum of a-helices and S-sheets. Fang et al. have used 2D IR spectroscopy to
precisely measure the couplings in a model a-helix using isotope labeling.120 This
experiment established that, with the exception of nearest neighbors, a transition charge
coupling model could reproduce observed frequencies and anharmonicities of the
isotopically edited a-helix. Nearest-neighbor couplings required consideration of through-
bond mechanical coupling. The Hochstrasser group also used isotope labeling in conjunction
with line shape measurements to show that selected residues had a broader structural
distribution than others.120 Fang et al. also used 2D IR on a transmembrane protein to
measure the coupling between separate tertiary helices.1?1

Ge and co-workers have made significant progress in using 2D IR spectroscopy to study
helical peptides. This review, and most 2D IR studies, have focused on the amide I stretch
because of its structural sensitivity. Peptides also exhibit the so-called amide Il stretch,
which consists of the in-plane bend of the NH group and the CN stretching.5¢ Maekawa et
al. have shown that cross-peaks between the amide | and amide Il modes, in conjunction
with isotope labeling, could be used to determine a single helical turn in a 3;p-helical
peptide.122-125 They additionally showed that local mode frequency maps could be used to
improve the structural sensitivity of 2D IR.126

Chem Rev. Author manuscript; available in PMC 2017 August 24.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnue Joyiny

1duosnuen Joyiny

Ghosh et al.

Page 17

Many experiments have focused on understanding the 2D IR spectra of S-sheets. S-Sheets
are interesting because they are a common structural motif in amyloid diseases that include
Alzheimer’s disease, type 1l diabetes, and cataracts. Demirdéven et al. first used 2D IR to
measure the couplings of an antiparallel B-sheet.58 In this work, the authors showed that 2D
IR could be sensitive to both high- and low-frequency modes of B-sheets, even if the high-
frequency one was not visible in the conventional FTIR spectra. Figure 6 shows simulated
2D and FTIR spectra and illustrate that through the cross-peaks 2D IR can detect the
coupling between the a* and a~ modes indicative of a S-sheet. Kim et al. have used isotopic
dilution in conjunction with 2D IR to determine the distance between selected residues in
amyloid fibers of AB40.127 Woys et al. studied the coupling in a parallel S-sheet macrocycle.
They found that there was significant environmental disorder in the peptide that led to
negligible frequency shifts. However, because couplings redistribute oscillator strengths,
small changes in coupling can be determined by differences in peak intensities.8

In the past 10 years, there has been significant progress in using 2D IR to study the static
structures of protein aggregates.86:128 Moran et al. have used 2D IR to study the structure of
yD-crystallin protein, which is implicated in cataract formation.3% The authors were able to
individually label distinct domains of the protein, which allowed them to identify that the C-
terminal domain forms extended B-sheets. Lam et al. used a combined molecular dynamics
and spectroscopic approach to generated incredible agreement between simulation and
theory for such a large protein.12? Moran et al. also showed that UV-B radiation could
induce aggregation in the yD-crystallin protein.130 These experiments are very exciting, as
2D IR spectroscopy is now being used to impact understanding outside of the specialized
field.

Currently, there has been significant interest in understanding the three-dimensional
arrangement of proteins, beyond measuring the secondary structure. One of the most
exciting applications of 2D IR was the work of Remorino et al.86 The authors used isotope
dilution strategies to measure the couplings in a transmembrane protein. Measured coupling
constants, as determined by the experiment, were then used as constraints in simulations to
determine the three-dimensional structure. Baiz et al. have used Markov state models in
conjunction with isotope labeling to study the structural disorder in a folded protein.231 The
simulations and site-specific spectral probes of the isotope labels helped to identify ordered
and disordered states in a S-loop. This study also showed that the isotope labels can be used
to measure solvent exposure. This work helped show that 2D IR spectroscopy can be used to
help parametrize and improve existing force fields to help simulations capture the entire
range of equilibrium structures in a folded protein.

2D IR spectroscopic studies have progressively addressed more sophisticated problems.
With advances in laser technology, 2D IR spectrometers are now significantly easier to
design?7:132.133 and even commercially available. The past decade has also seen integration
of theoretical predictions, such as molecular dynamics, into 2D IR studies, and these
combined approaches have furthered the scope of 2D IR as a tool in structural biology.4134
Although 2D IR spectroscopy has not yet achieved the wide applicability of X-ray
crystallography and NMR in structure determination, in our opinion, there are many
problems in biochemistry and biophysics that 2D IR is uniquely suited to study. All of the
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examples given thus far have focused on the characterization of static structures. As we
describe below, the true success of 2D IR spectroscopy is the characterization of structural
heterogeneity and fluctuations over a wide range of time scales.

5. PICOSECOND STRUCTURAL DYNAMICS

5.1. Dynamics Assessed Using Protein Backbone Vibrations

The amide stretches of the protein backbone serve as simple and nonperturbative probes of
solvent and protein dynamics. In 2001, Zanni, Hochstrasser, and their co-worker measured
the spectral diffusion time scales of A-methylacetamide (NMA) in deuterated water.135 The
measurements found a pure dephasing time scale of 1.12 ps for NMA. Shortly after,
Woutersen and Hamm used 2D IR to compare the conformational heterogeneity of the
amide | band of trialanine to that of NMA.119 As shown in Figure 7, in contrast to NMA, the
amide | band of trialanine exhibits significantly more inhomogeneous broadening, even up
to waiting times of 4 ps, which was attributed to conformational transitions of the backbone.
Interestingly, both trialanine and NMA showed a correlation decay time scale of 1.6 ps,
which points to the fact that the correlation decay is dominated by solvent fluctuations and
should be interpreted as characteristic of solvents. Kim and Hochstrasser'36 investigated the
spectral dynamics observed in aqueous solutions of alanine dipeptide and observed spectral
diffusion time scales of 0.8 ps for all the amide modes, further demonstrating that the
correlation time scale is predominantly a solvent property. These early results were of
fundamental importance, as they established the parameters necessary for understanding
amide dynamics in more complex environments like proteins. The spectral dynamics of
NMA has since been revisited by other researchers, notably by DeCamp and coworkers, 137
and more recently by Ghosh and Hochstrasser.103 Both studies reproduce the ~1 ps
correlation time scale in water (D,0O). DeCamp et al. further showed that in polar solvents
other than water, the frequency relaxation is significantly slower, reinforcing the idea that
the FFCF and its decay are directly associated with the local environment of a vibrational
mode.137 It should be noted that the FFCF actually decays on two time scales: one is
approximately 1 ps, as mentioned above. The other is below 100 fs and is therefore difficult
to accurately determine with ~100 fs pulses typically used in 2D IR experiments and hence
is often approximated by a pure dephasing component.

The 2D IR experimental observations have been brought into relation with molecular level
pictures through detailed theoretical models.%1:94.138 MD simulations and so-called
empirical frequency maps developed through electronic structure calculations now allow for
calculating vibrational frequency distributions and the associated correlation function. The
theoretical results are consistent with the bimodal decay observed in experiments®! and go
on to reveal that the slower ~1 ps time scale is caused by hydrogen bond making and
breaking between both the carbonyl and N-H group of the amide moiety and adjacent water
molecules. The fast components of the FFCF are caused by the librational motions of water
molecules not always H-bonded to the amide.

The preceding discussion considers a single, isolated oscillator. Spectral evolution of
vibrators whose frequency distributions are coupled can be significantly more complex to
interpret and can exhibit oscillatory correlation decay.139.140 |nvestigating site-specific,
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spectrally isolated vibrations in a protein can be accomplished by isotope labeling or
incorporating unnatural vibrational probes. The latter is discussed in detail in a later section;
we start with the first by surveying 2D IR reports of ultrafast dynamics using isotopic
substitution of amides (12C=160 to 13C=180) in proteins. Taking advantage of the spectral
isolation provided by isotope labeling, there have been many reports of the correlation time
scale for amide modes in a variety of systems ranging from small peptides to large proteins.
Fang and Hochstrasser reported 2D IR spectra of isotopically edited amide modes of a 25-
residue alanine-rich a-helix.14! The fast component in the FFCF was evaluated to estimate
the dynamics of these amide frequency distributions using the nodal line slope approach and
calculating the first moment of the integrated photon echo peak shift. Both approaches
showed good agreement, providing evidence that these metrics can be used interchangeably.
Furthermore, wider line widths were observed for residues 14 and 11 compared to 12 and
13, and this was attributed to effects of nearby lysine residues on the intrahelical hydrogen-
bond network. This work was the first among many that correlated 2D IR diagonal line
widths to inhomogeneity caused by hydrogen bonding. Shortly after, Mukherjee, Zanni, and
their co-workers used 2D IR spectroscopy with isotope labeling to measure the vibrational
dynamics of amide | modes in the transmembrane domain of the CD3( protein.12 The
human CD3( is a 163-residue-long a-helical membrane protein essential for T cell receptor
expression.142.143 Transmembrane proteins are vital components of cells, transporting ions
and water across the cell membrane.144.145 The water structures present in these protein
cavities can be drastically different from the bulk, from structured clusters to single
file.144-146 |n most transmembrane proteins, the water structures form by interactions of
water molecules with the polar peptide units that line the interior of the channel and
therefore mirror the structural conformations of the backbone,147-149

One of the very first applications of 2D IR to transmembrane proteins, the work by
Mukherjee and co-workers, demonstrated that the 2D IR diagonal line widths can be used to
track residue-specific hydration in a complex biomolecule (Figure 8). While this work did
not have any explicit structural implications, the authors subsequently expanded this
approach to investigate gating mechanisms and structural transitions in another
transmembrane protein: the M2 channel. M2 is a homotetrameric transmembrane protein
found in influenza viruses.11:150 The channel is gated to transport protons across the
membrane to acidify the viral interior only at low pH.151 The channel activation is
associated with protonation of histidine residues, which shifts the conformational
equilibrium toward a structure where the pore is more open to the viral interior. This causes
the water density in the pore to change between the open and closed conformations. Using a
combination of linear and 2D IR spectroscopies, the authors mapped the local hydration of
pore-lining residues across the transmembrane domain and their response to the channel
structural transition (Figure 9) and proposed a helix rotation mechanism underlying the
gating properties of the protein.1! These experiments helped firmly establish 2D IR as one of
the techniques of choice for understanding transmembrane protein structural dynamics. The
first evaluation of spectral diffusion time scales in transmembrane proteins came from the
work of Ghosh, Hochstrasser, and their co-workers!10 who examined the correlation
dynamics of a specific pore-lining residue in the M2 protein and found that while the FFCF
shows no appreciable decay in the closed state, it decays on a time scale of ~1.3 ps in the
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open state (Figure 9). This result shined light on how the water structure in the channel
changes from “icelike” to “liquidlike™ in response to the conformational transition of the
tetramer, a conclusion that has also been supported by MD simulations and demonstrated
that conformational dynamics of a protein can be interpreted through the ultrafast relaxation
of water associated with it. The authors subsequently extended this premise to investigate
binding of anti-influenza drugs in the M2 tetramer® and uncovered that the water in the
channel becomes more liquidlike upon drug binding, thereby contributing a favorable
entropic factor to the drug-binding thermodynamics. This experimental result was in close
agreement with predications from MD simulations14” and served as the first experimental
verification of drug docking mechanisms in the channel that had previously been suggested
from theoretical investigations.

2D IR has also been utilized to locate kinetically or functionally confined water in proteins
that have otherwise hydrophobic interiors. Kim, Hochstrasser, and their co-workers reported
2D IR experiments on isotopomers of g-amyloid (AB40) fibrils that accumulate as plaques
in the brain tissue of Alzheimer’s patients.109127 The structural parameters from these
experiments were in excellent agreement with models of g-amyloid developed by Tycko and
co-workers.152 Interestingly, it was observed that the 2D IR spectra of the residues in certain
regions of the sequence exhibit an ultrafast decay (~1 ps) of the FFCF, which is typically
seen in aqueous solutions. The variation of the slope of the 2D contours, shown in Figure 10,
revealed that the fast dynamics is only associated with the apposed pairs 34, 36 and 17, 18,
which led to the conclusion that water exists in these regions. This result was fundamentally
important, as there had been little evidence for water in extended S-structures. While the
exact structural implications of this observation were unclear at the time, more recent
work153 has expanded on these experiments and studied fibrils under various conditions and
different ages to confirm that structurally significant water molecules are present in the
freshly formed fibrils and remain trapped within fibrils and mobile over 4 years. These
results show that the interface between S-sheets in an amyloid fibril is not dry, and water
trapping must be incorporated into structural models of amyloid fibrils.

Very recently, 2D IR spectroscopy has been employed to expose ion configurations in the
selectivity filter of a potassium channel, KcsA.154 Potassium channels play a vital role in
cellular biology by regulating the membrane potential.155-158 The ultrafast time resolution
of 2D IR allows one to capture snapshots of ion distributions in the channel that are too
short-lived to be verified otherwise. Using 2D IR in combination with site-specific isotope
labeling of amino acids in the ion channel, researchers were able to discriminate between
proposed mechanisms of ion permeation.15® The left panel of Figure 11 shows the structure
of the selectivity filter and the proposed mechanisms of ion transport. The right panel shows
an experimental 2D IR spectrum along with a simulated spectrum for the proposed ion
configuration. The 2D IR spectrum and the complementary MD simulations point toward a
“knock-on” model, wherein the selectivity filter is simultaneously occupied by two K* ions.
Further analysis of the line shapes and frequencies revealed the presence of water in the
filter, consistent with streaming potential measurements.
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5.2. Dynamics Assessed Using Other Vibrational Modes

Fayer and co-workers were the first to use the carbon monoxide absorption at about 2000
cm™1 to study protein dynamics with 2D IR. By exploiting the binding of these molecules to
heme proteins, they were able to study dynamics local to the binding pocket. Building on
previous three-pulse photon echo experiments, 160 the first 2D IR measurements were
performed on horseradish peroxidase (HRP).161 Since the heme-bound CO is in the vicinity
of the catalytic active site, the time dependence of the CO vibrational frequency can be used
as a probe of local active site dynamics. Figure 12A shows the 2D IR spectra of HRP, and
Figure 12B shows a comparison between the decay of the eccentricities of the 2D IR line
shape (proportional to the FFCF). Upon substrate binding, the nature and dynamics of the
active site change dramatically. The authors suggested that the drastic change in dynamics
could be evidence that the enzyme uses the dynamics to restrict motion of residues that
catalyze the reaction and thus contribute to the decrease in reaction activation energy.
Similar experiments on the neuroglobin protein were performed and the results were
compared to the structural dynamics of myoglobin mutants.

The Fayer group has made significant advances in unraveling the ultrafast dynamics of
proteins in the cytochrome family. The first experiments studied the dynamics of folded and
unfolded forms of cytochrome ¢.162 Significant spectral diffusion was observed in both the
folded and denatured forms of the protein. However, the denatured form retained a residual
inhomogeneous component absent in the native experiments. This led them to conclude that
there was a larger distribution of conformations in the unfolded state and that these were not
completely sampled on the time scale of the 2D IR experiment. Further experiments by
Thielges et al. probed the effect of substrate binding on the dynamics of the protein active
site.163 The dynamical parameters extracted from the decay of the FFCF were used to
correlate the enzyme’s specificity toward particular substrates. Figure 13 show some of these
FFCF decays. This data was particularly intriguing, as it provided evidence that the so-called
“lock-and-key” mechanism of enzyme activity was too simplistic and knowledge of
dynamics is imperative for a complete understanding of catalysis.

In addition to ultrafast frequency correlation dynamics, in the past decade 2D IR
spectroscopy has also been employed to study picosecond equilibrium kinetics.164-166 | the
event that there are chemically distinct species present in equilibrium, interconverting
through bond rotations or solvent rearrangement, cross-peaks appear in 2D IR spectra on the
time scales of this chemical exchange.16° For example, for an equilibrium given by A <> B,
where A and B are chemically distinct species with different vibrational frequencies, cross-
peaks arise due to population exchange between the species during the population period 7.
As mentioned in section 2, in 2D IR, the first pulse excites a coherence in A, and the second
pulse generates a population in A. The emissive coherence created by the third pulse is put
into B if there is a transfer of population from A to B prior to the arrival of the third pulse,
leading to a cross-peak:

exchange: pg? — pfﬁi — p<3) (21)

BO
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no exchange: pgi) — pfﬁ — pfi)) (22)

In fact, similar interpretations can be applied to the ultrafast dynamics of liquids: the
distribution of frequencies can be thought of as a distribution of solvation environments that
evolve into each other on a picosecond time scale. Thus, spectral diffusion observed in 2D
IR might be interpreted as exchange among a large number of solvent—solute configurations.
Woutersen, Hamm, and their co-workers reported the very first observation of chemical
exchange using 2D IR for NMA in methanol, where they measured hydrogen-bond lifetimes
through cross-peak dynamics between solvated and unsolvated amide moieties.166 This
approach was later expanded and elaborated by Kim and Hochstrasser, who measured
hydrogen-bond making and breaking between acetonitrile and methanol, 187 and Fayer and
co-workers, who applied this technique to study a diverse range of problems, ranging from
the complex formation of phenol and benzenel®4 to observing single bond rotations.168
Since these early reports, there have been a number of applications of chemical exchange 2D
IR spectroscopy to examine picosecond conformation transitions in proteins. Bagchi et al.
reported picosecond exchange between two conformations of the tryptophan dipeptide in
D,0,169 and theoretical analysis indicated that the two states differ with respect to
accessibility of the amide group to water, which is restricted in one of the conformations due
to rotation of the side chain indole ring. Similar observations have been recently reported for
the histidine dipeptide,170 where protonation of the imidazole side chain was shown to
regulate water accessibility to the amide backbone. The first observation of conformational
exchange in proteins was reported by Ishikawa, Fayer, and their co-workers,171 who
investigated conformational switching between the A1 and A3 substates of a myoglobin
mutant (Figure 14). Analysis of the cross-peak evolution revealed a time scale of ~50 ps for
the conformational transition and served to demonstrate that protein structural dynamics can
indeed occur on ultrafast time scales. Bagchi et al. expanded this to include the T67R/S92D
double mutant, which has peroxidase catalytic activity.172 MD simulations have also
reproduced these experimental results within reasonable accuracy, and the molecular picture
that emerges from theory is that the primary structural change between Al and A3
conformations involves lateral movement of the backbone of His64, which pushes the &
nitrogen of the imidazole side chain back and forth between two distances from the CO
ligand.

5.3. Non-Natural Metal Carbonyl Probes

Protein dynamics have been shown to be strongly coupled to hydration shell water and bulk
solvent dynamics.173 Additionally, several biophysical chemists have proposed that
solvating water can serve as an “entropy sink” to assist in the catalysis of enzymatic
reactions.1”4 For these reasons, the structure and dynamics of so-called “biological water”
are of fundamental and practical importance in developing a complete understanding of
biological catalysis. Transition-metal carbonyl molecules have received significant attention
in efforts to develop non-natural probes of protein structure and dynamics. Due to their large
transition dipole strengths and long vibrational lifetimes, they serve as attractive candidates
to study the dynamics of proteins over longer time scales compared to the amide vibration,
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which exhibits a shorter lifetime and weaker dipole moments. Metal carbonyl probes also
allow for low concentration studies to disentangle the role of macromolecular crowding in
protein folding and hydration. Additionally, the metal carbonyl absorptions appear in
relatively uncongested spectral regions and generally avoids the complications of water
absorption when studying the amide | mode.

Kubarych and co-workers first showed that the vibrational lifetimes of metal carbonyl
oscillators serve as sensitive probes of hydration.113 By measuring the vibrational relaxation
of a carbon monoxide releasing molecule (CORM) in polar solvents and comparing the time
scale of relaxation in water, the metal carbonyl was observed to experience orders of
magnitude faster relaxation. Additionally, the authors observed the vibrational dynamics to
be dependent on H,0 vs D,0O, which indicates that the metal carbonyl is sensitive to the
hydrogen-bond-switching events in water. Concurrently, Woys et al. reported a method to
site-specifically label proteins with differing alkyl chain lengths to probe electrostatics and
hydration, in a manner similar to EPR spectroscopic probes.17®

Using the concepts from the previous study, the Kubarych group was able to label a single
residue in hen egg white lysozyme (HEWL) and human lysozyme Hu-Lys to study the
differences in solvation in the lysozyme protein.1’® These two proteins are structurally
similar, consisting of an ordered and unstructured domain. In HEWL, the lone histidine
residue appears in the structured region while in Hu-Lys, the label was in the random coil
region of the protein.1”” By comparing the lifetimes of the non-natural probe in H,O and
D,0 shown in Figure 15, the authors concluded that the structured region of the protein in
HEWL, which showed no isotope dependence, was primarily hydrated by constrained water.
While in Hu-Lys, in which the disordered random coil was probed, was hydrated by
primarily bulklike water. The vast difference in lifetime dynamics was attributed to Hu-Lys
resisting solvent exchange with 2,2,2-trifluorethanol (TFE) while the structured region of the
HEWL was destabilized by the polar organic solvation. These observed differences were
explained in terms of the local protein structure seen by the water. For the HEWL complex,
the probe was covalently bound in a region with an extended protein surface that served as a
mimic of macromolecular solvation. In contrast, the Hu-Lys probe was located in a
protrusion and the water solvates this region much like it would a small molecule, and
bulklike water dynamics can be preserved.

Although the metal carbonyl probe molecule is most sensitive to the picosecond dynamics of
the solvent and local side-chain dynamics, it can still probe the large-scale motions of the
protein through offsets in the FFCF. As stated above, the FFCF must decay to zero at long
times. Dynamical heterogeneity on time scales longer than those accessible ina 2D IR
experiment often manifests as offsets in the FFCF. In other words, there is a component of
the FFCF that has a correlation time of infinity (see eq 19). Using the same labeling scheme
of their HEWL metal carbonyl labeling, King and Kubarych extracted the value of the FFCF
at & = oo to measure the coupling between hydration dynamics and larger-scale protein
motions.178 By measuring the decay of the FFCF in glycerol-D,0 mixtures, the time scale
of the local hydration dynamics can be compared to the “static” heterogeneity. Figure 16a
shows the decay of the FFCF of the metal carbonyl-labeled HEWL for several different
solvent mixtures. Despite observing no evidence of protein dehydration, the drastic
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differences in the FFCF decay were attributed to the coupling of low-frequency protein
motions (~10 cm™1) to changes in the environment. This is a particularly elegant example of
how non-natural carbonyl probes can be used to probe both solvation dynamics and the
long-time scale motions that may be catalytically relevant.

The hydrophobic effect is ubiquitous in chemistry and biology.179:180 2D IR spectroscopy
has historically been an experimental tool of choice®31:181-183 tq study water structure and
dynamics. Site-specific labeling of metal carbonyls can provide useful information on the
dynamics of the water solvating the protein. King et al. used this to study the differences in
protein solvation in dilute and crowded environments.184 Using 2D IR, the researchers
observed evidence of a water-jamming transition. In other words, water behaves vastly
differently when it solvates dilute proteins compared to an environment with many
macromolecular crowders. These measurements established the existence of collective
dynamics of water on the order of 30-40 A from the protein surface (see Figure 16).

Non-natural labeling of proteins with metal carbonyls will open the door to future
experiments beyond solvation and protein hydration. Recent experiments by Ross et al. have
used 2D IR and metal carbonyls to probe the active site electrostatics and dynamics of a de
novo enzyme.185 Peran and co-workers have demonstrated a method to incorporate 2D IR
spectroscopic probes that are sensitive to solvation and electrostatic environments.186 Both
of these experiments have shown that 2D IR spectroscopy of metal carbonyl-labeled proteins
will help to solve problems in protein structure and protein design. Transition-metal
carbonyls also hold promise for live cell imaging, analogous to the successful fluorescent
probes ubiquitous in biological imaging. Because of their strong absorption cross section,
they can be used at low concentrations that are biologically relevant. One can imagine future
experiments that can map water content and water dynamics in tissues.

5.4. Other Non-Natural Probes of Ultrafast Dynamics

In addition to transition-metal carbonyls, the nitrile stretch has also received attention as a
minimally perturbative probe of site-specific protein electrostatics.187-19 Although the
nitrile group has a smaller absorption cross section than metal carbonyls, it is less invasive
and benefits from extensive theoretical work on the impact of electrostatics on the
vibrational frequency.197-201 Additionally, the nitrile group can be easily incorporated into
proteins through site-directed mutagenesis of a cyanophenylalanine residue.1% 2D IR
experiments on small molecules have also revealed evidence for real-time observation of
hydrogen-bond making and breaking,292 which make it a promising probe of hydrogen
bonding in proteins and enzymes.

Fang et al. were the first to use a nitrile probe to study the nonnucleoside HIV-1 reverse
transcriptase (RT) inhibitor TMC 278 or rilpivirine.23 They measured the spectral diffusion
of the cyano moieties on the two arms of the inhibitor. For the cyanovinyl arm of the
inhibitor, the FFCF decayed on a time scale of ~7 ps, which was attributed to backbone and
side chain motions in the hydrophobic binding pocket. While the nitrile modes in this study
were not a part of the enzyme but rather the inhibitor, this study nevertheless served as a
validation for nitrile probes at biologically relevant concentrations. Urbanek et al. also used
the nitrile stretching vibration to study the villin HP35 protein.2%4 In this experiment, two
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distinct populations of nitrile probes were revealed and their exchange rates determined to be
tens of picoseconds. Chung. et al. have also investigated the villin headpiece using cyano
phenylalanine vibrations.29%:206 While they did not observe the two states reported by
Urbanek and co-workers, their work exposed different dynamics in the folded and unfolded
protein: the unfolded peptide exhibited ~2-fold faster correlation decay compared to the
folded state, which suggests a change in solvent accessibility upon unfolding. This work
further validated the usefulness of the spectral diffusion time scales accessible from 2D IR
as markers of protein conformation. Additional experiments with a doubly mutated (lysine
— norleucine) peptide revealed that the mutations play a significant role in stabilizing the
hydrophobic core, as mirrored in the slower spectral diffusion of the nitrile moiety.192 The
Hochstrasser group also continued to look at the dynamics of the HIV transcriptase inhibitor
by studying the dynamics of rilpivirine bound to two clinically important double mutants of
reverse transcriptase.1® MD simulations predicted the presence of water in the binding
pocket, which was confirmed by X-ray structures and borne out by 2D IR spectral dynamics.
Thus, this work vindicated that the 2D IR approach can be used to uncover structural and
mechanistic features in proteins independent of other structural biology methods. Bagchi et
al. used a cyanophenylalanine amino acid residue in a ribonuclease complex to compare the
fast protein dynamics of bound versus free form of a small segment of the peptide.2%” This
experiment showed that the structural dynamics of the free peptide are much slower than
when it is incorporated in the protein complex. The authors were also able to confirm their
results with MD simulations. More recently, Gai and coworkers have utilized 2D IR to
understand the stabilizing effects of the osmolyte trimethylamine A-oxide (TMAQ).2%8 Their
studies found that the stabilizing effect of TMAQO stems from weakening of hydrogen bonds
between the protein backbone/side chain and water, which is reflected in the spectral
diffusion of cyanophenylalanine-containing peptides. Furthermore, the static component of
the correlation function (see eq 19) increases steadily upon addition of TMAQ, indicating
slower conformational fluctuations of the backbone.

In addition to nitriles, azide vibrations have also garnered much interest as alternatives to
amide vibrations.209-213 Much like metal carbonyls and nitriles, the azide stretch is located
in a spectral region free of water absorption and has a relatively strong IR cross section.210
The first applications of azide vibrations as probes of protein environment came in 1998
through the work of Lim et al., who studied frequency correlation dynamics of azide ions in
carbonic anhydrase and hemoglobin using stimulated infrared photon echoes.?14 In the past
decade, Cheatum and co-workers have made significant progress in utilizing the azide
stretch as a probe of picosecond protein dynamics. Bandaria et al. utilized the azide stretch
to study the dynamics of the protein formate dehydrogenase in the presence of catalytically
relevant ligands.212:215 The authors found evidence for a fairly narrow distribution of
conformational states when bound to a ligand, and this was interpreted as further evidence
for a static transition state. This is particularly exciting work, because it may help solve the
long-standing controversy of the role of protein dynamics in catalysis.?16 Further
experiments will help deconvolute what protein fluctuations, if any, are catalytically
important. Moreover, Tucker et al. have also demonstrated the utility of azide modes for
studying nucleic acide structure and dynamics through azido modified nucleic acids.?1” The
NO stretch is another vibration that appears in a background free window in the mid-IR
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region, and very recently has started being used as a site-specific probe in proteins for 2D IR
experiments. Hunt and co-workers have shown that the NO stretch can probe dynamics at an
enzyme site?1® and Cheng et al. have also used this vibrational mode to study the structural
dynamics of nitric oxide transporter proteins.219

5.5. Structure and Vibrational Dynamics of Nucleic Acids

The vibrational dynamics that are revealed by 2D IR can also be useful for studying
biomolecular assemblies other than proteins. Important examples of such biomolecular
species that are a fundamental component of the cellular environment are nucleic acid and
membranes. Both nucleic acids, particularly DNA, and membranes have witnessed increased
attention from ultrafast infrared spectroscopy in the past decade. The backbone phosphate
vibrations and the NH, and carbonyl modes of the DNA bases offer the same advantages as
amides in proteins: label-free vibrational spectroscopy. Similar to its sensitivity to protein
structure, 2D IR spectroscopy is also sensitive to the structure of DNA. The structural
sensitivity comes from the measured couplings. Krummel et al. measured the first 2D IR
spectrum of DNA and showed that intrastrand carbonyl couplings are important to
interpreting DNA vibrational spectra.220 The same researchers also showed that the 2D IR
spectra of DNA molecules can be described by a local mode description, very similar to the
procedure outlined above that uses coupling models to map protein structure from a local
mode Hamiltonian.22! This work has laid the groundwork for further studies using 2D-SFG,
a surface-sensitive variant of 2D IR to study single-stranded DNA monolayers.222

Elsasser and co-workers have made significant progress in understanding the structure of
DNA base pairs in thin films. Using 2D IR they studied both guanine—cytosine (G-C)223 and
adenine—thymine (A-T)224 base pairs. They observed significant inhomogeneous
broadening, indicating that even in paired bases there is a rather large structural distribution.
Additionally, they did not observe significant spectral diffusion, indicating that the residual
molecules bound to the DNA in dehydrated films had limited structural flexibility. These
studies focused on the NH and NH> stretching regions of the spectrum to elucidate the
structure and vibrational dynamics of the thin films.

Recent work by Tokmakoff and co-workers has used 2D IR spectroscopy to study the
coupling and anharmonic character of the DNA vibrational modes.22> They found that there
was significant coupling and delocalization of the vibrational modes. They also found that
the experimental spectra only achieved reasonable match with DFT calculations when
including water molecules at the solvating hydrogen-bonding sites. This has helped build a
connection between the vibrational spectrum and the molecular structure of DNA. Peng et
al. have used this information to study tautomerization in an anti-HIV drug.228 They found
that this tautomerization and protonation are important to understanding the high rate of
mutations and base-pairing promiscuity in the particular therapeutic drug studied.

The dynamical parameters furnished by 2D IR are equally fascinating and provide a
fundamental understanding of structural dynamics in DNA. Spectral dynamics of both AT
and GC oligomers have been studied at different levels of hydration to shine light on DNA—
water interactions?23:227 and hydrogen-bond dynamics, which play a pivotal role in DNA
structure. The advances in pump—probe and 2D IR spectroscopy have been reviewed
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recently by Elsaesser and coworkers, 13 who have used 2D IR to expose the unique
properties of water near DNA through vibrational dynamics of the O-H stretch and N-H
stretch vibrations on the bases. The picture that emerges from a combination of different
studies is that the dynamics of water associated with DNA is slower than the bulk and
strongly depends on the hydration level.224:228 At low hydration levels, the backbone—water
interactions lead to a “frozen” water structure, evidenced by little spectral diffusion, as
illustrated in Figure 17. In more hydrated DNA (~92%), the O—H stretch shows picosecond
spectral diffusion, indicating that the water shell next to the backbone is more bulklike. This
is observed in both poly-AT and poly-GC oligomers and can therefore be interpreted as a
property of DNA in general. This is an interesting conclusion, as similar observations
regarding properties of water in transmembrane proteins have also been made. Another way
of probing water near nucleic acids is through the backbone phosphate vibrations. Very
recent work?29:230 hag utilized this approach to reveal that for both low and high hydration,
the FFCF bimodally decays on a fast (~300 fs) and a slow (~10 ps) time scale. The fast time
scale is consistent with those observed when the relaxation of water was directly studied
and, therefore, is in accordance with the proposed model of water deceleration near DNA.
The longer time scale can be attributed to backbone structural disorder, akin to slow
backbone fluctuations in peptides.

6. NANOSECOND-MILLISECOND DYNAMICS PROBES WITH
NONEQUILIBRIUM 2D IR

Significant theoretical and experimental progress has been made in the protein-folding field
through analytical theory, simulations, and experiments,231-237 yet questions remain
regarding the nonequilibrium dynamics of proteins, such as the structural basis for the
kinetics of folding and misfolding. The vibrational coherences that contribute to the third-
order polarization in 2D IR experiments dephase on a picosecond time scale, which puts a
limitation on the effective time window over which 2D IR can be used to observe protein
dynamics.36:38 A major parameter behind the dephasing of vibrational coherences in
solution is the vibrational lifetime.36 With the exception of metal carbonyls and some
recently designed vibrational probes that have significantly longer vibrational
lifetimes,113.238 most vibrational transitions, particularly those inherent to a protein, such as
amides, relax on a time scale of ~1 ps.#? In recent years there has been effort to incorporate
these “unnatural” vibrational probes into proteins and other biological systems, 1% which
was discussed in the previous section. However, there exist other time-resolved or transient
vibrational spectroscopies, such as temperature-jump23%-242 and pH-jump,243-246 that can
access time scales more relevant to protein structural dynamics. The past decade has seen
significant effort to couple and incorporate 2D IR into these experimental approaches to
extend and utilize the capabilities of 2D IR to processes not observable in the traditional
pump-probe form of the experiment.

The fundamental approach common to all these experiments has been to follow the kinetic
evolution of protein conformational changes through 2D IR observables of the quasi-
equilibrium distributions generated following a triggering event. The 2D IR approach
combined with isotope-selective labeling permits the tracking of conformational changes by
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obtaining structural constraints, such as coupling constants or FFCF time scales, as a
function of time following the trigger event. Hamm and co-workers presented the very first
applications of transient 2D IR toward investigating nonequilibrium protein structural
evolution.?4” In their experiments, the conformational change is induced using an
azobenzene photoswitch incorporated into the backbone of a cyclic octapeptide. The
photoswitch could be reversibly converted between the cis and trans conformations using
different excitation wavelengths, which altered the backbone conformation: the cis — trans
transformation caused the structural equilibrium to shift from a broad ensemble of structures
to a narrow well-defined backbone conformation. While the main conformational change of
the backbone was over in under ~20 ps, subsequent equilibration continues for times >16 ns,
which had been revealed earlier through ultrafast transient infrared experiments. The
incorporation of 2D IR allowed for investigation of the response homogeneous and
inhomogeneous line widths over the peptide structural evolution. It was observed that the
homogeneous component of the amide I line width decreased during the course of the
conformational transition, which was tentatively attributed to the change in the sampling rate
of the potential energy surface. Transient cross-peaks that could potentially provide
structural parameters were also observed in the experiments, though these features were not
explored in detail. Soon after, Tokmakoff and co-workers presented an alternate approach
toward extending 2D IR to the nanosecond time scales through integration with temperature-
jump methods.248 They studied the backbone conformational changes during the thermal
unfolding of ubiquitin using equilibrium 2D IR and transient dispersed vibrational echo
spectroscopy, which is essentially the projection of 2D IR spectra onto the monochromator
frequency axis. The transient experiments revealed nonexponential relaxation kinetics that
can be separated into fast and slow time scales. Spectral simulations identified this
observation to arise from unfolding of the less stable strands 111-V of the S-sheet before
unfolding of the hairpin. It should be noted that a temperature-jump experiment measures
the evolution of one thermal distribution of structures into another. This differs from a photo
release experiment, where a narrow, constrained distribution evolves into a thermal
distribution.

These early results provided a glimpse of the wealth of structural information that can be
uncovered by the combination of 2D IR with existing transient vibrational spectroscopies,
the significance and importance of which were firmly established by Hamm and co-workers
in 2006, who studied the real time weakening of the intramolecular hydrogen bonds in a
photolyzable, constrained, four-residue B-turn (Figure 18) and the resultant opening of the
turn on an ultrafast time scale.249 In these experiments, the conformational change was
induced using photodissociation of a disulfide-bridged tetrapeptide, wherein a triggering UV
or visible pulse is followed by a pulse pair consisting of infrared pump and probe pulses
separated by picosecond time scales. 2D IR reports on relative positions and orientations of
vibrational groups by mapping vibrational couplings through cross-peaks; the unique
structural capabilities of a transient 2D IR experiment were clearly demonstrated by Hamm
and co-workers in the aforementioned report, where they deciphered hydrogen bond
dynamics through transient cross-peak Kinetics as the g-turn unravels over nanoseconds
(Figure 18). In 2012, Tokmakoff and co-workers reported the design of an improved 2D IR
spectrometer integrated with a temperature-jump apparatus capable of performing transient
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temperature-jump 2D IR measurements, which was tested on diglycine and Trpzip2.250.251
The measurements on diglycine indicated that transient amide 2D IR spectra are sensitive to
<10 ns changes in local H-bonds. The results with Trpzip2 revealed two distinguishable time
scales for the disordering kinetics: on the <10 ns time scale, H-bonds are broken, causing the
B-hairpin to loosen, and on the ~1 /s time scale, the peptide disorders. The authors
subsequently expanded this approach to study three isotopologues of Trpzip2. The
introduction of isotope labeling allowed site-specific probing of local g-sheet conformations.
The experiments identified three distinct conformational ensembles: a folded state with a
type I’ B-turn, a misfolded state with a bulged turn, and a disordered state. The transient 2D
IR spectra, shown in Figure 19, evidenced the heterogeneous folding mechanism of Trpzip2,
wherein a thermal unfolding process is not simply a transition from a single native
conformation to a denatured state but, instead, is characterized by a shift of the relative
populations within a heterogeneous ensemble. Concurrently, Tucker and co-workers
reported the picosecond—nanosecond reorganization dynamics of a short helix close to
equilibrium using transient 2D IR.22 The experimental approach employed was similar in
essence to that of Hamm and co-workers. An initial distribution of kinked alanine-rich a-
helices was designed using a photolabile tetrazine bridge (Figure 20). The bridge causes the
structure to be slightly perturbed from the native a-helix equilibrium conformation near
these residues. Upon excitation with a picosecond UV pulse, the bridge is released, resulting
in the helix evolving into the equilibrium distribution of a-helix conformations, as
evidenced by the evolution of the 2D IR diagonal line widths (Figure 20). The transient 2D
IR spectra of the isotopically labeled residues were modeled using a transition dipole
coupling model to yield coupling constants, which revealed angular constraints. The decay
rates of the angle between the dipoles and distance autocorrelations obtained from
supporting MD simulations provided evidence that the helical reorganization conforms to
linear response theory. \Very recently, Baiz and co-workers have employed temperature-jump
2D IR and spectral simulations based on Markov state models to study the unfolding and
subsequent equilibration of a ribosomal protein.252 The consistency of theory and
experiments furthers 2D IR as a useful tool for the study of protein folding.

7. STUDYING KINETICALLY EVOLVING PROTEINS USING 2D IR

Protein dynamics occurs on a large range of time scales from tens of picoseconds to
seconds.1253 The longer time scales are related to formation of tertiary and quaternary
structures. Since its development, the utility of 2D IR in biomedical applications,
particularly for studying protein structural dynamics, has increased steadily. The major
successes of 2D-1R-based techniques at discerning structural and dynamical evolution of
proteins over picoseconds to microseconds have been reviewed in the prior sections. These
advances naturally raised the question: can 2D IR investigate the formation and
reorganization of tertiary structures in real time, as they form? An important example of a
class of problems that could benefit from development of fast 2D IR spectroscopy is the
aggregation and self-assembly of short peptides into amyloid fibrils and other
nanostructures, which are at the heart a number of diseases.24-256 The biophysical
techniques commonly employed to investigate amyloid kinetics, such as FTIR, 2 circular
dichroism, 258 and fluorescence spectroscopies,?>9 do not offer the same structural insights as
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2D IR. Unlike the approaches described in the previous section, where 2D IR is augmented
with a triggering mechanism to study dynamics in a quasiequilibrium, understanding
aggregation mechanisms of self-assembling peptides requires characterization of protein
structures evolving over seconds to minutes, which necessitates acquisition of 2D IR spectra
orders of magnitude faster than the kinetic process under examination.

The traditional implementations of 2D IR utilized motorized stages to scan the delay
between pulses, which was not only time-consuming but also prone to phase distortions
from stage inaccuracies. The data acquisition can be accelerated by implementing 2D IR in
the pump—probe geometry, where an interferometer scans the delay between two collinear
pump pulses, leading to simultaneous collection of rephasing and nonrephasing signals,
thereby making scan times shorter. In 2006, Zanni and co-workers reported a mid-IR
implementation of acousto-optic pulse shaping.269.261 \Warren and co-workers had first
presented acousto-optic pulse shaping and its application to 2D visible spectroscopy.252 The
pump pulse pairs in 2D IR is particularly well-suited for pulse shaper technology, as pulse
shapers eliminate the need for slow and inaccurate mechanical stages, allowing electronic
control of the pulse delays and phases.133 In 2D IR experiments with biological samples,
scattered light is one of the main sources of spectral distortion, being particularly relevant
for large macromolecular aggregates such as amyloids. Pulse shaping enables shot-to-shot
modulation of the absolute phases and relative timing of the pump pulses, thus allowing
removal of scattered light through phase cycling, similar to NMR spectroscopy.
Furthermore, the 2D interferogram can also be acquired in the rotating frame, which leads to
shorter data collection times. All of this leads to spectral acquisition times on the order of
seconds, which enables aggregation kinetics to be measured in real-time. It should be noted
that shot-to-shot phase modulation and phase cycling can also be implemented by other
phase control devices, such as a photoelastic modulator or wobbling Brewster windows, as
demonstrated by Hamm and co-workers.263 However, pulse-shaper-based 2D spectrometers,
in addition to other capabilities as outlined above, are also now commercially available and
are emerging as the preferred method for studying fast structural dynamics in proteins.

In 2007, Shim and co-workers reported the first application of mid-IR pulse shaping to
amyloid proteins through comparison of different pulse sequences and shapes on 2D IR
spectra of the 37-residue human islet amyloid polypeptide (hIAPP) or amylin, a protein
implicated in type 11 diabetes (Figure 21).14 This work firmly established the importance of
automated control of phase and delay control and demonstrated the capabilities possible
with pulse shaping. Soon after, Strasfeld and co-workers reported the first implementation of
rapid-scan 2D IR to follow the fiber formation kinetics of hIAPP.23 Two distinct features in
the 2D-IR spectra were identified that allowed tracking of the random coil and S-sheet
populations over the aggregation process (Figure 22). The B-sheet signatures were mirrored
by the spectral intensity of a doublet at ~1620 cm~1, whereas the random coil populations
were best characterized by a cross-peak feature, which demonstrates the inherent advantage
of the technique over linear spectroscopies, where isolating cross-peak features is not
possible. Concurrent fluorescence measurements further corroborated the accuracy and
applicability of this rapid-scan 2D IR technique. The authors also suggested that transient
structures could be present during the lag phase, which was not investigated in this work.
Similar to equilibrium measurements, the structural detail available from rapid-scan 2D IR
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can be furthered by incorporating isotopic substitutions, which was utilized by Shim and co-
workers to track the development of secondary structures for six residues during the
aggregation of amylin.28 As shown in Figure 23, site-specific kinetics revealed that the
peptides initially develop well-ordered structure in the region of the chain that is close to the
ordered loop of the fibrils, followed by formation of the two parallel g-sheets, with the N-
terminal B-sheet possibly forming before the C-terminal sheet. The importance of these
experiments laid in the fact that these demonstrated the usefulness of ultrafast vibrational
spectroscopy in providing unprecedented structural resolution during the aggregation of a
peptide in real time, which has always been a challenging problem in biophysics. Middleton
and co-workers exploited these structural capabilities of rapid scan 2D IR and isotope
labeling to study the complexation of human amylin with a known inhibitor, rat amylin.264
The experiments revealed unexpected structural dynamics, which were also evidenced by
electron microscopy: 8 h after mixing, rat amylin blocks the N-terminal S-sheet instead of
the C-terminal one, and 24 h after mixing, rat amylin forms its own B-sheet on the outside of
the human fibrils. This was unprecedented, as rat amylin is not known to form amyloid
aggregates, and underlined the complexity associated with rational design of inhibitors.
Additionally, this work also showed the applicability of 2D IR and infrared spectroscopy in
general toward drug/inhibitor design. Moran et al. applied this rapid-scan 2D IR approach to
study the eye lens protein yD-crystallin to reveal that the C-terminal domain forms S-sheets,
whereas the N-terminal domain becomes extremely disordered but lies in close proximity to
the B-sheets, which led to a structural model of the fibrils formed by the crystalline
protein.30 The fibrillation was induced by acidification, and in essence, this experiment
represented a long time scale version of the triggered 2D IR approaches described in the
previous section. Recently, Buchanan and co-workers revisited the question of intermediate
structures during the lag phase of amylin with the rapid scan approach to show that a
transient oligomeric parallel B-sheet intermediate forms during the lag phase in a region that
is a partially disordered loop in the fully formed fibril.26 The existence of this intermediate
was verified using a set of macrocyclic peptides homologous to segments of hIAPP that can
recognize B-sheets through hydrogen bonding. Identification of this intermediate provided
an explanation for structural evolutions during the lag phase and helped reconcile many
previous fragment studies of amylin. Figure 24 shows the energy landscape for fibril
formation determined from these experiments. The advantages afforded by the integration of
a structurally sensitive technique like 2D IR to protein kinetics were further demonstrated by
Dunkelberger and co-workers, who reported the effects of deamidation on the aggregation
kinetics of amylin.285 While neither TEM nor CD spectroscopy revealed a change in
structure upon deamidation, 2D IR revealed not only accelerated kinetics but also structural
changes for the fibrils formed from deamidated amylin. Although the rapid-scan 2D IR
technology so far has seen applications primarily in the study of amyloid aggregation, it is a
promising approach that has broad potential and can be applied to a wider range of
biophysical problems, some of which are discussed in section 9.
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8. SURFACE-SENSITIVE MULTIDIMENSIONAL SPECTROSCOPY OF
BIOMOLECULES

An important subset of challenges in biophysics is structural dynamics on surfaces and
interfaces. The structure of peptides and proteins on biological interfaces, such as cell
membranes, and membrane—protein interactions are fundamentally important in biology.
There is a separate review on new 2D spectroscopic surface techniques in this Special Issue;
hence, we briefly highlight experiments here related to proteins. Structural information can
be obtained from techniques such as ATR-FTIRZ%6 or vibrational sum-frequency generation
(SFG) spectroscopy,267:268 which can all achieve monolayer sensitivity. 26° SFG is a second-
order spectroscopy in which a resonant mid-IR pulse combines with a nonresonant visible
pulse to produce a signal at the sum of the two frequencies and is one of the most common
techniques for studying surfaces and interfaces. However, similar to FTIR and ATR, SFG is
a one-dimensional technique and has the same limitations in not being able to access
dynamical and structural parameters directly. The limitations of SFG spectroscopy have
been circumvented through the recent development of a novel technique called 2D SFG
spectroscopy, which incorporates a pair of infrared pump pulses in a conventional SFG
experiment, thereby adding an extra frequency dimension, analogous to 2D IR.222:270-275
2D SFG thus offers the best of both worlds: the surface sensitivity of SFG and the
capabilities of 2D IR to extract structural and dynamical parameters.

Infrared pump-SFG probe experiments were developed as early as 2008272:276 and using a
narrow-band pump pulse, akin to the early designs of 2D IR, enabled implementation of the
very first 2D SFG experimental designs. The first experimental demonstration of
heterodyned 2D SFG spectroscopy came in 2011 from Xiong and co-workers, who
implemented a 2D SFG experiment by integrating a pump pulse pair with a broadband SFG
spectrometer through mid-IR pulse shaping.27% The authors tested this technique by
investigating carbon monoxide (CO) adsorbed on a polycrystalline Pt surface. Soon after,
Laaser and co-workers reported the very first heterodyned 2D SFG (HD 2D SFG)
measurement of the structure of a surface-bound peptide.2’4 The authors investigated a self-
assembled monolayer of a cysteine-terminated 20-residue peptide on gold surfaces. The
experimentally measured anharmonic shifts, 2D line shapes, nodal line slopes, and
vibrational lifetimes clearly point to a helical structure on gold. Furthermore, comparisons
with complementary 2D IR spectra suggest that the peptide structure is very similar between
bulk solution and on surfaces and does not change significantly upon adsorption. Vibrational
modes that are isotropically distributed across the interface are not SFG active and do not
appear in either 1D SFG or along the diagonal in 2D SFG spectra. However, cross-peaks can
still appear to SFG-forbidden modes.2”3 This occurs because an SFG-inactive mode is still
pumped by the mid-IR pulses and so can emit a signal if it is coupled to an SFG-active
mode. Cross-peaks between the helical amide | modes and a lower-frequency, SFG-inactive
random coil vibration revealed that the peptide still has structurally disordered components,
underscoring the advantages of 2D SFG over conventional SFG experiments. This was
further exploited by Ho and co-workers, who studied the structure of single-stranded DNA
monolayers of varying chain lengths on gold.222 Intra- and interbase couplings lead to
distinct cross-peaks in 2D IR and 2D SFG spectra, which serve as constraints toward
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structural determination, similar to 2D IR. In contrast to previous investigations, the authors
conclusively showed that DNA oligomers of 10, 15, and 25 bases have similar well-ordered
structures, and the degree of ordering increases with oligomer length. On gold surfaces,
surface selection rules dictate that only vibrational modes with a nonzero projection normal
to the surface primarily contribute to the SFG signal. This was utilized by Ghosh and co-
workers to reveal the orientation of an amyloidogenic peptide, FGAIL, on self-assembled
monolayers of thiomercaptobenzoic acid (MBA) on gold.2”® The experimental and
simulated 2D SFG spectra point to a linear configuration of the peptide on the surface.
Furthermore, cross-peaks between the carboxylic acid mode of the MBA and the a* mode of
the B-sheets suggested a surface-mediated mechanism for the aggregation of FGAIL.

9. CONCLUDING REMARKS

In this review, we have attempted to follow the development and applications of 2D IR
spectroscopy toward addressing structural dynamics in proteins. The first demonstrations of
2D IR came about in 1998,49:277 and its strengths toward solving protein structures were
quickly identified and utilized for investigating protein structure. Unlike linear infrared
spectroscopies, 2D IR provides evidence of molecular coupling directly through existence of
cross-peaks. Molecular couplings are of paramount importance for interpreting protein
infrared spectra: the characteristic secondary structure resonances stem from delocalization
of vibrational excitation through extensively coupled backbone amide modes.1?1 Cross-
peaks in 2D IR allow for evaluating these couplings, leading to angles between dipoles,
which in turn serve as structural constraints.38 This approach is further expanded by isotopic
substitution of amide modes, which allows investigation of local vibrations spectrally
isolated from other vibrations, leading to residue-specific coupling constants and structural
parameters. This unique capability of 2D IR was exploited in early work with proteins,
wherein 2D IR was applied to explore structural parameters in assemblies ranging from
small peptides to larger transmembrane proteins.12:110.119,135278 These experiments firmly
established 2D IR as a viable technique complementary to the more common structural
tools, such as NMR and X-ray spectroscopies.

In addition to vibrational frequencies and couplings, 2D IR also reflects the fluctuations of
the frequencies. The frequency fluctuations and loss of frequency correlation, commonly
termed “spectral diffusion”, is mirrored in the 2D peak shapes and their evolution with time.
In a protein environment, the frequency correlations decay on a multitude of time scales,
each corresponding to a physical and or structural process that affects the vibrational
frequency distribution a certain way. The frequency fluctuation can also pertain to
population transfer between states, wherein two distinct conformers are exchanging over a
picosecond time scale.1”1 With its ultrafast time resolution, 2D IR has been proven
invaluable at exposing these picosecond structural motions in proteins. The ultrafast
dynamics also originate from motions of water molecules that associate with protein
secondary structures, and understanding this biological water is pivotal to deciphering the
structure—function relationship of protein assemblies, as has been demonstrated on many
occasions with 2D IR.193 |n essence, 2D IR allows one to isolate protein conformations
thorough their dynamical signatures, and time-resolved 2D IR thus provides more than just
relaxation time scales. This dynamical aspect of 2D IR particularly benefits from
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incorporation of so-called “non-natural” vibrational probes. While amide modes offer a
structurally nonperturbative way to gain insight into residue level dynamics, the
interpretation of amide spectra and elucidation of relaxation parameters from isotope-labeled
amide modes in the presence of side chain vibrations can be challenging.2’® Non-natural
probes, such as azides289 and metal carbonyls, 113175 allow access to local information in a
protein through spectral isolation from protein vibrations. This approach has been proven
very useful in the past decade and successfully applied toward investigating dynamics in
biological milieu.

Proteins undergo structural transitions over multitudes of time scales, and a traditional 2D IR
measurement can only access tens to hundreds of picoseconds of the dynamical landscape,
as the third-order signal in 2D IR is limited by the vibrational lifetime. However, the past
decade has seen development of “hybrid” approaches, where 2D IR is augmented with
another biophysical technique, such as temperature jump2°! or visible excitation.281 In these
experiments, a protein conformational transition is triggered, and the structural
rearrangement is followed using 2D IR. These approaches extend the range of 2D IR out to
microseconds and lends the structural capabilities of 2D IR to linear-spectroscopy-based
techniques. One of the major ground-breaking developments in ultrafast infrared
spectroscopy in the past decade has been mid-IR pulse shaping. Pulse-shaper-based
spectrometers are becoming increasingly popular and allow acquisition of distortion-free 2D
IR spectra in a few seconds. This paved the way for experiments where peptide self-
assembly processes, such as amyloid formation, can be monitored in realtime. 2328:260 Thjs
“rapid-scan” 2D IR approach enables mapping of site-specific couplings and their kinetics
over the aggregation of small peptides into fibrils.

Finally, we would like to provide some perspective on the exciting directions in which 2D IR
is currently headed. Advances in laser and detector technologies are impacting 2D IR
spectroscopy, as are new biochemical methods. Regarding the technology, ultrafast laser
technology is rapidly evolving: most 2D IR experiments now employ a 1 kHz source, but
more robust, high-power 100 kHz sources are becoming available. High repetition rates
promise not only to reduce the acquisition times of 2D spectra, which can probe faster
aggregation kinetics, but also improve the spectral quality, as has been recently
demonstrated.282 Infrared focal plane array detectors are now commercially available that
enable new experiments and improve the quality of 2D IR spectra.89 Another exciting
direction is ultrafast infrared microscopy. Vibrational hyper-spectral imaging modalities,
such as FTIR, SFG, and Raman microscopy, have seen a surge in popularity in recent years
due to the label-free contrast they can provide over conventional fluorescence-based
techniques.283-286 \/jability of both pointmapping*:287 and wide-field*’ variants of 2D IR
microscopy have now been demonstrated, enabling images to be created from many
thousands of spatially resolved 2D IR spectra. 2D IR imaging provides higher contrast than
FTIR imaging and will be useful for studying spatially heterogeneous samples, like tissues.
Recent advances in dual-frequency, or two-color, 2D IR spectroscopy promise to explore
more complicated couplings that could lead to more precise structure determination,288-291
The sensitivity of 2D IR spectroscopy is also improving via technological and scientific
advances.292:293 Syrface-enhanced 2D IR has been recently demonstrated using an ATR
optical geometry.294-29 Additionally, the combination of 2D IR with plasmonic
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nanostructures?97:298 promises to expand the technique’s impact by probing even smaller
sample volumes and opening the door to vibrational modes with weaker oscillator strengths.

New advances in biochemical techniques are also broadening the range of protein systems
that can be studied. Nonsense suppression techniques allow non-natural amino acids to be
incorporated site-specifically into proteins. Cell-free protein expression enables new isotope-
labeling schemes.8! Native chemical and express protein ligation strategies allow for pieces
of proteins to be labeled.

This review covers many examples of 2D IR applications to biomolecules and especially
proteins. What scientific problems are good targets for 2D IR spectroscopy that make it a
technique that a biochemist or molecular biologist should consider in their research? In our
opinion, there are several situations that make 2D IR spectroscopy a good tool for
biophysics. The structural resolution of 2D IR spectroscopy is independent of the size of the
system, unlike NMR spectroscopy, in which molecules must quickly rotate to get high-
resolution spectra. Proteins do not need to crystallize for 2D IR spectra. Biomolecules
undergoing structural changes can be difficult to map with other techniques, unless they fall
within the time resolution of that technique. The time resolution of 2D IR spectroscopy is so
fast that proteins can evolve on sub-millisecond time scales or even over the course of hours
and still be probed. An example of a nearly perfect application of 2D IR spectroscopy is to
amyloid aggregation, because the scientific problem involves assembles that are too large for
high-resolution NMR, do not crystallize, and are evolving in time—all of the worst problems
for standard biophysical tools. The ultrafast time resolution of 2D IR spectroscopy also has
an interesting consequence for interrogating structures. The time resolution is so fast that the
structures of a protein or biomolecule are essentially fixed in space, except for small side
chain motions and water dynamics. A 2D IR spectrum is like an instantaneous snapshot of
the protein structural distribution. That fact is useful, not because the femtosecond dynamics
of proteins are important (they are probably not in almost all situations), but because it
allows one to straightforwardly connect 2D IR spectroscopy with atomic structures via
molecular dynamics simulations. A molecular dynamics trajectory only needs to be a ~100
ps in duration in order to compute a 2D IR spectrum. As a result, molecular structures can be
tested against experiment by generating an appropriate MD simulation, or a long trajectory
containing many structures can be evaluated piecemeal. An example is our recent work on
the potassium ion channel, KcsA,1%4 in which two models of ion permeation were tested
against experiment. Only one survived.

Of course, 2D IR spectroscopy has drawbacks. The biggest being that its structural
resolution is poor unless isotope labeling or non-natural amino acids are used. That fact is
why much of this review has been devoted to examples containing methods of labeling
individual amino acids or ligating proteins to isotope-label domains. As a result, the
sophistication of questions that can be addressed with 2D IR spectroscopy is in many ways
coupled to the sophistication of the biochemistry for the protein at hand. Now is an exciting
time, because there are so many new methods for mutating, incorporating non-natural amino
acids, expressing (such as with cell-free), and semisynthesizing proteins. We predict, that as
the communities of 2D IR spectroscopists, molecular biologists, and biochemists understand

Chem Rev. Author manuscript; available in PMC 2017 August 24.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnue Joyiny

1duosnuen Joyiny

Ghosh et al. Page 36

one another’s capabilities in more detail, the level of scientific sophistication of biological
questions addressed with 2D IR spectroscopy will continue to rise.
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Figurel.
Typical features of a 2D IR spectrum. (a) Diagonal peaks and (b) cross-peaks. The spectra

shown were simulated from the third-order response functions described in ref 36.
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Figure 2.
(a) Simulated IR absorption spectra of 2,0-51¢ S-sheets. (b) The inverse participation ratios

of each of the normal modes. (c) The F, ™) spectrum, which is approximately a measure of
the number of strands participating in a given normal mode. Reproduced with
permissionfrom ref 66. Copyright 2004 American Chemical Society.
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Figure 3.

Effects of correlated line broadening on 2D line shapes for fully correlated (opq = +1) (a—)
and fully anticorrelated (opq = —1) (d-f) cases for rephasing (a, d), nonrephasing (b, e), and
2D correlation spectra (c, f). The simulations are done for the RDC six-level system
assuming that the dynamics of system bath interactions are completely separable into fast
(Fa = Tss = Tas = 2. cm™1) and slow (oy5 = 05 = g5 = 10 cm™1) components. Note that in
the case of ppq = +1 cross-peaks are tilted parallel to the diagonal in the rephasing spectrum
(a), and the amplitudes of the cross-peaks are suppressed relative to diagonal peaks in the
nonrephasing spectrum (b). For ppq = —1, the cross-peaks are tilted perpendicular to the
diagonal, and their amplitudes are enhanced relative to the diagonal peaks in the
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nonrephasing spectrum (e), whereas the cross-peak amplitudes are suppressed in the
rephasing spectrum (d). The difference in the cross-peak intensities in the correlation spectra
(c—f) is due to the imbalance in the number of corresponding pathways in the generation of
the nonrephasing signal. The contours are plotted at 8% intervals. Reproduced with
permission from ref 40. Copyright 2003 American Chemical Society.
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Figure 4.
Structure of the macrocyclic peptide with numbering scheme for isotope-labeled pairs (A).

2D IR data for the unlabeled macrocycle (B) and for the doubly labeled macrocycle (C-H).
This figure demonstrates the shift observed upon isotope labeling the amide backbone.
Reproduced with permission from ref 85. Copyright 2012 American Chemical Society.
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Figure5.
Relaxation of the frequency autocorrelation function (FFCF) is reflected in the waiting time

(7) evolution of 2D IR spectra: the spectra are more elongated at early 7and become more
symmetric at longer 7 as the FFCF decays. The correlation relaxation can be quantitatively
measured through slope of the 2D contours as a function of 7. (a) The nodal line slope and
(b) the center line slope.
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Figure6.
Calculated infrared (top) and 2D IR spectra (bottom) for an idealized extended S-sheet

composed of a 3 x 3 lattice of the unit cells. Calculations are for (a) periodic boundary
conditions and (b) open boundary conditions. The 2D IR calculations assumed a crossed
polarization (XXY'Y) condition. Lorentzian line shapes are used with a width of (a) =4
cm~Land (b) ¥ = 2.5 cm™1. Positive features are shown in red, and negative features are
shown in blue. Equally spaced contours are plotted between —10% and 10% of the &
diagonal peak maximum. Reproduced from ref 68. with permission. Copyright 2004
American Chemical Society.
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Linear IR and waiting-time-dependent 2D IR spectra of Atmethylacetamide (NMA) (a—d)
and trialanine (i-1) in D,O. The 2D spectra of alanine look more elongated along the
diagonal, even at waiting times at long as 4 ps, compared to those of NMA, indicating more
inhomogeneous broadening. The FFCF relaxation parameters were obtained through fitting
the experimental data with simulated spectra, which are shown in panels e-h and m-t.
Reproduced with permission from ref 104. Copyright 2002 AIP Publishing.
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Figure8.
Residue-specific 2D IR spectra of the transmembrane protein CD3-¢. (A, top left) The

proposed structure of the transmembrane domain. (B, right) Absolute-value 2D IR spectra of
the isotopically labeled V53 residue and the unlabeled amide | band. (C, bottom left) The
variation of 2D IR diagonal line widths across the transmembrane domain, exposing local
hydration effects. Reproduced with permission from ref 12. Copyright 2006 National
Academy of Sciences.
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Figure9.
2D IR spectroscopy of the M2 proton channel. As the channel undergoes a conformational

transition from a closed to an open state, the water in the pore becomes more liquidlike, as
reflected in the evolution of the slope (right). Manor et al. have also shown using linear and
2D IR spectroscopy that the diagonal line width, which is sensitive to hydration of pore-
lining residues, reflects the conformational change. Adapted with permission from ref 11
(Copyright 2011 National Academy of Sciences.) and ref 110 (Copyright 2009 National
Academy of Sciences.).
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Figure 10.
2D IR spectroscopy of pg-amyloid (AB-40) revealed the existence of kinetically trapped

water. (a) A pictorial representation of possible locations of water molecules inside AB40
fibrils. (b) Enlarged view of the region outlined in part a. The evolution of nodal slopes of
specific residues, shown in part ¢, indicates the presence of water at certain interstrand
locations. Adapted with permission from ref 109 (Copyright 2009 National Academy of
Sciences.) and ref 103 (Copyright 2011 Elsevier.).
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Left panel: Structure of the potassium ion channel, KcsA, and schematic of the knock-on
(top) and knock-off (bottom) mechanisms of ion transport. Right panel: (A) experimental 2D
IR spectrum and (B) simulated 2D spectrum of the knock-on model. Reproduced with
permission from ref 154. Copyright 2016 American Association for the Advancement of

Science.
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(A) 2D IR spectra of free HRP as a function of increasing waiting time. The dashed lines
illustrate the diagonal and antidiagonal slices through the data for calculating the
eccentricity parameter, a measure of the FFCF. (B) A comparison of HRP dynamics in the
free and substrate-bound states. (a) Time-dependent eccentricities of the blue (circles) and
red (squares) states of free HRP. (b) Eccentricities of HRP ligated with 2-NHA (filled
squares), BHA (filled circles), BZA (open squares), BZH (open circles), and NMBZA
(triangles). The solid lines were obtained by simultaneously fitting the linear and 2D IR data
to determine the FFCFs. Reproduced from ref 161. with permission. Copyright 2007

National Academy of Sciences.
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Figure 13.
CLS decay curves and corresponding exponential fits for (A) cyt P450cam—CO bound with

its natural substrate camphor. The two time scales seen in the decays are evident. (B) The
1939 cm™1 (red), 1952 cm™1 (green), and 1963 cm™1 (blue) bands of substrate-free cyt
P450cam—CO. The fits have been extended for two of the bands as an aid to the eye for
comparing to the other curves. (C) The different substrate complexes: camphor (black),
camphane (blue), adamantane (green), norcamphor (purple), and norbornane (red).
Reproduced with permission from ref 163. Copyright 2011 American Chemical Society.
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Figure 14.
Left: Schematic representation of chemical exchange 2D IR spectroscopy. Interconversion of

two chemically distinct species in equilibrium is manifested as cross-peaks that grow in with
the waiting time. The species exchanging can range from different solvation states of an
amide unit in a protein to different protein conformations. Right: The PDB structure of the
L291 myoglobin mutant (top) and the waiting time dependence of diagonal peaks
corresponding to the Al and A3 states and the cross-peak between them (bottom). The
cross-peak kinetics reveal a conformational exchange on the time scale of =50 ps. Adapted
with permission from ref 171. Copyright 2008 National Academy of Sciences.
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Figure 15.
Vibrational relaxation for HEWL-RC (a) and HuLys-RC (b) in D,O/TFE mixtures ranging

from 0% to 20% TFE v/v. The addition of small amounts of TFE results in a large increase
in the vibrational lifetime of HEWL-RC, followed by a monotonic decrease upon further
addition. The increase in lifetime at low concentrations is the result of preferential solvation,
and the subsequent decrease in lifetime is the result of the onset of partial protein
destabilization. In contrast, HuLys-RC shows no sensitivity to TFE, suggesting that this
region of the protein resists solvent exchange with TFE and remains hydrated. (c) A
comparison of the cosolvent-dependent relaxation for HEWL-RC (cirlces) and CORM-2
(triangles) shows that at 10% TFE HEWL-RC indicates a local solvation environment with
nearly no water, with a relaxation time scale similar to that of other metal carbonyls in
alcohol environments. Reproduced with permission from ref 176. Copyright 2012 American
Chemical Society.
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Figure 16.
(A) FFCF of HEWL-RC in pure D50, highlighting the initial decay due to hydration

dynamics and the static offset of the correlation function corresponding to the protein
dynamics. (B) Correlation functions for each solvent composition, ranging from pure D50 to
80% glycerol by volume. From the data, it is clear that there is a marked slowing in the
hydration dynamics as well as in the protein dynamics (C). Adapted from ref 10. Copyright
2013 Nature Publishing Group. (D) Hydration and protein dynamics of HEWL-RC in
crowding conditions plotted as a function of protein—protein distance. The protein—protein
distance is defined as the average surface-to-surface distance between proteins using a
spherical approximation, which can be estimated for each concentration. Assuming a
homogeneous mixture, the average surface-to-surface distance between proteins can be
estimated, revealing that the transition occurs at a protein—protein distance of 30-40 A.
Adapted with permission from ref 178 (Copyright 2012 American Chemical Society.) and
ref 184 (Copyright 2014 American Chemical Society.).
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2D IR spectroscopy of nucleic acid—water interactions. Top: 2D spectra of hydrated DNA
(92% relative humidity) measured with pump and probe pulses perpendicularly polarized at
different waiting times. The solid black lines represent the center lines described in section
3. Bottom: Evolution of the center line slope (CLS) with the waiting time. CLSs of neat
water are also shown as white circles. The results are compared with predictions from MD
simulations, shown as solid and dashed lines [C,(§) with and ((#) without resonant energy
transfer between the water O—H vibrations]. Reproduced with permission from ref 227.
Copyright 2011 American Chemical Society.
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Figure 18.
Transient 2D IR of a cyclic tetrapeptide. Top: Structure of the cyclic disulfide-bridged

tetrapeptide. Bottom: Transient (a) linear and (b) 2D IR spectra 3 and 100 ps after
photolysis. The transient cross-peaks are indicated as “TC”. (c) Slices through 2D IR spectra
along the dashed lines shown in part b clearly illustrate the evolution of the transient cross-
peak. Reproduced with permission from ref 249. Copyright 2006 Nature Publishing Group.
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Figure 19.
Transient 2D IR spectra of Trpzip2 isotopologues (top row, unlabeled; middle row, double

isotope labeled at T3 and T10 carbonyls; bottom row, isotope labeled at K8 carbonyl)
following a temperature jump. (A) 2D IR spectra at 7= 150 fs at thermal equilibrium. (B, C)
Transient 2D IR basis spectra showing the spectral changes on nanosecond and microsecond
time scales. Loss of diagonal peaks is observed as blue above and red below the diagonal
line. Contours of the equilibrium and transient spectra are overlaid together. Reproduced
with permission from ref 251. Copyright 2013 National Academy of Sciences.
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Figure 20.
Reorganization of a perturbed helix probed by 2D IR. Left: A schematic outline of the

experimental principle. The helix is generated in a near-equilibrium, and the kinked
conformation is generated by a tetrzine bridge in the backbone. The bridge can be
photolyzed using UV light, following which 2D IR spectra reveal the backbone
reorganization. Right: 2D IR diagonal widths as a function of the delay between the UV and
the 2D IR pulse sequence, reflecting the backbone conformational rearrangement.
Reproduced with permission from ref 22. Copyright 2013 National Academy of Sciences.
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Most common pulse sequences used in 2D IR spectroscopy. (a) Traditional three-pulse
heterodyned photon echo pulse sequence. (b) The collinear pump—probe sequence used in
mid-IR pulse shaping, where the pump beam is shaped in the frequency domain to generate
a pulse pair with electronically controlled delays and phases. (c) 2D IR spectra of amylin
acquired with pulse-shaped 2D IR. Pulse shaping allowed for removal scatter, which is a
significant deterrent for biological samples. Reproduced with permission from ref 14.
Copyright 2007 National Academy of Sciences.
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Figure 22.

Real-time evolution of 2D IR spectra with hIAPP aggregation. (Left) 2D IR spectra at times
of 1 min (top) and 314 min (bottom) over the course of the aggregation process clearly
reflect the aggregation. (Right) Top: Slices through 2D spectra at wpymp = 1618 cm1 reveal
spectral markers that track random coil and S-sheet populations. Bottom: Evolution of
random coil and B-sheet populations as obtained from 2D IR slices. Reproduced with
permission from ref 23. Copyright 2008 American Chemical Society.
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Figure 23.
2D IR spectra of isotopically labeled hIAPP exposes residue-specific kinetics. (A) 2D IR

spectra Ala-25 at £=5 min. (B-D) Difference 2D IR spectra at £= 31, 66, and 205 min,
calculated by subtracting the #=5 min spectrum. The red squares mark the labeled A25
transition, while the black rectangles denote the unlabeled amide band. The two spectral
features observed in the label region are marked with blue and green arrows. The magenta
and red arrows indicate the cross-peak between the labeled Ala-25 reidue and the unlabeled
main band amide. Reproduced with permission from ref 28. Copyright 2009 National
Academy of Sciences.
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Seeding by macrocycles

Figure 24.
Rapid-scan 2D IR reveals a transient B-sheet intermediate during hIAPP aggregation. The

FGAIL segment (residues 23-27) is shown in red. Macrocyclic inhibitors (Mac21-27) can
bind to and stabilize the intermediate FGAIL fS-sheet (cyan), thus increasing the free energy
barrier. Some macrocycles seed fibril growth and circumvent the barrier (green arrow).
Aggregation is inhibited by mutations such as 126P, which destabilize the intermediate
(dashed black line). The addition of Mac21-27 can induce formation of the transient
intermediate even for the mutated sequence (dashed cyan line). Reproduced with permission
from ref 26. Copyright 2013 National Academy of Sciences.
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