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Abstract

Proteins function as ensembles of interconverting structures. The motions
span from picosecond bond rotations to millisecond and longer subunit dis-
placements. Characterization of functional dynamics on all spatial and tem-
poral scales remains challenging experimentally. Two-dimensional infrared
spectroscopy (2D IR) is maturing as a powerful approach for investigating
proteins and their dynamics. We outline the advantages of IR spectroscopy,
describe 2D IR and the information it provides, and introduce vibrational
groups for protein analysis. We highlight example studies that illustrate the
power and versatility of 2D IR for characterizing protein dynamics and con-
clude with a brief discussion of the outlook for biomolecular 2D IR.
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INTRODUCTION

The protein structure-function paradigm continues to evolve. Our understanding of protein bio-
physics has progressed from static structures to interconverting ensembles of conformational
states represented by a hierarchical energy landscape (1-3). Protein motions range from local bond
rotations to global subunit displacements that span a wide range of timescales, from picoseconds
to seconds and longer. Specific regions of a protein may varyingly contribute to function. Larger-
scale backbone motions are clearly central to (mis)folding and allosteric regulation, while side
chains are the parts of proteins subject to evolution that ultimately tailors protein biophysics.
Characterization of all the potentially important motions, however, remains experimentally chal-
lenging. Two-dimensional infrared spectroscopy (2D IR) is emerging as a powerful approach to
investigate protein dynamics owing to its inherently fast timescale, structural sensitivity, and ca-
pability for site selectivity. 2D IR has enlightened diverse aspects of protein biophysics, ranging
from protein folding to enzyme specificity (4-8).

Here, we present an overview of advances in 2D IR directed at elucidating protein structural
dynamics. We point out the advantages of IR spectroscopy generally, introduce the basics of the 2D
IR experimental approach and information content, then consider the vibrations used as probes of
proteins. We illustrate the utility and diversity of 2D IR applied for investigating proteins and their
dynamics through a brief presentation of select examples. Finally, we discuss the next directions
for advancing the methods and expanding the scope of protein 2D IR.

ADVANTAGES OF INFRARED SPECTROSCOPY FOR STUDY
OF PROTEIN DYNAMICS

IR spectroscopy is well suited for measuring protein states and dynamics owing to its inherently
fast timescale. The feasibility to capture two states depends on the difference in the frequencies
of the spectroscopic markers and the timescale of their interconversion. Fast interconversion can
lead to averaging of signals and masking of information about populated states. The relatively
high-energy scale of IR spectroscopy enables capture of states interconverting as rapidly as pi-
coseconds. Most protein motions are slower and appear static on the picosecond timescale. Thus,
an IR spectrum provides a snapshot of the ensemble of populations. In addition, ultrashort IR
pulses can be generated to follow processes in real time with high temporal detail.

Another advantage of IR spectroscopy is the spatial resolution. Some vibrations are as small as
abond and local mode in character. Their absorptions can probe specific local sites in proteins and
tackle the challenge of the complex spatial heterogeneity (9). Other vibrations of proteins involve
many atoms and provide more global information. For example, analysis of delocalized amide
backbone vibrations informs about global protein secondary structure (4, 5, 8, 10). Although IR
spectroscopy has the potential to capture local and global protein vibrations, spectral congestion
can make detection and assignment of specific absorptions unfeasible in practice. The richer in-
formation afforded by 2D methods helps to alleviate this challenge.

FUNDAMENTALS OF TWO-DIMENSIONAL INFRARED
SPECTROSCOPY

The theory and methods of 2D IR have been presented extensively (11-14); here, we limit discus-
sion to a basic description required to understand how 2D IR informs on protein dynamics. 2D
spectra report connections among transitions along two frequency axes (Figure 1). One axis de-
marks the frequencies pumped or excited at an initial time. The second axis demarks frequencies
probed or detected at the same or later time. The time interval between pumping and probing
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Figure 1

(@) Example 2D spectrum of a single vibrational mode showing a pair of oppositely signed bands (top) and
schematic of a three-pulse sequence of a 2D IR experiment (bottom). (b) 2D spectrum, 2D diagonal spectrum,
and 1D spectrum for amide region of a-synuclein. Panel adapted with permission from Reference 29;
copyright 2017 American Chemical Society. (¢) Amide 2D spectra illustrating signatures of p-sheet, a-helix,
and random coil secondary structure. Red arrows demark crossbands due to transition dipole coupling. Panel
adapted with permission from Reference 4; copyright 2008 American Chemical Society. Abbreviations: 2D
IR, two-dimensional infrared spectroscopy; AP, anti-parallel; LO, local oscillator; 7, waiting time.

is typically referred to as the waiting time, 7,. Consider the simplest 2D spectrum of a single
vibrational transition (Figure 14). The 2D spectrum contains a pair of bands. A band at the fun-
damental (0-1) frequency appears along the diagonal, and a band of opposite sign appears at the
0-1 frequency along the pump axis and at excited state absorption frequency (1-2) along the probe
axis. The diagonal and off-diagonal bands reflect that pumping at the 0-1 frequency results, re-
spectively, in probing a ground state bleach and stimulated emission at the 0-1 frequency and
excited state absorption at the 1-2 frequency. The unacquainted should note that varying plotting
conventions are used for the pump and probe axes and the absolute signs of the bands. When
multiple species are present, multiple 0-1 bands appear along the diagonal. Off-diagonal inten-
sity indicates that the transitions at the pump/probe frequencies are connected, providing direct
evidence that the species either interconvert or are in some way coupled.

2D spectral data are acquired either in the frequency domain directly or in the time domain,
followed by Fourier transform to a spectrum (12). The most prevalent implementation of the
experiment obtains the pump spectral data in time and the probe data in frequency. A series
of three, ultrashort IR pulses are applied to interact with a sample (Figure 14). The evolution
between the first and second pulse effectively labels the system with the initial frequencies in
the sample ensemble; Fourier transformation along this time evolution generates the pump
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frequency axis. After a delay of Ty, the third pulse is applied, and the sample emits a third-order
signal in the direction of the wave vector sum of the three excitation pulses. The signal must
be heterodyne-detected by overlap with a local oscillator, either a fourth pulse or the probe
beam itself, to obtain phase information necessary for generation of the pump spectrum. The
overlapped signal/local oscillator is passed through a spectrograph to instrumentally perform the
Fourier transform and generate the probe frequency axis.

2D IR instrumentation and methodology have developed over the past two decades (10, 15—
23). Temporal control of pulse timing may be performed with conventional mechanical delay
stages or through pulse shaping. The conventional approach typically is implemented in a non-
collinear beam geometry that results in emission of the third-order signal into a unique direction.
Background-free detection affords higher sensitivity, but data acquisition is slower. In contrast,
pulse shaping typically is implemented in a pump-probe beam geometry that results in emission
of the third-order signal colinear with the probe beam. This approach allows for rapid data collec-
tion and simplifies spectral processing, but to the detriment of sensitivity. Many of the drawbacks
of both approaches can be alleviated or eliminated by further tailoring the instruments and meth-
ods (24-28). These and other variations in 2D IR methodology provide versatility for adapting to
the distinct technical challenges in investigating diverse questions and samples.

ADVANTAGES OF TWO-DIMENSIONAL METHODS
Deconvolution of Absorption Bands

Proteins have many vibrational modes and usually many instances of the same bond types. Thus,
spectra contain many bands that absorb at similar frequencies. An individual oscillator also may ex-
perience multiple environments associated with protein states, resulting in multiple absorptions.
Moreover, IR spectroscopy captures essentially all the microstates owing to the rapid inherent
timescale. Each of the protein or solvent configurations surrounding an oscillator causes variation
in frequency. As a result, bands often show substantial inhomogeneous broadening. The spectral
congestion from the superposition of many, overlapping, broad absorption bands can make detec-
tion and assignment of a single vibration within a protein unfeasible in practice. 2D IR has distinct
features that can facilitate spectral deconvolution.

A useful difference between 1D and 2D absorptions is the dependence on transition dipole
(TD) strength of the vibration (12). Band intensity in 2D spectra scales as the fourth power of the
TD strength, while in 1D spectra it scales as the square; thus, the 2D bands are squared relative
to the 1D. This effectively narrows each band in the 2D spectrum, enhancing spectral resolution.
In addition, vibrations of interest for characterization of protein dynamics often have larger TD
strength than those of aqueous solvent, so their absorptions are enhanced above the background.
These features are particularly advantageous for analysis of amide backbone vibrations. As an
example, the 2D spectrum, 2D diagonal spectrum, and 1D spectrum for the amide region of a-
synuclein are shown in Figure 15 (29). The 2D data accentuate a band at ~1,620 cm™! associated
with strong TD coupling among amides in B-sheet structure.

The difference in dependence of 1D and 2D absorptions on TD strength also enables better
quantification of populations of associated protein states (30, 31). Obtaining a calibration curve to
rigorously determine the spectral response for individual states of a protein is not usually possible.
However, the ratio of the 2D and squared 1D absorptions provides their relative TD strengths and
thereby enables more accurate quantification of the relative populations. To illustrate, the 1D spec-
trum of carbon monoxide (CO) ligated to the cytochrome P450cam-putidaredoxin complex shows
a shoulder at high frequency that is accentuated in the 2D spectrum due to larger TD strength
(Figure 2a) (32). The relative areas of the 2D and 1D bands indicate that the high-frequency
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Figure 2

(a—c) Spectral data for CO ligated to cytochrome P450cam and its complex with putidaredoxin. (#) Overlay
of 1D and 2D diagonal spectra of P450cam-putidaredoxin complex normalized by maximum absorbance.

(b) T\-dependent 2D spectra of the P450cam-putidaredoxin complex and individual P450cam. The white
dashed lines demark the center frequencies of the two component bands. The white arrow illustrates the
diagonal elongation of the 2D band due to inhomogeneous broadening. (¢) CLS decay from 2D lineshape
analysis for individual P450cam. Panels #— adapted from Reference 32. (d). T\,-dependent 2D spectra of CO
ligated to myoglobin. Panel adapted with permission from Reference 36; copyright 2008 National Academy
of Sciences. Abbreviations: CLS, center-line-slope; CO, carbon monoxide; T, waiting time.

component has ~1.3-fold larger TD strength. This knowledge enables accurate quantification of
the two populations of the protein.

Another feature of 2D IR that can assist deconvolution of superimposed bands is the 7, depen-
dence of the 2D band intensity. The intensity decays with the excited state lifetime of a vibration
(12, 33). Thus, if vibrations of multiple species have different lifetimes, the intensity of each band
will decay distinctly with 75,. This 7, dependence can be harnessed to uncover overlapping com-
ponent bands. For example, Ty,-dependent 2D spectra of CO ligated to the cytochrome P450cam-
putidaredoxin complex that contain two unresolved bands are shown in Figure 25 (32). Because
the vibrational lifetime for the low-frequency band is shorter, the band decays more rapidly, and
2D spectra taken with sufficiently long 7, can isolate the high-frequency component.

Deconvolution of Line Broadening

IR spectroscopy captures essentially all the vast number of potential microstates experienced
by a vibration in a protein or aqueous environment, which leads to substantial inhomogeneous
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broadening. Conversely, the inhomogeneous line width of an absorption provides a measure of
heterogeneity. However, line broadening also has homogeneous contributions from the finite
excited state lifetime, orientational dynamics, and dynamics that are fast on the IR timescale
(i.e., AvAt < 1, where Av is the frequency deviation and At the timescale of interconversion).
The contributions to line broadening are convoluted in 1D spectra and cannot be rigorously
extracted. 2D IR informs about broadening mechanisms through the 2D lineshapes (12, 34, 35).
The distribution of states that underlie inhomogeneous broadening is static on the IR timescale,
so when 2D spectra are taken with a 7Ty, of zero, the ensemble has the same pump and probe
frequencies and contributes to intensity along the diagonal. As a result, the elongation of the 2D
band along the diagonal provides a measure of the inhomogeneous broadening (Figure 25).

Dynamics Among States: Conformational Exchange and Spectral Diffusion

T, -dependent 2D IR enables direct measurement of the dynamics of interconversion among states
(36). In a simple case of two populated states, two bands at the fundamental frequencies will appear
along the diagonal of a 2D spectrum taken with a T, of zero (Figure 2d). As T, is lengthened, if
states interconvert between pumping and probing, crossbands will grow in at the corresponding
frequencies. Analysis of the time dependence of the crossband areas provides the timescale of
exchange dynamics. For example, 7,-dependent 2D IR of CO-ligated myoglobin has enabled
quantification of exchange rates between two side chain rotamers (36).

Analogously, the dynamics among an inhomogeneous distribution of states can be determined
from T,,-dependent 2D spectra, but the dynamics are manifest by changing band shape (32, 37-
40) (Figure 2b). When T, is short, the inhomogeneous distribution causes the 2D spectra to
appear highly elongated along the diagonal because most of the ensemble has the same pump and
probe frequencies. As T, is lengthened, the states have increasing time to interconvert between
pumping and probing, leading to growth in off-diagonal intensity. This causes the 2D band shape
to become less diagonally elongated as the underlying states interconvert.

Several analytical methods are in use for quantifying the band shapes. A widely applied one is
center-line-slope (CLS) analysis (34, 35). An alternative is band ellipticity (40). Another metric,
preferable if the 0-1 and 1-2 bands of opposite sign overlap, is the nodal slope between the
bands (38, 41). Regardless of method, the key utility is that the time dependence reflects
the dynamics among the frequency inhomogeneity (Figure 2¢). Combining information about
the 2D band shape dynamics and the 1D spectrum, a frequency-frequency correlation function
can be obtained that fully quantifies the line broadening and dynamics (34, 35, 42). Examples of
this approach to quantify dynamics at side chains of calmodulin (CaM) and cytochrome P450 are
described in later sections.

Vibrational Coupling

When vibrational modes interact, whether through electrostatic, dipole, or mechanical mecha-
nisms, they become energetically coupled. Coupling leads to shifts in the uncoupled band fre-
quencies. 2D spectra furthermore provide unambiguous evidence for coupling by the presence
of crossbands at the frequencies of the coupled modes (10, 43) (Figure 1¢). Accentuation of the
crossbands is possible using cross-polarized excitation pulses (43, 44). Their intensity reflects the
strength of the coupling between modes. Because the strength of through-space coupling depends
on the proximity and relative orientation of the coupled modes, the crossbands are highly sensitive
to molecular structure and intermolecular interactions. Therefore, they are useful for assigning
and interpreting complex IR spectra and evaluating structural models. Analysis of crossbands due
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to TD coupling between amide modes has been applied extensively to characterize secondary
structure (4, 5, 8, 10). TD coupling between side chain vibrations has been detected within a
trimer peptide, demonstrating potential in the future for monitoring tertiary structural changes
of proteins (45).

VIBRATIONAL PROBES OF PROTEINS

2D IR may be directed at the amide backbone, side chains, or ligands. The diversity of probes
provides versatility for characterizing protein dynamics at their varying spatial levels, from global
subunit displacements to side chain wiggling. Besides the investigated protein and question, a prac-
tical consideration for selection of probe vibration is whether or how rigorously the absorptions
can be detected and interpreted. The achievable concentrations of protein solutions are limited,
so vibrations with intense absorptions are desirable. Spectral selectivity is a major concern because
of spectral congestion, complicating the characterization of specific parts of proteins. Moreover,
some vibrational modes are local in character, so they provide information about specific loca-
tions. Others are delocalized and inform about larger-scale structure. For detailed discussion of
vibrational probes employed for 1D or 2D IR, we guide readers to comprehensive reviews (8, 9,
33). Theoretical efforts to assist interpretation have developed in parallel with experimentation
(14). Below, we briefly introduce the vibrational groups that have been employed to study proteins
by 2D IR.

Ligands

Many ligands have vibrations at frequencies in a spectral region free of native protein absorp-
tions (1,800-2,300 cm™!) useful for characterizing environments within proteins. Some of the
first demonstrations of 2D IR were directed at a CO ligand of the hemeprotein myoglobin (46,
47) (Figure 2¢). Many 2D studies have utilized CO and other small-molecule ligands owing to
their intense, spectrally resolved absorptions (48-53). Inhibitors and transition-state analogs have
enabled the study of enzyme active sites (54—57). An advantage of ligands is that the local envi-
ronment probed is usually functionally critical. Ligands, however, are limited in application to the
one or select proteins that bind them and for characterization of the location where they bind.

Amide Vibrations

2D IR of the amide vibrations of a protein backbone is well developed (4, 5, 8, 10). The amide I
mode, described roughly by the carbonyl stretch, is the most commonly analyzed vibration. Strong
TD coupling among amide I vibrations leads to delocalized vibrations that absorb at frequencies
characteristic of particular secondary structures (Figure 1c). The TD strength of the delocalized
vibrations increases with the number of coupled oscillators, thus quantifying the extent of the sec-
ondary structure. Moreover, crossbands in 2D spectra between coupled amide vibrations strongly
substantiate the presence of a particular structure (4, 43, 58-63) (Figure 1b,c). Because the in-
tensities of the crossbands reflect the strength of the coupling, which depends on the separation
and orientation of the TDs, the 2D crossband data provide experimental constraints for modeling
protein structure (10, 64-67).

Bands in the amide frequency region are diagnostic of protein within a biological sample but
generally not selective within a protein. However, in some cases, dynamics of particular regions
of proteins can be isolated by difference spectroscopy (4, 63, 68, 69). Another approach to achieve
selectivity is *C!80 labeling of the amide backbone at specific residues (61, 65, 67, 70-73).
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Isotopic labeling downshifts absorptions into a spectral region with less congestion. The region
also contains absorptions of acidic side chain vibrations, but the *C!®O absorption can be isolated
by subtraction with unlabeled samples. The frequency disparity between labeled and natural abun-
dance amides also disrupts TD coupling. This can assist spectral interpretation by distinguishing
features due to coupling from hydrogen bonding, local electrostatics, and other mechanisms. For
example, a newer method, dihedral indexing, compares crossbands for samples isotopically labeled
at two residues simultaneously and individually to verify and better measure their coupling (74).
BC80 incorporation at specific residues in peptides is straightforward via solid-phase synthesis,
and labeling of larger proteins can be achieved by ligation of peptides to larger protein fragments.
2D IR of the ion channel KcsA selectively labeled by semisynthesis is presented in a later section.

Native Side Chain Vibrations

Although the spectral regions of native side chain absorptions are generally congested for even
small proteins, in some cases, characterization of native vibrations of side chains is possible by
2D IR. Difference spectroscopy can isolate absorptions of individual or a few side chains. For
example, 2D IR has probed carboxylate side chains (69), and isotopic labeling can improve spectral
resolution (75). Sulfhydryl groups of cysteine residues have been detected in hemoglobin by 2D
IR (76). For this group, spectral congestion is not an issue, but the absorptions are very weak.
Several additional native side chain vibrations have potential as 2D IR probes of proteins. The
ring breathing mode of tyrosine has been detected in a Trp cage miniprotein (77). Vibrations of
the guanidyl group of arginine are sensitive to salt bridge interactions, which often play key roles
in protein tertiary and quaternary structure (78, 79).

Nonnative Side Chain Vibrations

An approach to achieve spectral selectivity is to introduce noncanonical amino acids with vibra-
tional groups that absorb in the transparent frequency window of protein spectra (9, 33). A variety
of noncanonical amino acids functionalized with cyano, azido, or metal carbonyl groups with spec-
trally resolved vibrations have been employed for protein 2D IR (22, 80-93). Such groups can be
introduced as vibrational probes in principle at any location. Although their utilization for 2D IR
remains much more limited than for 1D spectroscopy, detection of single vibrations in proteins is
possible. A handful of studies have demonstrated their potential for characterizing multiple sites
to comprehensively analyze protein structure and dynamics (87, 90-93).

In addition to strong, distinguishable signals, vibrational lifetime is a property of the probe
important for 2D IR of dynamics. The intensity of 2D signals decays with vibrational relaxation,
so the lifetime determines the experimental time window. In general, the TD strengths of probes
are stronger when attached to aryl than alkyl side chains, whereas the vibrational lifetimes are
typically longer for alkyl than aryl probes (9, 33). Smaller probe groups attached to side chains
isostructural with the native residues are preferable to minimize functional perturbation. There
also are practical considerations when introducing particular nonnative amino acids at specific
locations in proteins (9). Direct incorporation via synthesis is limited to peptides or small proteins
(94-98); semisynthesis is possible (99-101), but involved, and has not yet been utilized for 2D
IR studies of side chains. Specific incorporation by chemical modification of native side chains
or auxotrophic expression requires that the labeled side chain be unique within a protein (22,
87, 89,92, 102). Labeling by amber suppression, via expression systems evolved for the particular
noncanonical amino acid, can access larger proteins without introducing additional modifications,
but studies have been currently limited to aromatic amino acids (80, 90, 91, 103). Labeling by cell-
free synthesis is possible but not yet employed for protein 2D IR (104).
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Azido groups are attractive as 2D IR probes owing to their large TD strengths (80, 83, 87—
89). Indeed, their strong signals have made possible detection of 2D spectra of single probes in
protein samples at concentrations as low as 100 pM (88). Studies have utilized azido probes at
aryl and alkyl side chains of proteins through selective incorporation of azidophenylalanine by
amber suppression and azidohomoalanine by expression in methionine auxotrophic bacteria, re-
spectively (80, 89). A disadvantage of azido groups is that their vibrational lifetimes are typically
short, and they are relatively large with greater potential for perturbation. Fermi resonances can
also complicate interpretation (105).

In comparison, cyano groups are smaller but have weaker absorptions. Analysis by 2D IR cur-
rently requires protein samples at minimal ~1 mM concentration (22, 90-92). However, their
longer vibrational lifetimes facilitate measurement of spectral dynamics. Cyanophenylalanine
(CNF) serves as a reasonable analog for phenylalanine or tyrosine, provides moderately strong
signals, and may be incorporated into larger proteins via amber suppression methodology (90, 91,
93, 95-97). Thiocyanate (CNS) can be introduced in proteins via cyanylation of unique cysteine
residues (22, 92). While the absorptions are much weaker than those of CNF, their approximately
10-20-fold longer lifetime greatly extends the experimental time window (106). The cyano group
of cyanotryptophan provides strong signals that are promising as 2D IR probes of proteins (45).

Metal carbonyl complexes can be attached via side chains to the surface of proteins (81, 82,
84-86). They provide intense 2D IR signals that permit study of samples at lower protein concen-
trations. While the large size limits their incorporation at the protein exterior, they provide useful
probes of surface electrostatics and hydration dynamics.

APPLICATIONS
Amide Backbone Dynamics

2D IR studies directed at amide vibrations follow the backbone structure and interactions of pro-
teins. Amide 2D IR has been utilized by a substantial body of research to investigate protein folding
and aggregation (4, 8).

Folding. Studies of folding dynamics are fundamentally important to understanding the potential
energy landscape of proteins, as well as the origins of (mis)folding. 2D IR has examined equi-
librium unfolding by thermal and chemical denaturation (107-109). Measurement of kinetics re-
quires addressing the additional technical challenge of rapidly triggering a reaction. 2D studies
have implemented laser-induced temperature jump and photo-triggering for initiating peptide
or protein unfolding (63, 72, 110-116). 2D spectral snapshots then monitor protein structural
changes over time.

As an example, we present transient 2D IR combined with temperature jump to uncover mech-
anistic details of insulin dimer dissociation (63). Shown in Figure 3 are 2D IR difference spectra
from equilibrium collected at varying times after rapidly heating by vibrational excitation of water
with a nanosecond laser pulse. The difference spectra taken with cross-polarized pulses accentu-
ate the crossbands. These spectra show crossband patterns characteristic of the loss of B-sheet
structure 320 ps after triggering unfolding. Later, at 560 ps, the difference spectrum taken with
parallel pulses shows a spectral pattern that arises from a diagonal band shift. This shift reports on
dimer dissociation. The study demonstrates how 2D IR features can clearly dissect kinetic fold-
ing mechanisms, in this example revealing local unraveling of secondary structure prior to dimer
dissociation.

Aggregation. Amyloid formation has been implicated in numerous diseases and disorders, rang-
ing from neurodegenerative diseases, such as Parkinson’s and Alzheimer’s diseases, to diabetes and

www.annualreviews.org o Protein Dynamics by 2D Infrared 307



Annual Rev. Anal. Chem. 2021.14:299-321. Downloaded from www.annualreviews.org
Access provided by Indiana University - Bloomington on 12/07/21. For personal use only.

a é AF\]‘ b C Crossed excitation pulses

. 2D band intensit: 10 ns 10 ps 320 us 1ms
;6“" 4 1700 TSN [T T2 [T T <2 77 T
\3}‘\\\ =" C , 72 o =12
'd € i ) £ N
o -9 & = " N
~ = - M 1,650 I - <
Loss Gain g % - -~
1,600 Al
e 2D band shifts » al
e L Parallel excitation pulses
¢ 100 ns 100 ps
NN L 1 Ty, Z LS TPy
I « — 1,700 |- AL 1)/ =4
— T =
= = & A =
Wne, £ g/ N
o ‘ = 1,650 - - - 3 N
$ L, 1B El
Interfacial B-sheet 1,600 b/ B A L
secondary structure 1,600 1,650 1,700 1,650 1,700 1,650 1,700 1,650 1,700
<— Location of C termini w, (em™)

<= Signals due to loss in crossband intensity
<2 shiftin 2D intensity

Figure 3

(@) Nlustration of insulin dimer dissociation and loss of interfacial B-sheet secondary structure (aqua). (b) Schematic of 2D patterns
characteristic of gain or loss of 2D band intensity or of 2D band shifts. (¢) Transient 2D difference spectra following rapid heating taken
with crossed and parallel excitation pulses. Figure adapted with permission from Reference 63; copyright 2016 American Chemical
Society.

cataracts (117). The structural sensitivity of 2D IR, combined with advances in rapid data collec-
tion, have been leveraged to gain molecular-level insight into the process of peptide aggregation
and amyloid fibril formation under a variety of conditions (118-124). 2D IR has uncovered critical
but elusive oligomeric intermediates during the formation of larger aggregates and contributed
to elucidating the origins of different fibril morphology (29, 123-128). Integrated studies of ag-
gregation are combining 2D IR with more conventional techniques for fibril analysis to connect
molecular and larger-scale information (121, 123, 125, 129).

As an example of how 2D IR provides molecular details about aggregation, we point to a study
directed at human islet polypeptide (hIAPP), a polypeptide present in amyloid plaques associ-
ated with type 2 diabetes (61). 2D spectra taken during aggregation of hIAPP selectively labeled
with BC™O provide a residue-specific view of a reaction intermediate (Figure 4). The natural
abundance amide absorptions report a sigmoidal transition from frequencies characteristic of a
global transition from random coil (~1,645 cm™!) to parallel B-sheet structure (~1,620 cm™!)
(Figure 4b). Absorptions associated with B-sheet structure at the individual isotopically labeled
residues can be observed at downshifted frequencies (Figure 4c, red arrows). For V17 and G33, the
downshifted isotope absorptions follow the global transition from random coil to B-sheet struc-
ture. In contrast, for residues 23, G24, A25, and L27, the downshifted absorptions appear early
during the lag phase, then disappear. These absorptions provide evidence that these residues tem-
porarily participate in a B-sheet intermediate, before finally adopting loop structure. The study
illustrates how 2D IR spectroscopy in combination with selective labeling can afford residue-
specific views of kinetic reaction intermediates in amyloid formation.

Molecular Recognition

Protein molecular recognition underlies cellular function. Protein dynamics fundamentally affect
affinity through entropic contributions to free energy, modulate specificity of binding partners or
catalysis on a substrate, and underlie allostery that communicates binding events through proteins.

308 Tumbic « Hossan o Thielges



Annual Rev. Anal. Chem. 2021.14:299-321. Downloaded from www.annualreviews.org
Access provided by Indiana University - Bloomington on 12/07/21. For personal use only.

a b 10 T T T T
G24 pys 08
L27
F23 06 — pB-Sheet |

04 — lsotope

‘b\y\

02

Normalized amplitude

0

0 05 10 15 20 25

C Time (h)
2D spectra

T [T ] [T T T ] [T T T ] [T T T ]

£ 1,700

g

=

£ 1,650 - 4 F ; -

o & A

g .

g "

Le00f 4 F s e

-3

€

& 1,550 | | o o 1 1 Im

2D diagonal spectra
= T

Amplitude

I T 1

! n 1 ! = 1 ! !
1,550 1,600 1,650 1,700 1,550 1,600 1,650 1,700 1,550 1,600 1,650 1,700 1,550 1,600 1,650 1,700

Probe frequency/cm™’

Figure 4

(@) Ribbon depiction of B-sheet backbone structure of human islet polypeptide (hIAPP) fibrils; beads mark residues individually labeled
with 3CI80. (b) Kinetic traces following global sigmoidal transition of unlabeled B-sheet (1,620 em™~!, blue) and growth of intermediate
B-sheet absorbance for isotope-labeled mode (1,587 cm™!, green) for F23. (¢) 2D spectrum and 2D diagonal spectrum taken at an early
time of lag phase (left colummns) and late time of equilibrated phase (right columns) for > C'80 labeled at V17 and F23. Absorptions of
isotope-labeled modes associated with B-sheet structure are highlighted with white boxes and red arrows. Figure adapted from
Reference 61.

Studies by 2D IR have afforded insight into the molecular recognition of ions, small molecules,
peptides and proteins, and were directed at ligands, the backbone, native side chains, and non-
native side chain probes (67, 69, 92, 93). Below, we present select examples to exhibit the diverse
applications, highlighting the information available by 2D IR.

Ion channel permeation. The mechanism of selective ion transport, such as through ion chan-
nels that underlie action potentials in excitable cells, has been under longstanding investigation
(130). The ion channel KcsA mediates K* ion transport across membranes through coordination
by a series of backbone carbonyl groups (Figure 54). Two models have been proposed for ion per-
meation: the knock-on model in which ions are separated by water molecules and the hard-knock
model that proposes ion—ion collisions without intervening water (131, 132). Application of 2D
IR with selective *C'3O amide labeling is able to differentiate these models (67).

The 2D spectrum acquired of KcsA labeled with P C!¥Q at three of the residues of the selec-
tivity channel is shown in Figure 5b. Isotope labeling downshifts the vibrational frequencies to a
less-congested frequency region, and subtraction with the spectrum of unlabeled KcsA isolates the
B3C80 amide absorptions. The presence of a set of bands in the spectrum indicates two distinct
environments or states of the labeled residues. Comparison of this spectrum and those calculated
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(@) Ribbon structure of backbone of two subunits of the ion channel KcsA with the backbone of residues of
the selectivity channel highlighted in green. () Experimental 2D spectrum of KcsA selectively labeled with
13CI80 (Jefi) and simulated 2D spectrum based on the knock-on (#ziddle) and hard-knock (right) models.

(o) Structures of configurations of the selectivity filter adopted for the knock-on (/eft) and hard-knock (righr)
models. A box highlights the flip in the backbone of V76. Figure adapted with permission from

Reference 67; copyright 2016 AAAS.

based on the TD coupling in structural models of the selectivity channel provides clear support
for the knock-on mechanism.

Furthermore, the simulated spectrum best matches the experimental one when generated with
contributions from populations of three channel configurations (Figure 5c¢). Interestingly, for 40%
of the population, the backbone of one residue (V76) flips outward from the pore. The states
are observed in molecular dynamics simulations, but the small differences among their energies
prevent reliable determination of populations. This work demonstrates direct experimental quan-
tification of such rapidly interconverting states via 2D IR, highlighting the advantage of its fast
timescale.

Distinct recognition of Ca?* ions by calmodulin. CaM is a ubiquitous intracellular Ca’* sen-
sor (133). Ca’* binding to CaM induces conformational changes that capacitate recognition and
activation of a wide range of effector proteins that orchestrate cellular communication. Cellular
assays of CaM function often employ lanthanide ions, e.g., lanthanium (La**), in replacement of
Ca’* to take advantage of their luminescent properties. However, comparison by 2D IR reveals
subtle differences in the ions’ recognition by CaM (69).

2D spectra collected for the apoprotein, Ca’*-bound, and La’*-bound states of CaM with two
T, and their difference are shown in Figure 64. The 2D spectra for Ca’?*-bound CaM uniquely
show a band at 1,550 cm™! characteristic of a carboxylate with bidentate ion coordination.
This feature is assigned to bidentate coordination of Ca** by a conserved glutamic acid residue
(Figure 6b). Notably, the absence of the band for the La**-bound sample indicates that the
bidentate coordination is disrupted. In addition, the difference spectrum for the Ca**-bound
CaM shows greater crossband intensity than for La’**-bound CaM or apoprotein. This crossband
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(a) 2D spectra of apoprotein and Ca>*-bound and La’*-bound CaM taken with T, of 150 fs, 500 fs, and
their difference. The region of carboxylate absorptions is expanded 6x. The red arrows mark carboxyl
absorptions associated with bidentate coordination; black arrows highlight crossbands. () Structural model
of the Ca®*-binding site of CaM, highlighting conserved residue Glu12 and other ion ligands (top) and
schematic of ion coordination modes (bottom). Figure adapted from Reference 69. Abbreviations: CaM,
calmodulin; 7, waiting time.

intensity results from vibrational energy transfer among side chains and the amide backbone and
suggests that the binding site is more rigid when Ca’* rather than La’* is bound. Consistent with
disorder in La**-bound CaM, the 2D amide band in the spectrum for La**-bound CaM taken
with long 7, is more elongated along the diagonal, indicative of greater inhomogeneity with slow
dynamics. Thus, through several features, 2D IR distinguishes CaM recognition of Ca’>* and La’**.

Residue-specific characterization of CaM recognition. The same CaM domain has been in-
vestigated more globally by 2D IR through the introduction of nonnative vibrational probes
(92). In addition to Ca’** binding, the study considered CaM recognition of a peptide ligand
(Figure 7a). Distinct locations in CaM were characterized by mutation of residues to cysteine,
then cyanylation to introduce thiocyanate probes as thiocyanocysteine (CNSCys) residues. The
probes were placed at a conserved native isoleucine in the Ca’*-binding site (CNSCys100), con-
served native methionine residues that contact the peptide ligand (CNSCys72, CNSCys109, and
CNSCysl145), and a solvent-exposed control site in the ion recognition domain (CNSCys17).
T-dependent 2D spectra exhibit elongation along the diagonal that indicates inhomogeneous
broadening (Figure 7b). The lineshapes evolve with increasing T, due to the interconversion
among the underlying states. A metric for the spectral elongation, the CLS, is plotted on the 2D
bands. The CLS decays with 7, reveal how the sensitivity of the dynamics to binding Ca?* or the
peptide ligand varies among locations in CaM (Figure 7¢). The probe near the ion-binding site
(CNSCys100) is sensitive to binding Ca’* but responds modestly to peptide binding. In contrast,
probes involved in peptide ligand recognition (CNSCys72, CNSCys109, and CNSCys145) are
sensitive to binding the peptide but not Ca**. The data report on the varying involvement of
different locations in two aspects of the functional mechanism of CaM. Additionally, this study
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(2) Ribbon structures of the backbone of CaM domain showing conformational changes induced by ion and peptide ligand binding.
Side chains of residues of CNSCys incorporation are depicted as colored sticks and labeled. (5) Example Ty,-dependent 2D spectra for
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permission from Reference 92; copyright 2020 Physical Chemistry Chemical Physics. Abbreviations: CaM, calmodulin; CLS,
center-line-slope; CNSCys, thiocyanocysteine; Ty, waiting time.

exemplifies the current sensitivity of protein 2D IR and temporal extent of measurement of
equilibrium dynamics with nonnative side chain probes.

Enzymatic selectivity. The cytochrome P450 (P450) superfamily of heme oxidases catalyze di-
verse biosynthetic and metabolic reactions (134). Regioselectivity of P450 catalysis, at which site(s)
on a substrate are oxidized, depends on the orientation of a substrate in the active site and whether
carbon centers can approach a reactive oxy-heme intermediate. For example, the high (100%)
regioselectivity of hydroxylation of the substrate camphor by the archetypical P450, P450cam,
is attributed to rigid packing that restricts substrate mobility (135). Camphor binding triggers a
conformational change by P450cam from an open to closed state in which a helix-loop-helix motif
(F/G helices) packs onto the active site (136) (Figure 84).

To investigate how protein dynamics contribute to regioselectivity, 2D IR was applied to com-
pare the binding by P450cam of camphor and another substrate, norcamphor, which yields two
major hydroxylation products (93). CNF was incorporated to probe along the interface of the F/G
helices (CNF201, CNF98, CNF87), toward the substrate (CNF96), and toward solvent (CNF305).
Variance among 1D spectra and CLS decays reveal the heterogeneous response of the locations
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(@) Ribbon structure of the backbone of P450cam with side chains of incorporated CNF shown in green, and the structures of camphor
and norcamphor substrates. (b) 1D spectra of CNF96 (left) and CNF87 (right) P450cam for the norcamphor complex. Gaussian
component bands are shaded (t9p 7ow), and the spectra for substrate free (black), camphor complex (b/ue), and norcamphor complex
(green) are overlaid (bottom row). () CLS decays for each CNF probe for substrate free (black), norcamphor complex (greern), and
camphor complex (blue). Figure adapted with permission from Reference 93; copyright 2021 Elsevier. Abbreviations: CLS,

center-line-slope; CNF, cyanophenylalanine.

in P450cam to substrate binding, and moreover, the distinct impact of binding camphor versus
norcamphor (Figure 8b,¢). Probes placed at the interface of the F/G helices (CNF87, CNF98,
and CNF201) reflect sensitivity to the conformational change induced by camphor binding. In
contrast, norcamphor binding results in no response (CNF201, CNF98) or a diminished response
(CNF87). Whereas CNF87 for the camphor complex shows a single band, the asymmetric line-
shape for the norcamphor complex indicates a second populated state (Figure 8b). Interconversion
between these states corresponds with slower dynamics in the norcamphor complex (Figure 8c).
Similarly, CNF96, which is directed at substrate, shows a single band for the camphor complex,
but two in the norcamphor complex. However, for CNF96, the states in the norcamphor com-
plex interconvert rapidly. In agreement, 2D IR of a CO heme ligand, which also contacts the
bound substrate, reports faster dynamics in the norcamphor than camphor complex (51). The
rapid dynamics are consistent with the timescale of transitioning orientations of norcamphor that
would result in multiple hydroxynorcamphor products. Altogether, the spectral data illuminate
how norcamphor binding does not fully induce the conformational transition to the closed state
of P450cam, while rapid dynamics persist within the active site.

OUTLOOK

Since the first demonstrations about two decades ago, 2D IR is expanding from fundamental
research of simple molecules to analytical methods that can tackle complex systems. The com-
plexity of samples feasible for 2D IR is exemplified by studies of cataract protein in tissue samples
(122). Amide 2D IR for analysis of protein secondary structure has been demonstrated in complex
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mixtures and in H,O rather than D, O, eliminating the need for the time-consuming sample
preparation (137, 138). Methods have been described to standardize analysis using the thermal
response of water as an internal standard to normalize 2D protein spectra and enable accurate and
precise determination of protein concentration by different instruments and laboratories (139).
2D IR of immunocaptured proteins on surfaces implemented in attenuated total reflection mode
can take advantage of plasmonic signal enhancement (128). Further technological development
will improve detection limits and analysis throughput.

Efforts are ongoing to expand and improve the assortment of vibrational probes for 2D IR
of proteins. Accessing slower timescale equilibrium dynamics motivates design of probes with
longer vibrational lifetimes. Isotope labeling has been explored to detune vibrations from accept-
ing modes, which has resulted in a modest (~2-fold) increase in lifetime (105, 140). Another strat-
egy is to decouple the probe from intermolecular relaxation pathways by insertion of heavy atoms
(141-144). The insertion of sulfur to decouple the cyano vibration in the CNS probe described
above is an example. Insertion of a selenium atom to decouple vibrations has also been explored.
For example, in comparison to CNE, the cyano vibration of cyanoselenophenylalanine shows a
greatly (>50-fold) extended lifetime (143). The next step for this and other probes is to develop
efficient methods for selective incorporation into proteins.

Protein dynamics range in scale from an individual amino acid to global domain conformations
to protein—protein interactions. We are only beginning to understand the connections between
these spatial levels. Protein 2D IR has started to address the question through characterization of
multiple local or delocalized vibrations within a protein. For example, studies highlighted above
obtained multiple views of global and local dynamics from nonnative vibrational probes at var-
ious locations of CaM and P450cam, carboxylate side chain and amide backbone vibrations of
CaM, and amide spectral signatures of secondary structure and dimerization of insulin. Contin-
ued expansion of 2D IR using multiple vibrational modes to correlate dynamics among scales will
further uncover their connections. These efforts will be bolstered by developments in generation
of intense broadband IR pulses to span wide spectral ranges (145-147).

Further development of 2D IR instrumentation and protein labeling methodology to im-
prove sensitivity and selectivity should enable access to larger, more complex targets and expand
the techniques in analytical chemistry and other fields of research. In principle, 2D IR has no size
restrictions for characterization of proteins or multiprotein complexes. Membrane proteins are
generally less understood than soluble proteins and are important future targets. Expansion of 2D
IR for nucleic acids currently lags in comparison to proteins but could provide critical insight into
functional dynamics of flexible RNA macromolecules (148-150). Sugars and protein glycosylation
are now recognized as critically important in cellular biochemistry but not yet subjects of study
by 2D IR. Biomolecular 2D IR is poised for exciting applications ahead.

SUMMARY

2D IR is emerging as a powerful approach for analysis of protein structure and dynamics. The
additional information provided by the second dimension facilitates interpretation of complex
protein spectra. The methods can probe local and global dynamics at the backbone, side chains,
or ligands. 2D IR captures rapidly interconverting states and directly measures rapid equilibrium
dynamics or slower kinetics of folding, aggregation, and potentially many other processes. We
briefly touched upon a few examples that illustrate the diverse applications of 2D IR to examine
functional protein dynamics. A rich toolbox of 2D IR methods provides versatile approaches for
characterizing a wide variety of biomolecular samples and addressing diverse questions about the
biophysics of their function.
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