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CONS P EC TU S

P roteins, enzymes, and other biological molecules undergo structural dynamics as an intrinsic part of their biological functions.
While many biological processes occur on the millisecond, second, and even longer time scales, the fundamental structural

dynamics that eventually give rise to such processes occur on much faster time scales. Many decades ago, chemical kineticists
focused on the inverse of the reaction rate constant as the important time scale for a chemical reaction. However, through transition
state theory and a vast amount of experimental evidence, we now know that the key events in a chemical reaction can involve
structural fluctuations that take a system of reactants to its transition state, the crossing of a barrier, and the eventual relaxation to
product states. Such dynamics occur on very fast time scales.

Today researchers would like to investigate the fast structural fluctuations of biological molecules to gain an understanding of
how biological processes proceed from simple structural changes in biomolecules to the final, complex biological function. The
study of the fast structural dynamics of biological molecules requires experiments that operate on the appropriate time scales, and
in this Account, we discuss the application of ultrafast two-dimensional infrared (2D IR) vibrational echo spectroscopy to the study
of protein dynamics. The 2D IR vibrational echo experiment is akin to 2D NMR, but it operates on time scales many orders of
magnitude faster. In the experiments, a particular vibrational oscillator serves as a vibrational dynamics probe. As the structure of
the protein evolves in time, the structural changes are manifested as time-dependent changes in the frequency of the vibrational
dynamics probe. The 2D IR vibrational echo experiments can track the vibrational frequency evolution, which we then relate to the
time evolution of the protein structure. In particular, we measured protein substate interconversion for mutants of myoglobin
using 2D IR chemical exchange spectroscopy and observed well-defined substate interconversion on a sub-100 ps time scale. In
another study, we investigated the influence of binding five different substrates to the enzyme cytochrome P450cam. The various
substrates affect the enzyme dynamics differently, and the observed dynamics are correlated with the enzyme's selectivity of
hydroxylation of the substrates and with the substrate binding affinity.

I. Introduction
In recent years, the study of the dynamics of biological

molecules undergoing structural changes on a wide range

of time scales, from femtoseconds tomilliseconds, has been

the topic of considerable interest.1�4 Biological function

requires protein structural changes on a variety of time

scales.1,2 Accumulating evidence suggests that very fast

structural fluctuations on subnanosecond time scales can
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be intimately related to protein function manifested on

much longer time scales.5�9 For example, subnanosecond

time scale motions have been implicated in the thermody-

namics and specificity of protein�protein binding9,10 and

allostery.8 The two-dimensional infrared (2D IR) spectro-

scopic experiments discussed herein suggest that motions

on the picosecond time scale contribute to the selectivity of

hydroxylation by cytochrome P450cam.
7 Understanding the

structural dynamics of biomolecules can provide valuable

information regarding the relationship between structure

and function.5,11,12

The energy landscapes of proteins are complex and fre-

quently contain a number of local minima of similar energy.

Each local minimum reflects a particular conformational

state where the protein adopts a distinct structure.5 Under

thermal equilibrium conditions, protein structures fluctuate

and continually switch among their conformational states.

In addition to interconversion between distinct energymini-

ma, proteins undergo structural fluctuations within a partic-

ular conformational state.

Two-dimensional infrared (2D IR) vibrational echo spec-

troscopy can measure protein structural fluctuations on fast

times scales.7,13�16 Applications of 2D IR spectroscopy to

biomolecules include studies of protein structure, dynamics,

and folding.7,15�21 Here we discuss two related 2D IR tech-

niques that have been employed for the study of protein

dynamics. The first is chemical exchange spectroscopy,

which provides a direct observable for monitoring the inter-

conversion between twodistinct protein conformations. The

second is themeasurement of spectral diffusion, which is the

time evolution of the frequency of the vibrational probe

within the inhomogeneous distribution of states reflected in

the vibrational absorption line width. The time-dependent

frequency changes are caused by structural fluctuations of

the vibrational probe and its environment. The experimen-

tal measurement of spectral diffusion is used to determine

the frequency�frequency correlation function (FFCF), which

is the connection between the experimental observables

and the underlying dynamics of the system.22

II. Experimental Procedures
Herein are discussed example studies of twohemeproteins:

mutants of myoglobin (Mb) and cytochrome P450cam

(P450cam). CO binds the active sites of both heme proteins

and displays a strong vibrational stretching transition

at ∼1950 cm�1. The CO serves as the vibrational probe of

the surrounding protein dynamics.

The laser system used for these experiments consists of a

Ti:sapphire oscillator and regenerative amplifier pumping

an optical parametric amplifier and difference frequency

stage to produce ∼90 fs pulses at ∼5 μm (1950 cm�1). The

frequency of the IR is tuned to the transition frequency of the

CO stretch for the protein under study. Because the pulses

are short, the bandwidth spans the ground state to first

vibrational excited state (0�1) transition as well as the first

to second excited state transition (1�2).

In 2D IR vibrational echo experiments,22 the IR beam is

split into three excitation pulses and a fourth beam, the local

oscillator (LO) (Figure 1). The three excitation pulses are time

ordered, with pulses 1 and 2 traveling along variable delay

stages. The first pulse creates a coherence consisting of a

superposition of the v=0and v=1vibrational levels. During

the evolution period τ, the phase relationships between the

oscillators decay. The second pulse reaches the sample at

time τ and creates a population state in either v = 0 or v = 1.

A time Tw (the waiting period) elapses before the third pulse

arrives at the sample to create another coherence that

partially restores the phase relationships. Rephasing of the

oscillators causes emission of a vibrational echo signal. For

very short Tw times, the echo will be emitted at a time t ≈ τ

after the third pulse, and for increasingly longer Tw times, it

will appear increasingly nearer the time of the third pulse.

During Tw, the frequencies of the CO molecules change

(chemical exchange14,21,23 or spectral diffusion7,15,16) as

they sample different environments due to the structural

evolution of the proteins.24�26 The echo signal is spatially

and temporally overlapped with the LO for heterodyned

detection, which provides both signal amplification and

phase information. The heterodyned signal is frequency

dispersed by a monochromator and detected with an array

detector. Taking the spectrum of the signal provides the

FIGURE 1. Two-dimensional IR experimental pulse sequence, geome-
try, and detection.
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vertical axis (ωm axis) in the 2D spectrum. At each ωm

frequency, scanning τ produces a temporal interferogram.

Numerical Fourier transforms of these interferograms give

the horizontal axis (ωτ axis). Then Tw is changed and another

2D spectrum is recorded. The time evolution of the 2D

spectra provides the information on the system dynamics.

III. Results and Discussion
A. Substate Switching inMyoglobin�COObservedwith

Chemical Exchange Spectroscopy. The ability of proteins

to undergo conformational switching is central to protein

function. For example, conformational changes often ac-

company enzyme�ligand or protein�protein binding.27�29

A folding protein will sample many conformations as it prog-

resses toward the folded structure.30 Proteins can undergo

large conformational changes that occur on longer, milli-

second to second, time scales. However, these large con-

formational changes consist of a vast number of more local

elementary conformational steps involving small scale

structural fluctuations of individual amino acids that can

occur on much faster time scales.

The experimental determination of the time scales of ele-

mentary conformational steps is a long-standing problem

that has now been successfully addressed using ultrafast 2D

IR vibrational echo chemical exchange spectroscopy.14,21,23

Conformational switching has been studied extensively in

the protein myoglobin (Mb) with the ligand CO bound at the

active site (MbCO).14,21,23,31,32 The Fourier transform infra-

red (FT IR) spectrum of the heme-ligated CO stretching

mode of Mb has two major absorption bands, denoted A1

(1945 cm�1) and A3 (1932 cm�1), and a third small band, A0

(1965 cm�1) (Figure 2B).33 Only the A1 and A3 bands will be

discussed here. These bands reflect conformational sub-

states ofMbwhere the distal histidine residue, His64, adopts

different configurations (Figure 2A).33�35

MbCO rapidly interconverts between the A1 andA3 states

under thermal equilibrium conditions. CO binding rate con-

stants following photolysis determined at low temperature

and extrapolated to ambient temperature indicated the

switching between A1 and A3 to be <1 ns.36 Molecular dy-

namics (MD) simulations have placed the A1�A3 switching

time on the order of a few hundred picoseconds.21,23,35

Here, direct measurements of the A1�A3 interconversion

time for two Mb mutants under thermal equilibrium condi-

tions using 2D-IR vibrational echo chemical exchange spec-

troscopy are described. This method has proven useful for

studying fast dynamical processes in liquids.24,26,37,38 The

2D IR vibrational echo chemical exchange experiment is

akin to a 2D NMR chemical exchange experiment except

that it can operate on a picosecond time scale, and it directly

probes the structural degrees of freedom through the time

evolution of the 2D vibrational spectrum.

Figure 3 shows a schematic illustration of spectra for an

ideal 2D IR chemical exchange experiment. There are two

species, A and B, with absorption frequencies, ωA and ωB. At

short time (left panel), prior to any chemical exchange, two

peaks appear on the diagonal that arise from the 0�1

vibrational transitions (red, positive going), and two corre-

sponding peaks appear below, shifted to lower frequency

along the ωm axis by the vibrational anharmonicity, due to

vibrational echo emission at the 1�2 transition frequency

(blue, negative going). At long time (right panel), chemical

exchange has occurred. Some A's have turned into B's, and

because the system is in equilibrium, the samenumber of B's

have turned into A's. The chemical exchange is manifested

FIGURE2. (A) Structure ofMb L29I (pdb id 1MWC) and (B) FT IR spectrum
of CO in L29I Mb.

FIGURE 3. Schematic of 2D IR spectra illustrating chemical exchange.
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by the growth of the off-diagonal peaks. Measurement

of the time-dependent increase in the off-diagonal peaks

enables determination of the time scale of chemical

exchange.24

Because the A3 absorption peak of wild-type MbCO is

relatively weak compared with the A1 peak, which results in

the A1 peak dominating the spectra, we performed the ex-

periments on two Mb mutants, L29I and the double mutant

T67R/S92D. These mutations cause the A1 and A3 bands in

the FT IR spectrum to be approximately the same amplitude

(Figure 2B), which helped us to clearly discern all the diag-

onal and off-diagonal chemical exchange peaks and facili-

tated their analysis.

Figure 4 displays 2D IR spectra of CO bound to L29I Mb at

several Tw's.
14 The data have been normalized to the largest

peak at each Tw. Consider the spectrum for Tw = 0.5 ps. The

two bands on the diagonal (red) correspond to the A3 and

A1 bands in the absorption spectrum (Figure 2B). The off-

diagonal bands (blue) centered at (ωτ, ωm) = (1932 cm�1,

1908 cm�1) and (1945 cm�1, 1922 cm�1) result from vibra-

tional echo emission at the 1�2vibrational transitions of the

A3 and A1 substates, respectively. The spectrum at Tw =

0.5 ps shows no cross peaks because 0.5 ps is short relative

to the conformational switching time.

In contrast, by Tw = 48 ps (Figure 4, right panel), sufficient

time has elapsed for conformational switching to occur to a

significant extent. The conformational switching is mani-

fested by the growth of cross peaks,24 which are most

apparent to the upper left of the 0�1 bands and to the lower

right of the 1�2 bands. These cross peaks correspond to

the A3 to A1 and A1 to A3 interconversion, respectively. The

overlapof the positive andnegative going bands reduces the

amplitudes of the other two cross peaks, that is at (ωτ, ωm) =

(1945 cm�1, 1932 cm�1) and (ωτ, ωm) = (1932 cm�1,

1922 cm�1). The 2D IR spectra for T67R/S92D MbCO have

a similar appearance.23

The time-dependent 2D IR spectra can be analyzed to

quantitatively extract the time constant for the conforma-

tional switching. Although the time evolution of the 2D

spectra including spectral diffusion and chemical exchange

can be calculated using response function theory, it was

previously demonstrated that the exchange rate can be

extracted using a simpler method.25 The populations of

the conformations are reflected by the integrated volumes

of their bands. Because spectral diffusion does not change

the peak volumes, only their shapes, at each Tw the volumes

can determined by fitting all of the peaks to 2D Gaussian

functions.24,25 Conformational exchange causes the original

peaks to decrease in volume and the cross peaks to increase

in volume. Concurrently, vibrational and orientational re-

laxation lead to the decay of all bands with increasing Tw.

The time-dependent populations from the peak volumes

can be fit with a previously described kineticmodel to obtain

the time constant of conformational switching.24,25,38

Figure 5 displays the chemical exchange data for the two

MbCO variants.14,23 The data (points) show the decay of the

diagonal peaks and the growth and decay of the off-

diagonal chemical exchange peaks. The solid lines through the

data for each mutant are obtained from a fit employing only a

FIGURE 4. Two-dimensional IR spectra of CO in L29I Mb at several
waiting times.

FIGURE 5. Time-dependent changes in the populations of the diagonal
andexchangepeaks in the2D IR spectraof CO in L29I (upper) andT67R/
S92D (lower) Mb.
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single adjustable parameter, the conformational switching

time for the interconversion between the A1 and A3 substates.

The fits yielded conformational switching times of 47 ( 8 ps

and 76 ( 10 ps for L29I and T67R/S92D MbCO, respectively.

The vibrational echo experiments can be combined with

MD simulations to better elucidate the structural changes

associated with the A1/A3 conformational switching.21,35 As

discussed above, rotation of the imidazole side group of

His64 is directly involved in creating the difference in the

frequencies of the A1 and A3 absorption bands. This struc-

tural change is supported by high-resolution crystal struc-

tures of MbCO that show evidence for two His64 con-

formations.34,39 Moreover, an additional Xe binding site

distant from the heme iron has been observed in crystal

structures of the A3 conformation of Mb, indicating the

presence of a cavity not found in the A1 state.
40 This suggests

that the A1/A3 interconversion involves significantly more

motion than the rotationof the imidazole sidegroupofHis64.

The2D IR chemical exchange studies of substate switching

in the twoMb variants demonstrate that elementary structur-

al changes in proteins can occur on fast time scales. The

results presented here show that the time scale can be faster

than 100 ps. Motions on similarly fast, subnanosecond time

scales also have been characterized through extensive NMR

relaxation studies of protein backbone and side chains.4,41

The NMR experiments can provide order parameters that

reflect the angular restriction of backbone and methyl group

side chain motion for residues throughout a protein on time

scales faster than the protein's global macromolecular tum-

bling time (typically tens of nanoseconds). These studies

suggest that fast internal protein motions contribute signifi-

cantly to protein function, for instance, from their involve-

ment in the conformational entropy of protein�protein bind-

ing9 and in the allosteric control of molecular recognition.8

B. The Influenceof SubstrateBindingon theDynamicsof

P450cam Observed with Spectral Diffusion Measurements.

Protein dynamics are thought to play an important role in

the activity of P450s,42�44 a family of monooxygenases of

substantial biological and medicinal importance.45 P450s

display a remarkable ability to act on substrates that can

differ vastly in their size, structure, and chemical nature.46

The specificity of their activity for different substrates varies

widely for individual enzymes of the family. Structural

studies suggest the promiscuity of P450s results from the

high plasticity of their active sites.27�29 Although large

structural changes are sometimes observed, often substrate

binding leads to only localized changes in protein struc-

ture.47�49 The motions involved in these smaller structural

changes occur on fast time scales that have been historically

difficult to investigate.

Among P450s, the paradigmatic P450cam from Pseudo-

monas putida shows relatively high specificity for small

hydrophobic compounds similar to its physiological sub-

strate, camphor.50 The high specificity is thought to result

from relatively constrained active site dynamics.43,47 While

P450cam does act on a number of compounds, lower sub-

strate binding affinity and stereo/regioselectivity of hydro-

xylation are observed compared with camphor, the natural

substrate.51�53 Calculations suggest that the variations in

activity cannot be explained by differences in the chemical

reactivity of the substrates, rather that the fluctuating protein

environment contributes substantially to the differences.54

The involvement of protein motions in controlling the selec-

tivity of hydroxylation was examined by characterizing the

dynamics of P450cam�CO bound to substrates with mild

variations from the camphor structure (camphane, adaman-

tane, norcamphor, and norbornane, Figure 6).

Protein structural fluctuations cause the CO stretch fre-

quency to evolve in time, leading to spectral diffusion. The

structural changes of the proteins are connected to Tw-

dependent changes in the 2D band shapes caused by

spectral diffusion via the frequency�frequency correlation

function (FFCF). The center line slope (CLS) method provides

an accurate way to determine the FFCF from 2D and linear

spectra.55,56 It has been shown theoretically that the Tw-

dependent part of the normalized FFCF is directly related to

the Tw dependence of the slope of the center line.55,56 Thus

the slope of the center line, the CLS, will vary between a

maximum of 1 at Tw = 0 and 0 in the limit of sufficiently

long waiting time. Detailed procedures for converting the

CLS measurement into the FFCF have been described

previously.55,56

Themultiple time scale dynamics are oftenmodeled by a

multiexponential form of the FFCF, C(t).

C (t) ¼
Xn

i¼1

Δi
2 e�t=τi (1)

FIGURE 6. Structure of the active site of P450cam (pdb id 1T87) (left) and
substrates of complexes studied (right).
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For the ith dynamical process, Δi is the range of CO

frequencies sampled due to protein structural fluctua-

tions and τi is the time constant of these fluctuations. This

form of the FFCF has been widely used and in particular

found applicable in studies of the structural dynamics of

heme�CO proteins.15,16,21,35,57,,,, If Δτ < 1 for one com-

ponent of the FFCF, then Δ and τ cannot be determined

separately but rather give rise to a motionally narrowed

homogeneous contribution to the absorption spectrum.

The presence of a homogeneous contribution causes the

initial value of the CLS to be less than 1 at Tw = 0. By

combining the CLS with the linear absorption spectrum,

the full FFCF can be obtained including the homogeneous

component.
Figure 7 displays 2D IR spectra for data for the camphor

and norcamphor P450cam�CO complexes at two Tw's. The

change in shape of the 2D spectra with time is evident.

Figure 8 shows CLS decays for the substrate�P450cam com-

plexes. All of the decays have the same general form. The

offsets from 1 at Tw = 0 reflect the magnitudes of the

homogeneous components. The decays are biexponential,

with the fast and slow time constants τ1 and τ2, respectively.

Table 1 gives the FFCF parameters obtained from the CLS

analysis. A complete discussion of the FFCF parameters has

been given,7 althoughherewewill focus only on the slowest

decay time, τ2.

The slowest dynamics measured in this study of P450cam
complexes occur on the 100�370 ps time scale (Table 1).

The approximately 2-fold larger value of Δ2 (root mean

frequency fluctuation amplitude) compared with Δ1 for all

of the complexes shows that these slowermotionsmake the

greatest contribution to the vibrational line width. The slow

time scale suggests that this component arises from larger-

scale motions than those that give rise to the faster dynam-

ics, likely similar in scale to the 50�100 ps A1�A3 switching

measured for MbCO.14,21,23 However, molecular dynamics

simulations of MbCO find that dynamics throughout the

protein contribute to the FFCF,57 and this is likely also the

case for the FFCFs of the P450cam complexes.

The motions on the hundreds of picosecond time scale

are found to be the slowest in P450cam bound to its natural

substrate, camphor, implying that the barriers to structural

fluctuations on this time scale are greatest for this complex.

In comparison, the τ2 correlation time is several times short-

er for the norcamphor complex. From a simple Eyringmodel

of kinetics,58 comparison of the longer time scale compo-

nents suggest the barriers to the corresponding structural

changes in the camphor complex are roughly 30% greater

than those in the norcamphor complex and are consistent

with optimal packing of the natural camphor substrate in the

P450cam active site. The faster dynamics of the norcamphor

FIGURE 7. Two-dimensional IR spectra of CO in P450cam bound to
camphor (left) and norcamphor (right) at two waiting times.

FIGURE 8. CLS decays and corresponding exponential fits for CO in
P450cam bound to camphor (upper) and to all substrates studied (lower).

TABLE 1. Dynamic Parameters from 2D IR Spectra and Dissociation
Constants

substrate T2 (ps) Δ1 (cm
�1) τ1 (ps) Δ2 (cm

�1) τ2 (ps) KD (μM)

camphor 4.3 ( 0.8 2.8 ( 0.3 6.8 ( 1.4 5.4 ( 0.2 370 ( 65 0.8a

camphane 7.2 ( 2.7 1.8 ( 0.3 5.5 ( 1.8 3.8 ( 0.1 300 ( 60 1.1a

adamantane 6.3 ( 0.8 2.3 ( 0.3 1.6 ( 0.6 4.1 ( 0.07 260 ( 40 50b

norbornane 7.9 ( 0.3 2.4 ( 0.5 2.2 ( 1.2 4.7 ( 0.06 230 ( 30 47a

norcamphor 4.9 ( 1.8 1.8 ( 0.1 5.8 ( 1.0 3.2 ( 0.1 110 ( 6 345a

aReference 55. bReference 47.
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complex indicate relatively low kinetic barriers among struc-

tural conformations and hence a smoother energy land-

scape. Conversely, the slower dynamics in the complex with

the natural substrate indicate relatively high barriers to

motion, leading to the picture of a more “rugged” energy

landscape.

The uniquely fast dynamics observed in the norcamphor

complex (Table 1) are particularly notable given the low

selectivity of the hydroxylation of the norcamphor sub-

strate. While 100% and 90% 50-exo hydroxylation product

are obtained from camphor and camphane, respectively,52

the activity of P450cam toward norcamphor results in only

60% of the 50-exo hydroxylation product.53 (Adamantane

and norbornane do not possess an equivalent number of

distinct carbon atoms.) The correlation between the dy-

namics of the complexes and their regioselectivities of

hydroxylation is consistent with the involvement of protein

dynamics in the selectivity of P450cam activity. While the

actual chemical reaction likely involves a low probability

incursion to a high energy state, it seems plausible that the

more rugged landscape would serve to restrict the particular

sequences of structural fluctuations that can lead to the

transition state, and thus enhance the selectivity of camphor

hydroxylation. In contrast, the smoother energy landscape

of the norcamphor complex may lead to a more permissive

trajectory to the transition state and thus allow the reaction

to proceed with “incorrect” carbon centers.

In addition, the 2D IR results suggest that the dynamics of

the complexes may influence the binding affinity, because

the dissociation constants and τ2 are also generally corre-

lated. Those substrates with smaller KD values for binding to

P450cam show longer τ2 times in the FFCFs of the substrate

complexes (Table 1). Thus the binding affinity increases with

slower dynamics. This effect is not likely due to conforma-

tional entropy changes upon binding, because more con-

strained substrate complexes should lead to greater entropic

penalties for binding. It is more likely that the higher barriers

that result in slower dynamics are due to more enthalpically

favorable interactions within the tighter complexes.

Two-dimensional IR vibrational echo spectroscopy mea-

sured dynamics in P450cam complexes on a wide range of

time scales. The complex with the natural substrate, cam-

phor, shows slower motions compared with the unnatural

substrate complexes, indicating higher barriers to protein

structural changes. The enzyme likely has evolved to opti-

mally bind camphor to restrict the structural fluctuations that

may lead to the transition state, such that hydroxylation

occurs only at a specific carbon center. Thus, overall the data

support the involvement of fast structural dynamics in en-

zyme function, and in particular, the specificity of hydroxyla-

tion by P450cam.

Similarly fast motions have been observed in other en-

zymes with spectral diffusion measurements employing

small ligand IR probes.18,59,60 Motions on the tens of pico-

seconds time scale were observed in 2D vibrational studies

of azide bound to carbonic anhydrase60 and a small mole-

cule nitrile inhibitor bound to HIV reverse transcriptase.59 In

a study of azide, a transition state analog, bound to formate

dehydrogenase in several substrate/cofactor complexes,

slower motions observed in the binary ligand complex of

formate dehydrogenase disappeared upon forming the

reactant and product ternary complexes,18 suggesting that

protein motions on fast, subnanosecond time scales might

impact enzyme molecular recognition, in accord with the

P450cam study described here.

IV. Concluding Remarks
The application of two techniques of ultrafast 2D IR vibra-

tional echo spectroscopy to the study of proteins has been

described. One method, chemical exchange spectroscopy,

was used to directly observe the interconversion between

distinct structural substates of two Mb mutants. In both

cases, conformational switching times less than 100 pswere

measured, demonstrating that basic structural changes in

proteins can occur on fast time scales.

In the second application, 2D IR vibrational echo experi-

ments were used to measure spectral diffusion, which is

directly related to protein structural fluctuations. The dy-

namics of P450cam in complex with CO and five different

substrates were discussed. The slowest components of the

fast structural fluctuations show correlations with the selec-

tivity of the activity and the binding constants of the sub-

strates with the enzyme. These results indicate that an

enzyme's fast structural fluctuations are intimately involved

in biological processes that occur on time scales that are

many orders of magnitude slower.

The applications of 2D IR spectroscopy to the measure-

ment of protein dynamics presented here used a heme-

bound CO ligand as a vibrational probe. To generalize the

methods of 2D IR spectroscopy to study dynamics of

proteins beyond those that bind small molecule ligands

and to measure the dynamics at sites throughout protein

structures, our group has begun to combine the spectros-

copic methods with the site-specific incorporation of

amino acids that bear vibrational probe groups.13,15 Azido,

cyano, and carbon-deuterium labeled amino acids can be
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introduced at specific sites in proteins to exploit their infrared

frequencies around 2000 cm�1 in a relatively transparent

region of a protein IR spectrum,13,15,61 permitting the dis-

cernment and analysis of absorption bands due single

residues in proteins. Cyanophenylalanine has been em-

ployed in 2D IR studies of peptide dynamics and folding.15

Recently, our group reported the first study of the dynamics

of a labeled amino acid, azidophenylalanine, in a full length

protein, myoglobin.13 The combination of site-specific protein

labeling and 2D IR spectroscopy promises to be a powerful

meansofunderstanding theroleofdynamics inprotein function.
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