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Heterodyned two-dimensional infrared~2D IR! spectroscopy has been used to study the amide I
vibrational dynamics of a 27-residue peptide in lipid vesicles that encompasses the transmembrane
domain of the T-cell receptor CD3z. Using 1 –13Cv18O isotope labeling, the amide I mode of the
49-Leucine residue was spectroscopically isolated and the homogeneous and inhomogeneous
linewidths of this mode were measured by fitting the 2D IR spectrum collected with a photon echo
pulse sequence. The pure dephasing and inhomogeneous linewidths are 2 and 32 cm21, respectively.
The population relaxation time of the amide I band was measured with a transient grating, and it
contributes 9 cm21 to the linewidth. Comparison of the 49-Leucine amide I mode and the amide I
band of the entire CD3z peptide reveals that the vibrational dynamics are not uniform along the
length of the peptide. Possible origins for the large amount of inhomogeneity present at the
49-Leucine site are discussed. ©2004 American Institute of Physics.@DOI: 10.1063/1.1718332#

I. INTRODUCTION

Infrared photon echoes and two-dimensional infrared
~2D IR! spectroscopy have now been used to probe the struc-
tures and dynamics of small molecules,1–3 liquids,4–7 soluble
peptides,8–12 and DNA.13 In 2D IR spectroscopy, the inten-
sities and splittings of the diagonal and cross peaks provide
the anharmonities of the potential surface. The anharmonici-
ties are sensitive to the molecular structure because they are
caused by coupling between molecular vibrational modes
and thus provide structural information.9,14–16 Furthermore,
the 2D line shapes of the peaks contain information on the
distribution of select eigenstates, the frequency fluctuations
caused by solvent and structural dynamics,17–19 and the cor-
relation between the vibrational modes.20–23 Thus a precise
understanding of the couplings and line shapes provides in-
formation on the structure and environment of the system. In
this paper, we focus on characterizing the amide I line shape
of the CD3z transmembrane peptide, reconstituted in mem-
brane vesicles using 1 –13Cv

18O isotope labeling and 2D
IR photon echo spectroscopy. We are interested in under-
standing how the frequency fluctuations that determine the
amide I line shape are correlated to the fluctuations in the
peptide structure and its heterogeneous membrane environ-
ment.

The line shapes of vibrational modes are caused by
dephasing and population relaxation.24,25 Dephasing is the
result of a static and/or dynamic environment around the

vibrational mode that subsequently alters the potential en-
ergy surface of the vibrator and hence its frequency. Fluctua-
tions in hydrogen bonding and electrostatics are common
sources of dephasing, which occur, for example, because of
fluctuations in the structures of the molecule or solvent
around the vibrational mode. As a result, the dephasing time
of vibrational modes is a sensitive indicator of the environ-
ment around that mode.

When the frequency fluctuations that cause dephasing
are static, the system is inhomogeneously broadened and the
line shape reflects the distribution of environments. In the
Kubo model, this limit leads to a Gaussian line in the linear
infrared spectrum.24 If the motions are instead very rapid, the
system is homogeneously broadened and the line shape be-
comes a Lorentzian. In general, the dynamics is more com-
plicated. For example, the time scale might be between these
two limits or might decay on several time scales, in which
case the line shape is neither Gaussian nor Lorentzian and
linear infrared spectroscopy becomes insensitive to the dy-
namics. However, infrared photon echo spectroscopy is sen-
sitive to the dynamics of the frequency fluctuations and can
be used to extract the frequency–frequency correlation func-
tion that precisely describes the dephasing.26 In photon echo
2D IR spectroscopy, the slow fluctuations can be removed
from one axis in the 2D IR spectra by rephasing the coher-
ence created by the first laser pulse, and the resulting 2D line
shape reveals the homogeneous and inhomogeneous
widths.17,27 By waiting a time before rephasing the coher-
ences, stimulated photon echoes monitor the time depen-
dence of the inhomogeneous distribution from which the cor-
relation function is extracted.28
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Few vibrational modes have been well characterized
with two-pulse and three-pulse infrared photon echoes, and
even fewer studies have been performed on peptides or pro-
tein systems. Of the systems that have been studied, the
dephasing of carbon monoxide bound to hemoglobin29,30and
azide bound to carbonic anhydrase II and hemoglobin are
classic cases.31 More similar to the work presented in this
article are the stimulated photon echo experiments on the
amide I vibrations of two small globular proteins: apamin
and ade novocyclic pentapeptide.32 In these experiments,
fluctuations in the protein backbone were monitored through
the amide I band~the carbonyl stretches!, and it was found
that the first moment of the echo signal decays on a 3–5 ps
time scale. In contrast, the first moment of a peptide with
only a single amide I mode, N-methylacetamide, decays
within 1 ps.18 These studies illustrate that the amide I line
shape contains information on the structure and dynamics of
the peptide and its environment.

The CD3z membrane peptide is one of the invariant sub-
units of the T-cell receptor and is essential for T-cell receptor
expression.33–35The human CD3z chain is 163 residues long
and its transmembrane segment~residues 31–51!, which is
a-helical, spans the membrane once~see Fig. 1!. Its structure
has been studied with multiple site-specific infrared
dichroism,33 in which specific amide I bands along the length
of the peptide are spectroscopically isolated using
1 –13Cv

18O isotope labeling and their dichroism is mea-
sured in oriented membranes using attenuated total reflection
Fourier transform infrared~ATR-FTIR! spectroscopy. The
results are consistent with a tetramer transmembrane helical
bundle with the helices oriented 12° to the membrane nor-
mal. Since the residues of CD3z span the width of the mem-
brane, amide I modes near the ends of the peptide are par-
tially solvent exposed and may hydrogen bond to the
membrane headgroups, while amide I modes near the center

of the peptide reside in a hydrophobic environment, sur-
rounded by the membrane hydrocarbon chains.

In this paper, we explore whether the heterogeneous en-
vironment of the membrane is evident in the linewidths of
the peptide amide I modes. Using 1 –13Cv

18O isotope la-
beling, we probe the vibrational dynamics of a single residue
near the end of the peptide and compare the measured dy-
namics to the line shape of the entire CD3z amide I band. We
find that this site is much more inhomogeneously broadened
than most of the amide I modes in the peptide, suggesting
that the vibrational dynamics of the amide I mode might be
used to probe the location of residues in membrane-bound
peptides.

II. EXPERIMENT

The heterodyned 2D IR spectra were collected using a
laser system described in detail previously.16 In brief, femto-
second mid-IR pulses~1.2 mJ, 150 cm21 bandwidth! were
generated by difference frequency mixing the signal and
idler beams of a Barium Borate optical parametric amplifier
in a AgGaS2 crystal. The pulses were split into three beams
k1 , k2 , andk3 and focused into the sample in a equilateral
triangle geometry. The signal was monitored in the2k1

1k21k3 phase matching direction with a fourth local oscil-
lator pulse that measured the time dependence of the emitted
signal in a balanced heterodyne detection system. All four
pulses have the same polarizations. The time delay between
pulses in the directions2k1 andk2 is t1 , betweenk2 andk3

is t2 , and betweenk3 and the local oscillator pulse ist3 . In
the experiments reported here, a two-pulse echo was per-
formed by settingt250, and the 2D IR data set was gener-
ated by collecting the heterodyned signal as a function oft3

and t1 , which were both stepped from 0 to 1800 fs in 18-fs
steps. The 2D IR spectra were generated by Fourier trans-
forming the time-domain data alongt1 and t3 . Nonresonant
signals were not observed.

Isotopically labeled membrane peptide samples were
synthesized as described previously.33 Peptide samples were
prepared in dimyristoylphosphatidylcholine~DCMP! with
both H2O and D2O as solvent. The H2O sample was pre-
pared using a protocol that produces oriented bilayers.33 This
sample was used to collect the ATR-FTIR spectrum pre-
sented below. Since the 2D IR spectra must be collected in
transmission geometry, D2O samples were necessary as well.
These were prepared by successively dissolving and drying
the peptide sample to exchange all of the solvent accessible
labile protons. The sample was then placed between two
CaF2 plates separated by 56mm and the concentration of the
lipid/D2O solution was varied to adjust the optical density of
the absorption bands. The sample prepared in this manner
produced unoriented vesicles, as confirmed with polarized
transmission FTIR. The linewidths and frequencies of the
D2O samples lie within 2 cm21 of the H2O sample, indicat-
ing that sample preparation has little effect on the vibrational
dynamics.

Because the vesicles range in size from submicron to
many microns, the membrane/peptide solution scatters the
infrared laser light. Since the purpose of this study is to
understand the frequency fluctuations of the biologically rel-

FIG. 1. Schematic representation of the CD3z peptide in the membrane
bilayer. The13Cv

18O labeled 49-Leucine is shown shaded.
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evant segment of the CD3z protein, detergents were not used
to limit the vesicle size because of the chance that the struc-
ture or dynamics of the peptide might be affected by the
detergent molecules. Rather, since the scatter was constant
over the time scale of the experiment, it was subtracted. For
the 2DIR data sets, time scans were collected for each of the
axes by setting one of the delays to 1900 fs while scanning
the other from 0 to 1800 fs. At 1900 fs, the signal is,1% of
its maximum amplitude, so that the scatter is removed by
subtracting the signal for these delays from the two axes of
the time-domain data. The scatter was negligible in the tran-
sient grating experiment described below.

III. RESULTS

ATR-FTIR and 2D IR spectra were collected for the
28–54 residue segment of the T-cell receptor CD3z. The
segment is 27 amino acids long and has the sequence
DPKLGYLLDGILFIYGVILTA *LFLRVK where *L is the
1 –13Cv

18O isotope labeled Leucine at position 49~49L!.
In this section, the linear IR, transient grating, and 2D IR
spectra of the unlabeled amide I band and the labeled 49-
Leucine amide I mode are presented.

A. Linear IR spectrum

The ATR-FTIR spectrum of the peptide in DCMP mem-
branes is shown in Fig. 2. The infrared spectra of peptides
can be correlated to the normal modes of the amide unit that
form the peptide backbone—e.g., the amide A, I, II, III, etc.,
modes.36 The amide I band is primarily due to the carbonyl
stretch of the amide unit, while the amide II is largely due to
the NH bending and CN stretching motions. These two bands
appear at 1656 and 1545 cm21 in Fig. 2, respectively. The
other amide bands lie outside of the frequency range probed
in the experiments reported here. The band at 1737 cm21 in
Fig. 2 is the ester stretch mode of the membrane headgroups.
Two smaller peaks also appear in the spectrum at 1594 and
1615 cm21. The peak at 1594 cm21 is due to the amide I
mode of the13Cv

18O isotope labeled 49L.33 Since the18O
labeling procedure is;80% efficient, not all of the peptides
are properly labeled; approximately 20% of the 49L residues
are instead13Cv

16O labeled and appear at 1615 cm1, along
with naturally abundant13Cv

16O.

B. 2D IR spectrum of the 12C amide I band

The 2D IR spectrum of the unlabeled amide I band was
generated from a pulse sequence witht250 ~e.g., a two-
pulse photon echo arrangement! and the absolute value of the
2D IR spectrum is shown in Fig. 3~a!. In this spectrum, the
center frequency of the laser was set to 1665 cm21 and the
bandwidth of the pulses spans the fundamental frequencies
of the amide I and membrane headgroup bands. Each of
these bands produce a feature in the 2D IR spectrum, cen-
tered at (v1 ,v3)5(1655 cm21, 1653 cm21) and ~1720,
1710!, respectively. The headgroup band is asymmetric in
shape, and the spectra appear to exhibit cross peaks with the
amide I band. These observations will be addressed in a later
publication. In this paper, we focus on the shape of the amide
I band that reflects the distribution of amide I eigenstates in

the helix and the dynamics of the vibrational modes. The
photon echo pulse sequence used to collect the 2D IR spec-
trum eliminates the inhomogeneous width along the
antidiagonal.9,17,18 As a result, homogeneously broadened
modes appear round in 2D IR spectra, whereas inhomoge-
neously broadened modes are elongated along the diagonal.
Thus, by simple inspection, it is clear that the amide I band is
strongly inhomogeneous.

C. 2D IR spectrum of the 13CB18O labeled 49L

The same two-pulse photon echo pulse sequence used to
collect the 2D IR spectrum of the unlabeled amide I band
was used on the13Cv

18O labeled 49L peak, shown in Fig.
3~b!. To generate this spectrum, the center frequency of the
infrared pulses was tuned to 1590 cm21. Now the pulse
bandwidth spans the amide II band~1547, 1552!, the
13Cv

18O labeled 49L mode ~1596, 1593!, and the
13Cv

16O 49L amide I mode~1624, 1618!. Cross peaks also
appear in this spectrum. The strongest cross peaks appear
between the amide II and amide I modes at~1575, 1547! and
~1556, 1586! and indicate that these two modes are coupled.
In no case are the cross peaks more than 20% of the intensity
of the 13Cv18O diagonal peaks. Cross peaks between amide
I and II modes have been observed before in a number of
peptides.1,9,11,18The 2D IR spectrum does not extend above
1630 cm21 because the optical density of the peak increases
rapidly as the frequency approaches the unlabeled amide I
band, which has an OD of;3 in this sample at 1655 cm21.
The optical density of the13Cv

18O amide I band is;0.05.
Once again, the inhomogeneous nature of the bands is

apparent from the elongation of the 2D IR spectrum. The
13Cv

18O peak is clearly inhomogeously broadened,
whereas the amide II band is more homogeneous in nature.
The dynamics of the13Cv

16O mode cannot be adequately

FIG. 2. ATR-FTIR spectrum of CD3z. The expanded region of the
13Cv

18O ~1594 cm21! and13Cv

16O ~1615 cm21! labeled amide I mode is
shown in the inset.
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assessed in this spectrum because of the attenuation at higher
wave numbers. We emphasize that the13Cv

18O peak is
now solely due to the labeled 49L residue and is not a band
of states like the12C amide I peak in Fig. 3~a!. Thus the 2D
line shape of this mode reflects the vibrational dynamics of
the single 49L amide I mode.

D. Transient grating of the 12C amide I band

A homodyne integrated transient grating experiment was
performed on the12C amide I band in order to determine the
characteristic vibrational relaxation timeT10 of the mem-
brane peptide. The signal is shown in Fig. 4~solid line! and
was collected by settingt150 and scanningt2 . A biexpo-
nential fit ~dashed line! to the signal gives time constants of
375~650! and 1150~650! fs with equal contributions. While
not as good, a single time constant of 600 fs adequately
describes the data.

IV. DISCUSSION

The 2D line shapes measured in the 2D IR spectra de-
scribed above depend on the vibrational dynamics, anharmo-
nicities, and distribution of eigenstates of the peptide. These
quantities are connected by the molecular potential that in-
cludes intramolecular couplings and solvent interactions,
among other possible forces. In this section, we outline a
Hamiltonian that accounts for intramolecular and intermo-
lecular forces in a general way. We then justify the use of a
reduced Hamiltonian to describe the dynamics of the
13Cv

18O 49L amide I mode and simulate the 2D IR spec-
trum. Finally, we end this section with a discussion of the
structural origins of the vibrational dynamics in the CD3z
membrane peptide.

A. Modeling the vibrational dynamics of 49L
as an isolated oscillator

Vibrational linewidths arise from fluctuations in the fre-
quency of the modes and the energy flow out of the
modes.24,25 In low-temperature gas-phase samples, line-
widths are usually dominated by the energy flow, or popula-
tion relaxation time, of the mode, because few collisions
occur that alter the frequencies. In condensed-phase systems,
the opposite is often true. Solvated molecules interact
strongly with nearby solvent molecules either by collisions,
electrostatics, or other mechanisms. In molecules with more
than one normal mode, the solvent can indirectly cause fre-
quency fluctuations by acting on vibrational modes coupled
to the mode of interest. Of course, structural changes in the
molecule can also cause frequency shifts. As a result, the
linewidths of condensed-phase modes contain information
on the structural and dynamical inhomogeneity of the pep-
tide and its surrounding environment.

The frequency fluctuations responsible for the 49L line
shape can have a number of origins. Solvent can directly

FIG. 3. ~Color! 2DIR spectra of the CD3z peptide.~a! 12C amide I mode at
(v1 ,v3)5(1655 cm21, 1653 cm21) and the membrane headgroup at
~1720, 1710!. ~b! 13Cv

18O amide I mode of 49L is at~1596, 1593!, the
amide II band is at~1547, 1552!, and the13Cv

16O 49L amide I mode is at
~1624, 1618!.

FIG. 4. Transient grating signal~solid! for the 12C amide I mode of the
CD3z peptide and biexponential fit~dashed!.
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influence the amide I energy, by hydrogen bonding, for ex-ample, or indirectly alter the energy through modes coupled to 49L,
such as the amide Il and12C amide I bands. Population relaxation also contributes to the linewidth, which is probably caused
by coupling to low-frequency peptide and solvent modes.8 As a consequence, the Hamiltonian that describes the 49L amide I
mode must, in principle, include the entire potential energy surface. We write the one-quantum Hamiltonian37 in the basis of
the individual amide I and amide II local modes as

H53
E49

I 2dE49
I 2 iG49

I a49,n2da49,n a49,n112da49,n11 b49,n2db49,n

a49,n2da49,n En
I 2dEn

I 2 iGn
I an,n112dan,n11 ¯ bn,n2dbn,n ¯

a49,n112da49,n11 an,n112dan,n11 En11
I 2dEn11

I 2 iGn11
I bn11,n2dbn11,n

] �

b49,n2db49,n bn,n2dbn,n bn11,n2dbn11,n En
II2dEn

II2 iGn
II

] �

4 , ~1!

whereE49
I is the energy of the 49L amide I mode,En

I are the
energies of the other 26 amide I sites,En

II are the energies of
the amide II sites,dE is the fluctuation in the energies of the
sites,a and b are the couplings between the sites, and the
fluctuation in the couplings areda and db. In this Hamil-
tonian, fluctuations in the hydrogen bonding would introduce
diagonal disorder bydEÞ0, while fluctuations in the struc-
ture would be one cause of off-diagonal disorder withdaÞ0
and/ordbÞ0. Larger conformational fluctuations that are a
result of low-frequency modes are considered to contribute
to the diagonal disorder throughdE. The lower-frequency
peptide and solvent modes are contained inG51/pT10,
which accounts for population relaxation.

From Eq.~1! it is clear that the energy of the 49L mode
depends on the other modes of the peptide. However, the
Hamiltonian for the13Cv

18O labeled 49L mode can be sim-
plified with two reasonable approximations. First, consider
that isotope labeling 49L shifts the fundamental frequency
;60 cm21 from the unlabeled amide I modes. Since
experimental12 and theoretical work38–40on the coupling be-
tween amide I modes places the largesta49,n at not more
than 10 cm21 and probably less than 6 cm21, frequency fluc-

tuations onEn
I will not shift E49

I by more than a few wave
numbers. Since it is apparent from inspection of both the
linear and 2D IR spectra that the fwhm of the13Cv

18O 49L
mode is .30 cm21, the frequency fluctuations caused by
a49,n will only contribute a few percent to the total linewidth.
Hence the isotope label isolates the labeled 49L amide I
mode from the collective fluctuations of the unlabeled helix
amide I modes. Second, 49L is not strongly coupled to the
amide II band. The presence of cross peaks in Fig. 3~b! in-
dicate that the amide I of 49L is coupled the amide II band,
but the coupling must be weak because the strongest cross
peaks are,20% of the intensity of the diagonal peaks. As-
suming Lorentzian linewidths, an anharmonicity of 14 cm21

for the amide I mode,12 and the ratio of the diagonal peak to
the cross peak, the coupling is,1.5 cm21. Thus it appears
reasonable thatb49,n will also only contribute a few percent
to the total linewidth.

Since it is unlikely that off-diagonal couplings contrib-
utes much to the linewidth, the linewidths must be mostly the
result of dE49

I and G49
I . In this situation, it is reasonable to

approximate the Hamiltonian in Eq.~1! as partially block
diagonal:

H53
E49

I 2dE49
I 2 iG49

I 0 0 0

0 En
I 2dEn

I 2 iGn
I an,n112dan,n11 ¯ bn,n2dbn,n ¯

0 an,n112dan,n11 En11
I 2dEn11

I 2 iGn11
I bn11,n2dbn11,n

] �

0 bn,n2dbn,n bn11,n2dbn11,n En
II2dEn

II2 iGn
II

] �

4 . ~2!

We cannot eliminate the possibility that the energy fluctuations of some peptide mode outside the 100-cm21 region of
frequency space probed in these experiments influences the 49L amide I energy, but it seems unlikely considering the large
energy difference. Very-low-frequency torsional modes are responsible for peptide conformational changes, and the amide I
site energy depends on the peptide structure dihedral angles,38 but these structural changes are so slow that we consider them
static and include them in the diagonal disorderdE49

I , as stated above. Thus, in the remaining subsections, we treat the labeled
49L as isolated from the other modes of the helix.
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B. Fit to the 2D IR spectrum

Having established that13Cv

18O isotope substitution
isolates the amide I vibration, we model the amide I mode of
49L as a single oscillator. Assuming Gaussian frequency
fluctuations and a linear response, the linear infrared line
shape for a single oscillator is given by24,26,41

I ~v!5S um01u2E
2`

`

e2 i ~v2v10!t2g~ t !2utu/2T10dtD , ~3!

where

g~ t !5E
0

t

dt8E
0

t8
dt9^dv10~ t9!dv10~0!&, ~4!

m01 is the amide I transition dipole,T10 is the vibrational
lifetime, v01 is the average frequency of the mode, anddv01

is the instantaneous frequency fluctuation of the mode away
from the average. In the homogeneous case, the frequency–
frequency correlation function̂dv10(t9)dv10(0)& decays
very quickly and the oscillator vibrates with the time-
averaged frequency. In the strictly inhomogeneous case
^dv10(t9)dv10(0)& does not decay, resulting in a distribution
of frequencies. In between these two limits, the inhomoge-
neous distribution evolves with time in a process known as
spectral diffusion.

While the line shapes of linear spectra contain the de-
sired information on̂ dv10(t9)dv10(0)&, quantitatively ex-
tracting the time scales from the linear spectra is not practi-
cal, because very different dynamics can sometimes cause
only subtle differences in line shape. More useful approaches
are two- and three-pulse photon echo spectroscopies that are
valuable tools for accurately measuring the frequency–
frequency correlation function.26 In photon echo spectros-
copy, the dynamics is more apparent because inhomogeneous
dynamics can be caused to rephase, creating a photon echo.
For example, in stimulated photon echo spectroscopy, three
pulses hit the sample as described in the experimental sec-
tion. In the rephasing pulse sequence, the third pulsek3 re-
verses the coherence created by the first pulsek1 , which
gives rise to the echo. If the system is homogeneous or the
inhomogeneous distribution is dynamic, the signal does not
rephase or is only partially rephased due to loss in phase
memory. By increasing the delay betweenk1 and k2—e.g.,
t2—the loss of phase memory is measured, revealing the
amount of spectral diffusion. Thus, when the frequency fluc-
tuations occur on two widely varying time scales—e.g., as
homogeneous and inhomogeneous broadening—two-pulse
photon echoes are sufficient.

Since we used a two-pulse photon echo pulse sequence
to collect the 49L 2D IR spectrum, the amide I mode inho-
mogeneity is removed from the spectrum along the antidi-
agonal. As a result, by fitting the line-narrowed spectrum, we
extract the vibrational time scales. To accomplish this, we
have modeled the 2D IR spectrum with a correlation function
that consists of an exponential decay and a static offset:

^dv~ t9!dv~0!&5D1
2e2t9/t11D0

2, ~5!

whereD0 accounts for the static inhomogeneity of the mode.
D1 andt1 describe an evolving inhomogeneous distribution,

which is in the homogeneous limit whenD1t1!1. Using an
analogous approach as described above for the linear spec-
trum, the 2D IR spectrum is calculated by Fourier transform-
ing the third-order response, which is given by

S~v3 ,v1!5E
2`

` E
2`

`

e2 i ~v1t11v3t3!2um10u4e2 iv10~ t32t1!

3~e2~ t11t3!/2T102e2~ t113t3!/2T211 iDt3!

3e22g~ t1!22g~ t3!1g~ t11t3!dt1dt3 ~6!

in the limit of d-function infrared pulses. The form ofg(t) is
given in Eqs.~4! and ~5!. In this equation, the population
relaxation times of they5120 andy5221 states are given
by T10 andT21. HereT10 was set to 600 fs in the fits, while
T215400 fs, which follows from the ratio ofT10 to T21 mea-
sured for N-methylacetamide.18 The anharmoncity isD514
cm21 as determined recently for a soluble helical peptide.12

The variablesD1 , t, andD0 in Eq. ~5! were varied until the
simulation and signal agreed. Because the 49L amide I band
overlaps with the amide II and13Cv

16O amide I bands, our
fit also includes 2D line shapes for these modes as well.
These modes were simulated with 2D IR line shapes that
followed the same functional form as Eq.~5!, but we do not
consider their parameters meaningful since the amide II band
at 1550 cm21 includes all of the amide oscillators in the helix
whereas the13Cv

16O amide I band is attenuated on the
high-energy side by the sample OD.

The simulated absolute value 2D IR spectrum obtained
from the fit is shown in Fig. 5~a!. In Figs. 6~a! and 6~b!,
slices along the diagonal and antidiagonal of the 2D IR spec-
trum are shown for the experiment~solid line! and simula-
tion ~dashed line!. The parameters used in the fit for the
13Cv

18O amide I mode of 49L are given in Table I, and the
2D IR spectrum of just this mode is simulated in Fig. 5~b!.
The inhomogeneous nature of the 49L amide I mode is
clearly reproduced by these parameters as observed in the
elongated amide I mode of the simulated 2D IR spectra. The
fit parameters give a static offset ofD052.54(60.07) ps21

and the exponential decay falls in the homogeneous limit
with D1t150.01 (D154.00 ps21, t156 fs from the fits!.
Since D1t1!1, the pure dephasing time is given byT2*
5(D1

2t1)2151063 ps. T2* is better determined than either
D1 or t1 individually, because the 2DIR spectrum measures
the homogeneous linewidth. Using Eq.~3! and the param-
eters in Table I, theT10 time contributes 9 cm21 to the 49L
linewidth @calculated by (1/2pcT10)], T2* contributes 2
cm21 ~calculated by 1/pcT2), and 32 cm21 comes from the
inhomogeneous distribution, wherec is the speed of light.
Including finite pulse widths and nonrephasing processes in
the fits changes the linewidth by less than 1 cm21.

Both two-pulse- and three-pulse-stimulated photon ech-
oes have been used to monitor the vibrational dynamics of
infrared modes.28,30 In low-temperature glasses and solids
the dynamics may lie in the Bloch limit, in which case the
inhomogeneous distribution is fixed and two-pulse photon
echoes are sufficient to quantify the timescales. Molecular
vibrations in room-temperature liquids do not generally lie in
the Bloch limit, and we expect that some portion of the in-
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homogeneous distribution, accounted for by the static offset
in Table I, may spectrally diffuse. Spectral diffusion has been
observed on the amide I bands of some soluble peptides
using stimulated echoes,32 but it was not clear whether the
observed spectral diffusion was due to the dynamic inhomo-
geneity of the sites or to structural changes causing diffusion
of the exciton frequencies. The isotope labeling approach
used here should be able to address this issue, but unfortu-
nately it was not possible to perform an integrated three-
pulse photon echo on the CD3z peptide because of scattering
from the sample. 2D IR spectroscopy could still be used to
detect and quantify the spectral diffusion of the isotope la-
beled residue by monitoring the 2D line shape as a function
of t2 time.42,43 This approach will be used at a later date to
obtain the time scales for a generalized Kubo model.49

C. Comparison to the 12C mode

In the previous subsection, the correlation function for a
single-site amide I mode in the helix was determined. The
question remains as to whether the dynamics of this particu-

lar site is representative of all the sites in the helix. On the
one hand, it might be expected that the highly helical nature
of the CD3z peptide would lead to similar dynamics through-
out the length of the helix, but on the other hand, the helix
terminates at the surface of the membrane and some number
of residues at the end of the peptide must be exposed to
solvent and the membrane headgroups. To explore these is-
sues, we compare the line shape of the 49L residue to the
amide I band of the helix. Using the parameters given in
Table I and Eqs.~3!–~5!, the line shape of the 49L amide I
mode is simulated in Fig. 7 and plotted against the experi-
mental linear spectrum of the12C amide I band. The 49L
amide I has a full width at half maximum~FWHM! of 35

FIG. 5. ~Color! ~a! Fit to the 49L 2D IR spectrum shown in Fig. 3~b!. ~b!
Simulated 2D IR spectrum of just the 49L13Cv

18O amide I mode using the
parameters listed in Table I.

FIG. 6. ~a! Diagonal slice (v5v15v3) of the experimental 49L 2D IR
spectrum~solid line! and the simulated fit~dot-dashed line!. Also shown is
the contribution of the13Cv

18O 49L line shape~dashed line!. The other
contributions are from the amide II and the attenuated amide I bands~dot-
ted!. ~b! Antidiagonal slice of the experimental~solid line! and the simulated
~dashed line! 2D IR spectra taken through the peak maximum of the
13Cv

18O amide I band.

TABLE I. Parameters used to fit the13Cv

18O amide I mode of 49-Leucine.

v D T10 T21 T2* D0

1595 cm21 14 cm21 600 fs 400 fs 1063 ps 2.5460.07 ps21
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cm21, 9 cm21 wider than the unlabeled12C amide I band~26
cm21 fwhm!. Furthermore, the diagonal width of the
13Cv18O band is wider than the CvO band in the 2DIR
spectra~Fig. 3!. In this section we develop a model to quali-
tatively interpret the line shape of the12Cv16O for compari-
son to labeled amide linewidth.

Since 49L is modeled as an independent oscillator, its
line shape is straightforward to interpret. Interpretation of the
12C amide I linewidth is not as clear cut because the coupling
between the12C amide I modes cannot be neglected. As a
result, the observed infrared transitions are the collective os-
cillations of many individual amide I vibrations and there-
fore must depend on the vibrational dynamics at each of
these sites. The one-quantum Hamiltonian for a perfectly or-
dered helix, written in the individual amide I site basis, is
given by

H5F E2dE12 iG a1 a2

a1 E2dE22 iG a1 ¯

a2 a1 E2dE32 iG

] �

G .

~7!

Equation ~7! is a special case of the general Hamiltonian
described by Eq.~1!. In a perfect helix, the coupling terms in
the Hamiltonian are periodic because of the helical symme-
try. Furthermore, the amide I modes are all equivalent and
thus have identical frequenciesE. Since we are interested in
how the frequency fluctuations of the individual sites affect
the exciton modes of the helix, we allow each site to have its
own fluctuationdEn . For the sake of simplicity, we consider
identical linewidthsG and, based on our arguments above,
we neglect the effects of coupling to the amide II and other
peptide modes—i.e.,bn,m50 in Eq. ~2!.

We identify two limits for the above Hamiltonian. First,
we consider the case where the dynamics is homogeneous in
nature. In this case, the frequency fluctuations are very fast,
and the frequency correlation function is a rapidly decaying
function. As a result,dEn;0, the linewidth is dominated by
the linewidthG, and the Hamiltonian becomes

H5F E a1 a2

a1 E a1 ¯

a2 a1 E

] �

G2 iG~ I<!, ~8!

where I< is the identity matrix. Due to the periodic nature of
the Hamiltonian, the bracketed term has an analytical solu-
tion for an infinite helix.44–46By symmetry, an infinite helix
only has three allowed infrared transitions: one transition
that is parallel to the helix axis and two degenerate modes
that are perpendicular to the helix axis. These give theA and
E bands, respectively. Fora-helices, the intensity of the par-
allel mode is much stronger than the perpendicular modes
because the angle of the amide I transition dipoles lie nearly
parallel to the helix axis. Moreover, the wave functions of
the modes are given by

uC i&5(
n

1

AN
ufn& ~9a!

and

uC'&5(
n

1

AN
exp~2p in/3.6!ufn&, ~9b!

whereufn& are the individual local-mode amide I sites cor-
responding to a single quantum of excitation,N is the num-
ber of amide I sites, and 3.6 is the number of residues per
turn of ana-helix. The energies of the parallel and perpen-
dicular bands are given by

Ei5E1(
n

a1,n , ~10a!

E'5E01(
n

a1,n cos~2pn/3.6!. ~10b!

According to Eqs.~9a! and~9b!, the individual amide I sites
all contribute equally to the exciton wave functions. The only
difference between the parallel and perpendicular modes is
the relative phases of the amide I sites. As a result, theA- and
E-allowed transitions, which are the dominant features in the
infrared spectrum of an well-formeda-helix, have the same
linewidth, given byG. If the sites have different linewidths
Gn , an average lifetime would be measured.

In the second limit, we consider the situation when the
fluctuations in the site energiesdEn are much greater than
the couplingan . In this case, the frequency shifts caused by
off-diagonal disorder are neglible compared to the disorder
created by inhomogeneities of the sites, and the Hamiltonian
reduces to

FIG. 7. Comparison of the experimental ATR-FTIR line shape of the12C
amide I band~solid line! to the simulated linear spectrum of 49L~dashed
line! using the parameters in Table I.
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H5F E2dE12 iG 0 0

0 E2dE22 iG 0 ¯

0 0 E2dE32 iG

] �

G .

~11!

Thus diagonal disorder localizes the vibrational energy onto
the sites.47 The observed amide I linewidth would then be an
average of the inhomogeneities of the individual sites, con-
voluted with the population relaxation time.

We know from our fits to the 2D IR spectrum that the
49L mode is largely inhomogeneously broadened, the inho-
mogeneity accounting for 32 cm21 of the width in the linear
spectrum~Table I!. This amount of inhomogeneity is much
larger than the coupling typically observed in helical pep-
tides ~,10 cm21; see discussion above!. As a result, if 49L
were representative of all the sites in the helix, the Hamil-
tonian for the helix would be described by Eq.~11! and the
line shape of the12C amide I band would be as wide as the
amide I of 49L. This is clearly not the case: the12C amide I
band in Fig. 7 is much narrower than 49L. Furthermore,
delocalized wave functions would not be possible if the in-
homogeneity of 49L were typical for all the sites in the pep-
tide, but other experiments find that the amide I band of
a-helical peptides is significantly delocalized.8,48 Therefore,
it is more likely that most of the amide I sites are much more
homogeneous than 49L and that delocalized excitonic wave
functions may still exist in other regions of the helix.
Whether or not this is the case, 49L cannot participate in
delocalization because of its large site disorder even when it
is unlabeled.

Regardless of the dynamics at 49L, the excitonic wave
functions described by Eq.~9! might still exist over the re-
maining amide I modes, depending on the magnitudes of the
frequency fluctuations at the remaining sites. Since the amide
I linewidth is 35 cm21, and 9 cm21 of this comes from theG,
it is reasonable to believe that site disorder in other parts of
the helix is more comparable to the coupling strengths. Fur-
ther isotope labeling studies are necessary to explore these
possibilities.

D. Structural origin of the vibrational linewidths

Membrane peptides reside in a very heterogeneous envi-
ronment. In helical transmembrane peptides like CD3z, the
helix terminates at the surface of the membrane where it can
hydrogen bond with the membrane headgroups and may be
partially exposed to the solvent. In contrast, the residues of
the helix that lie in the center of the membrane bilayer only
interact with the hydrophobic hydrocarbon chains. In this
region, water is excluded from the membrane and hydrogen
bonds do not form between the peptide and membrane. As a
result, the environment surrounding the helix and the helix
itself are considerably different for residues in the center
than near the surface of the membrane.

Considering the above factors, we expect the vibrational
dynamics to be very different for amide I modes near the
surface of the membrane than those present in the middle.
This is consistent with our observations. 49L lies in the first

turn of the helix~Fig. 1!, near the membrane headgroups,
whereas the majority of12C amide I modes lie in the hydro-
phobic region of the membrane. Considering that the site
disorderdEn is largely due to hydrogen bonding, it appears
reasonable that 49L is more inhomogeneously broadened
than the majority of the amide I site modes. Work is cur-
rently underway on ten other13Cv

18O labeled amide I resi-
dues to test this hypothesis and characterize the vibrational
dynamics along the entire length of the helix.

V. CONCLUSION

Using a combination of 1 –13Cv

18O isotope labeling
and heterodyned 2D IR spectroscopy, we have measured the
homogeneous and inhomogeneous linewidths of a single
amide I mode~49-Leucine! of the transmembrane segment
of the CD3z protein reconstituted in lipid vesicles. We be-
lieve that this is the first 2D IR study of a membrane bound
peptide. By fitting the photon echo 2D IR spectrum, we find
that the linewidth of the 49-Leucine amide I mode is mostly
due to inhomogeneous broadening. Comparison of the 49-
Leucine amide I mode to the amide I band of the entire
27-residue peptide suggests that the amide I modes of the
majority of residues in the peptide are more homogeneous
than 49-Leucine, possibly because the interior of the mem-
brane is hydrophobic and does not hydrogen bond to the
peptide. If this is true, then it may be possible to determine
the depth of residues in membrane bilayers by the 2D line
shapes of isotopically labeled residues. Since traditional
structural techniques like x-ray crystallography and NMR
spectroscopy are much more difficult to apply to membrane
proteins than they are to soluble proteins, developing alter-
native techniques to probing the structures and dynamics of
membrane systems is of the utmost importance.
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