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Heterodyned two-dimensional infrarédD IR) spectroscopy has been used to study the amide |
vibrational dynamics of a 27-residue peptide in lipid vesicles that encompasses the transmembrane
domain of the T-cell receptor C23Using 1-*C="180 isotope labeling, the amide | 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,32smectively.

The population relaxation time of the amide | band was measured with a transient grating, and it
contributes 9 cm? to the linewidth. Comparison of the 49-Leucine amide | mode and the amide |
band of the entire CDB3peptide 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. ZD04 American Institute of Physic$DOI: 10.1063/1.1718332

I. INTRODUCTION vibrational mode that subsequently alters the potential en-
ergy surface of the vibrator and hence its frequency. Fluctua-
Infrared photon echoes and two-dimensional infraredions in hydrogen bonding and electrostatics are common
(2D IR) spectroscopy have now been used to probe the strugources of dephasing, which occur, for example, because of
tures and dynamics of small molecufegjiquids,*~" soluble  fluctuations in the structures of the molecule or solvent
peptide$~*?and DNA™ In 2D IR spectroscopy, the inten- around the vibrational mode. As a result, the dephasing time
sities and splittings of the diagonal and cross peaks providef vibrational modes is a sensitive indicator of the environ-
the anharmonities of the potential surface. The anharmoniciment around that mode.
ties are sensitive to the molecular structure because they are When the frequency fluctuations that cause dephasing
caused by coupling between molecular vibrational modesyre static, the system is inhomogeneously broadened and the
and thus provide structural informatidit?~*° Furthermore,  line shape reflects the distribution of environments. In the
the 2D line shapes of the peaks contain information on th&ubo model, this limit leads to a Gaussian line in the linear
distribution of select eigenstates, the frequency fluctuationtfrared spectrum? If the motions are instead very rapid, the
caused by solvent and structural dynantics?and the cor-  system is homogeneously broadened and the line shape be-
relation between the vibrational mod@s? Thus a precise comes a Lorentzian. In general, the dynamics is more com-
understanding of the couplings and line shapes provides irplicated. For example, the time scale might be between these
formation on the structure and environment of the system. Inwo limits or might decay on several time scales, in which
this paper, we focus on characterizing the amide | line shapease the line shape is neither Gaussian nor Lorentzian and
of the CDJ transmembrane peptide, reconstituted in memyinear infrared spectroscopy becomes insensitive to the dy-
brane vesicles using *C="%0 isotope labeling and 2D namics. However, infrared photon echo spectroscopy is sen-
IR photon echo spectroscopy. We are interested in undesitive to the dynamics of the frequency fluctuations and can
standing how the frequency fluctuations that determine thée used to extract the frequency—frequency correlation func-
amide | line shape are correlated to the fluctuations in theion that precisely describes the dephasihim photon echo
peptide structure and its heterogeneous membrane enviropp IR spectroscopy, the slow fluctuations can be removed
ment. from one axis in the 2D IR spectra by rephasing the coher-
The line shapes of vibrational modes are caused bgnce created by the first laser pulse, and the resulting 2D line
dephasing and population relaxatiif> Dephasing is the shape reveals the homogeneous and inhomogeneous
result of a static and/or dynamic environment around theyidths!’?” By waiting a time before rephasing the coher-
ences, stimulated photon echoes monitor the time depen-
dauthor to whom correspondence should be addressed. Electronic maiF.jence of the inhomOgeneous distribution from which the cor-
zanni@chem.wisc.edu relation function is extractetf.
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of the peptide reside in a hydrophobic environment, sur-
HZN_ rounded by the membrane hydrocarbon chains.
In this paper, we explore whether the heterogeneous en-
Extracellular G vironment of the membrane is evident in the linewidths of

the peptide amide | modes. Using ¢ =120 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 G28nide | band. We

find that this site is much more inhomogeneously broadened
than most of the amide | modes in the peptide, suggesting
that the vibrational dynamics of the amide | mode might be
used to probe the location of residues in membrane-bound

peptides.
R Il. EXPERIMENT
Intracellular The heterodyned 2D IR spectra were collected using a
laser system described in detail previou$lyn brief, femto-
—COOH second mid-IR pulsel.2 uJ, 150 cm® bandwidth were

generated by difference frequency mixing the signal and
FIG. 1. Schematic representation of the GDEeptide in the membrane idler beams of a Barium Borate optical parametric amplifier
bilayer. The'C=""0 labeled 49-Leucine is shown shaded. in a AgGas$ crystal. The pulses were split into three beams
kq, ko, andksz and focused into the sample in a equilateral
triangle geometry. The signal was monitored in the;
+k,+ k3 phase matching direction with a fourth local oscil-
Few vibrational modes have been well characterizedator pulse that measured the time dependence of the emitted
with two-pulse and three-pulse infrared photon echoes, ansgignal in a balanced heterodyne detection system. All four
even fewer studies have been performed on peptides or prpulses have the same polarizations. The time delay between
tein systems. Of the systems that have been studied, thmilses in the directions k; andk, is t;, betweerk, andks
dephasing of carbon monoxide bound to hemoglitbihand  is t,, and betweetk; and the local oscillator pulse ts. In
azide bound to carbonic anhydrase Il and hemoglobin aréhe experiments reported here, a two-pulse echo was per-
classic case¥. More similar to the work presented in this formed by setting,=0, and the 2D IR data set was gener-
article are the stimulated photon echo experiments on thated by collecting the heterodyned signal as a functioty of
amide | vibrations of two small globular proteins: apaminandt,, which were both stepped from 0 to 1800 fs in 18-fs
and ade novocyclic pentapeptidé? In these experiments, steps. The 2D IR spectra were generated by Fourier trans-
fluctuations in the protein backbone were monitored througtiorming the time-domain data alorig andt;. Nonresonant
the amide | bandthe carbonyl stretchgsand it was found signals were not observed.
that the first moment of the echo signal decays on a 3-5 ps Isotopically labeled membrane peptide samples were
time scale. In contrast, the first moment of a peptide withsynthesized as described previouSl{eptide samples were
only a single amide | mode, N-methylacetamide, decaygrepared in dimyristoylphosphatidylcholind®CMP) with
within 1 ps?® These studies illustrate that the amide | line both H,O and DO as solvent. The 50 sample was pre-
shape contains information on the structure and dynamics gdared using a protocol that produces oriented bilay&Téis
the peptide and its environment. sample was used to collect the ATR-FTIR spectrum pre-
The CDZ membrane peptide is one of the invariant sub-sented below. Since the 2D IR spectra must be collected in
units of the T-cell receptor and is essential for T-cell receptotransmission geometry, J® samples were necessary as well.
expressior>~**The human CD3chain is 163 residues long These were prepared by successively dissolving and drying
and its transmembrane segmérgsidues 31-51 which is  the peptide sample to exchange all of the solvent accessible
a-helical, spans the membrane orisee Fig. 1 Its structure labile protons. The sample was then placed between two
has been studied with multiple site-specific infraredCaF plates separated by %6n and the concentration of the
dichroism?3 in which specific amide | bands along the length lipid/D,0 solution was varied to adjust the optical density of
of the peptide are spectroscopically isolated usinghe absorption bands. The sample prepared in this manner
1-¥c =180 isotope labeling and their dichroism is mea- produced unoriented vesicles, as confirmed with polarized
sured in oriented membranes using attenuated total reflectidcransmission FTIR. The linewidths and frequencies of the
Fourier transform infrared ATR-FTIR) spectroscopy. The D,O samples lie within 2 cm® of the H,O sample, indicat-
results are consistent with a tetramer transmembrane helicalg that sample preparation has little effect on the vibrational
bundle with the helices oriented 12° to the membrane nordynamics.
mal. Since the residues of CP3pan the width of the mem- Because the vesicles range in size from submicron to
brane, amide | modes near the ends of the peptide are parany microns, the membrane/peptide solution scatters the
tially solvent exposed and may hydrogen bond to theinfrared laser light. Since the purpose of this study is to
membrane headgroups, while amide | modes near the centanderstand the frequency fluctuations of the biologically rel-
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evant segment of the CI@®rotein, 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 constan 2
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 signaki§% of
its maximum amplitude, so that the scatter is removed by 8
subtracting the signal for these delays from the two axes of €
. . L 0
the time-domain data. The scatter was negligible in the tran- 2
sient grating experiment described below.

3.5
[V )

2.5
i

membrane

Ill. RESULTS

ATR-FTIR and 2D IR spectra were collected for the
28-54 residue segment of the T-cell receptor €DBhe
segment is 27 amino acids long and has the sequence . ) )
DPKLGYLLDGILFIYGVILTA *LFLRVK where *L is the 1550 1650 17.50
1-13c="80 isotope labeled Leucine at position 449L). @(ecm-1)

In this section, the linear IR, transient grating, and 2D IR

spectra of the unlabeled amide | band and the labeled 4%G. 2. ATR-FTIR spectrum of CD3 The expanded region of the
Leucine amide | mode are presented. Bc =0 (1594 cm?) and*3C =1%0 (1615 cm'!) labeled amide | mode is
shown in the inset.

13¢=180 amidel
1 3C=160 amide |

©
[~

A. Linear IR spectrum

The ATR-FTIR spectrum of the peptide in DCMP mem- the helix and the dynamics of the vibrational modes. The
branes is shown in Fig. 2. The infrared spectra of peptidephoton echo pulse sequence used to collect the 2D IR spec-
can be correlated to the normal modes of the amide unit thdtum eliminates the inhomogeneous width along the
form the peptide backbone—e.g., the amide A, 1, I, lll, etc.,antidiagonal*’*® As a result, homogeneously broadened
modes>® The amide | band is primarily due to the carbonyl modes appear round in 2D IR spectra, whereas inhomoge-
stretch of the amide unit, while the amide Il is largely due toneously broadened modes are elongated along the diagonal.
the NH bending and CN stretching motions. These two band$hus, by simple inspection, it is clear that the amide | band is
appear at 1656 and 1545 chin Fig. 2, respectively. The strongly inhomogeneous.
other amide bands lie outside of the frequency range probed
in the experiments reported here. The band at 1737'dm  C. 2D IR spectrum of the 3C="280 labeled 49L
Fig. 2 is the ester stretch mode of the membrane headgroups.

: The same two-pulse photon echo pulse sequence used to
Two smaller peaks also appear in the spectrum at 1594 ancdollect the 2D IR spectrum of the unlabeled amide | band
1615 cm . The peak at 1594 cnt is due to the amide | P

mode of the'3C—1%0 isotope labeled 492 Since the!®o o> used on thégcélso labeled 491 peak, shown in Fig.
labeling procedure is-80% efficient, not all of the peptides 3(b). To generate this spectrum, the center frequency of the

are properly labeled; approximately 20% of the 49L residuemfrareoI pulses was tuned to 1590 cin Now the pulse

Dandwidth spans the amide Il band547, 1552, the
are instead®C—="1%0 labeled and appear at 1615%ralong 13~ 1s b ’
with naturally abundant’c—160. C=""0 labeled 49L mode (1596, 1593 and the

13¢ =150 49L amide | mod€1624, 1618 Cross peaks also
appear in this spectrum. The strongest cross peaks appear
between the amide Il and amide | mode$1&75, 1547 and

The 2D IR spectrum of the unlabeled amide | band wag1556, 1586 and indicate that these two modes are coupled.
generated from a pulse sequence witk=0 (e.g., a two- In no case are the cross peaks more than 20% of the intensity
pulse photon echo arrangemgeand the absolute value of the of the *C="0 diagonal peaks. Cross peaks between amide
2D IR spectrum is shown in Fig.(8. In this spectrum, the | and Il modes have been observed before in a number of
center frequency of the laser was set to 1665 tiand the peptides:®'*8The 2D IR spectrum does not extend above
bandwidth of the pulses spans the fundamental frequenciek630 cm ! because the optical density of the peak increases
of the amide | and membrane headgroup bands. Each aépidly as the frequency approaches the unlabeled amide |
these bands produce a feature in the 2D IR spectrum, ceand, which has an OD of3 in this sample at 1655 cni.
tered at fv;,w3)=(1655cm?t, 1653 cm?) and (1720, The optical density of th&3C=1'%0 amide | band is~0.05.
1710, respectively. The headgroup band is asymmetric in  Once again, the inhomogeneous nature of the bands is
shape, and the spectra appear to exhibit cross peaks with thpparent from the elongation of the 2D IR spectrum. The
amide | band. These observations will be addressed in a laté!C—'%0 peak is clearly inhomogeously broadened,
publication. In this paper, we focus on the shape of the amidevhereas the amide Il band is more homogeneous in nature.
| band that reflects the distribution of amide | eigenstates ifThe dynamics of thé3C—1%0 mode cannot be adequately

B. 2D IR spectrum of the ?C amide | band
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15 - IV. DISCUSSION
w
-1 40 The 2D line shapes measured in the 2D IR spectra de-
scribed above depend on the vibrational dynamics, anharmo-
E 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-
FIG. 3. (Color) 2DIR spectra of the CDBpeptide.(a) C amide | mode at lecular forces ina _genera| way. We then justify the use of a
(w,,05)=(1655cm?, 1653 cm?) and the membrane headgroup at reduced Hamiltonian to describe the dynamics of the
(1720, 1710. (b) *C="%0 amide | mode of 49L is at1596, 1593 the ~ ¥C =180 49L amide | mode and simulate the 2D IR spec-
amide Il band is at1547, 1552, and the"*C="%0 49L amide | mode is at  trym. Finally, we end this section with a discussion of the
(1624, 1618 structural origins of the vibrational dynamics in the GD3
membrane peptide.

1520 1560 1600 1640
s(cm=1)

A. Modeling the vibrational dynamics of 49L
assessed in this spectrum because of the attenuation at higleeran isolated oscillator
wave numbers. We emphasize that tHe =0 peak is
now solely due to the labeled 49L residue and is not a ban
of states like thé?C amide | peak in Fig. @). Thus the 2D
line shape of this mode reflects the vibrational dynamics o
the single 49L amide | mode.

Vibrational linewidths arise from fluctuations in the fre-

auency of the modes and the energy flow out of the
odes’*?® In low-temperature gas-phase samples, line-

f/]\jidths 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

A homodyne integrated transient grating experiment washan one normal mode, the solvent can indirectly cause fre-
performed on thé?C amide | band in order to determine the quency fluctuations by acting on vibrational modes coupled
characteristic vibrational relaxation timg;, of the mem- to the mode of interest. Of course, structural changes in the
brane peptide. The signal is shown in Fig(stlid line) and  molecule can also cause frequency shifts. As a result, the
was collected by setting;=0 and scannind,. A biexpo- linewidths of condensed-phase modes contain information
nential fit (dashed lingto the signal gives time constants of on the structural and dynamical inhomogeneity of the pep-
375*=50) and 1150+50) fs with equal contributions. While tide and its surrounding environment.
not as good, a single time constant of 600 fs adequately The frequency fluctuations responsible for the 49L line
describes the data. shape can have a number of origins. Solvent can directly

D. Transient grating of the  *2C amide | band
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influence the amide | energy, by hydrogen bonding, for ex-ample, or indirectly alter the energy through modes coupled to 49L,
such as the amide Il andC amide | bands. Population relaxation also contributes to the linewidth, which is probably caused
by coupling to low-frequency peptide and solvent motias.a consequence, the Hamiltonian that describes the 49L amide |
mode must, in principle, include the entire potential energy surface. We write the one-quantum Hamlliortlae basis of

the individual amide | and amide Il local modes as

[ Elg= 9Eig—ilg

Agon— 50149,n

1849;1_ 5,849;1

whereE) is the energy of the 49L amide | modg,, are the

p9n— 5“49,n
E,— 6E,—iT}

,Bn,n_ 6ﬁn,n

Qagp1~ Oagni1

Ann+1— 5an,n+l

Xaon+1— 5“49,n+1 Ann+1— 5an,n+1 EL+1_ 5E:1+1_ i F:1+1

Bn+l,n_ 5Bn+l,n

ﬁ49,n_ 5ﬁ49,n
,Bn,n_ 5Bn,n
Bn+1,n_ 5ﬂn+1,n

Eh—SEL—iT]

D

tuations onE!, will not shift E},g by more than a few wave

energies of the other 26 amide | sit§${, are the energies of numbers. Since it is apparent from inspection of both the
the amide Il sitesgE is the fluctuation in the energies of the linear and 2D IR spectra that the fwhm of the€ =180 49L
sites, @ and B are the couplings between the sites, and themode is>30 cm !, the frequency fluctuations caused by

fluctuation in the couplings aréa and §B. In this Hamil-

a9, Will only contribute a few percent to the total linewidth.

tonian, fluctuations in the hydrogen bonding would introduceHence the isotope label isolates the labeled 49L amide |

diagonal disorder byE +# 0, while fluctuations in the struc-
ture would be one cause of off-diagonal disorder wit-0

mode from the collective fluctuations of the unlabeled helix
amide | modes. Second, 49L is not strongly coupled to the

and/or 58#0. Larger conformational fluctuations that are aamide Il band. The presence of cross peaks in Fig) B-
result of low-frequency modes are considered to contributelicate that the amide | of 49L is coupled the amide Il band,
to the diagonal disorder througbE. The lower-frequency but the coupling must be weak because the strongest cross

peptide and solvent modes are containedl'is 1/7 T4,

which accounts for population relaxation.

that isotope labeling 49L shifts the fundamental frequency

peaks are<20% of the intensity of the diagonal peaks. As-

suming Lorentzian linewidths, an anharmonicity of 14 ¢m
From Eq.(1) it is clear that the energy of the 49L mode for the amide | modé? and the ratio of the diagonal peak to
depends on the other modes of the peptide. However, thie cross peak, the coupling 1.5 cmi . Thus it appears
Hamiltonian for the"C =20 labeled 49L mode can be sim- reasonable thgB,s,, will also only contribute a few percent
plified with two reasonable approximations. First, considerto the total linewidth.

Since it is unlikely that off-diagonal couplings contrib-

~60 cm® from the unlabeled amide | modes. Since utes much to the linewidth, the linewidths must be mostly the

experimentdf and theoretical wor¥~*°on the coupling be-
tween amide | modes places the largegp, at not more
than 10 cm* and probably less than 6 ¢rh frequency fluc-

[ Elg 0E4g—ilg
0
0

0
El—SE. —iT}

0

Ann+1— 5an,n+l

| | !
anni1~0nns1 Eqpg—6Eq—il

Bn,n_éﬁn,n

,Bn+ in— 5,3n+ in

0
Bn,n_ 5:8n,n
,8n+1,n_ 5,8n+1,n

El—6EN—ir!

result of SE},g andT'}g. In this situation, it is reasonable to
approximate the Hamiltonian in Edql) as partially block
diagonal:

)

We cannot eliminate the possibility that the energy fluctuations of some peptide mode outside the 10@gion of
frequency space probed in these experiments influences the 49L amide | energy, but it seems unlikely considering the large
energy difference. Very-low-frequency torsional modes are responsible for peptide conformational changes, and the amide |
site energy depends on the peptide structure dihedral afighes these structural changes are so slow that we consider them
static and include them in the diagonal disord&l,q, 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 which is in the homogeneous limit whexy, 7;<1. Using an
Having established thaC—1%0 isotope substitution analogous approach as described above for the linear spec-
isolates the amide | vibration, we model the amide | mode ofrum, the 2D IR spectrum is calculated by Fourier transform-

49L as a single oscillator. Assuming Gaussian frequenq'}qg the third-order response, which is given by
fluctuations and a linear response, the linear infrared line

shape for a single oscillator is given y°®*! S(wz,wl):J f e ilottitostap|  14e-i010ts—ty)
(w)= |'“01|2f g (@-w1t=g(O—[t2Toq¢ | 3 X (e~ (1t 1a)/2T10_ g (t1+313)/2To HiAty)
—29(ty) —29(t3) +g(ty +t3)
where X e~ 20t ~20(t9) * 9l )it it ©)

N R " in the limit of &function infrared pulses. The form gft) is
g(t)—fodt fo dt’{Sw1g(t") Sw1o(0)), (4) given in Egs.(4) and (5). In this equation, the population
_ _ -~ _ _ o relaxation times of the=1—0 andv=2—1 states are given
Koy IS the a.mlde | transition dipol€eT g is the vibrational by T,oandT,;. Here T, was set to 600 fs in the fits, while
lifetime, wo, is the average frequency of the mode, @ah,  T,,=400fs, which follows from the ratio 6F ;o to T,; mea-
is the instantaneous frequency fluctuation of the mode away,red for N-methylacetamid€.The anharmoncity i\ =14
from the average. In the homogeneous case, the frequencym~1 a5 determined recently for a soluble helical peptfe.
frequency correlation functio{ dw,o(t") dw1o(0)) decays  The variablest,, 7, andA, in Eq. (5) were varied until the
very quickly and the oscillator vibrates with the time- simylation and signal agreed. Because the 49L amide | band
averaged frequency. In the strictly |n.homoger_1eo_us Casgyerlaps with the amide Il ant’C=1%0 amide | bands, our
(Sw19(t") 6w19(0)) does not decay, resulting in a distribution fit also includes 2D line shapes for these modes as well,
of frequencies. In between these two limits, the inhomogeThese modes were simulated with 2D IR line shapes that
neous distribution evolves with time in a process known asgjiowed the same functional form as E@), but we do not
spectral diffusion. _ _ consider their parameters meaningful since the amide Il band
_ While the line shapes of linear spectra contain the degt 1550 cm ' includes all of the amide oscillators in the helix
sired information on(dwyo(t”) Sw1¢(0)), quantitatively ex-  \vhereas the'3C—160 amide | band is attenuated on the
tracting the time scales from the linear spectra is not praCtihigh-energy side by the sample OD.
cal, because very different dynamics can sometimes cause Tne simulated absolute value 2D IR spectrum obtained
only subtle differences in line shape. More useful approachegom the fit is shown in Fig. &). In Figs. §a) and Gb),
are two- and three-pulse photon echo spectroscopies that afces along the diagonal and antidiagonal of the 2D IR spec-
valuable tools for accurately measuring the frequency—rym are shown for the experimetgolid line) and simula-
frequency correlation functioff. In photon echo spectros- tion (dashed ling The parameters used in the fit for the
copy, the dynamics is more apparent because inhomogeneow: 180 gmide | mode of 49L are given in Table I, and the
dynamics can be caused to rephase, creating a photon echy |R spectrum of just this mode is simulated in Figh)s
For example, in stimulated photon echo spectroscopy, thréghe inhomogeneous nature of the 49L amide | mode is
pulses hit the sam_ple as described in the experlmental SeEtearly reproduced by these parameters as observed in the
tion. In the rephasing pulse sequence, the third pkisee-  g|ongated amide | mode of the simulated 2D IR spectra. The
vclerses.the coherence created by thg first plsewhich it parameters give a static offset af,=2.54(+0.07) ps*
gives rise to the echo. If the system is homogeneous or thgng the exponential decay falls in the homogeneous limit
inhomogeneous distribution is dynamic, the signal does nojith A;7,=0.01 (A,=4.00ps?t, 7,=6fs from the fit3.
rephase or i§ only partially rephased due to loss in phaSSinceAlrl<1, the pure dephasing time is given By
memory. By increasing the delay betwelepandk;—e.g.,  =(A27)~1=10+3 ps. T} is better determined than either
to—the loss of phase memory is measured, revealing thg | or 7, individually, because the 2DIR spectrum measures
amount of spectral diffusion. Thus, when the frequency flucype homogeneous linewidth. Using E@) and the param-
tuations occur on two widely varying time scales—e.g., aSters in Table I, thd y, time contributes 9 it to the 49L
homogeneous and mh_o_mogeneous broadening—two-pulsg,e\width [calculated by (1/2cT,g)], T% contributes 2
photon echoes are sufficient. cm ! (calculated by H#cT,), and 32 cm® comes from the
Since we used a two-pulse photon echo pulse sequenggnomogeneous distribution, wheteis the speed of light.
to collect the 49L 2D IR spectrum, the amide | mode inho-|nclyding finite pulse widths and nonrephasing processes in
mogeneity is removed from the spectrum along the antidiype fits changes the linewidth by less than 1¢m
agonal. As a 'resu!t, by fiFting the line-narrowed spectrum, we  Both two-pulse- and three-pulse-stimulated photon ech-
extract the vibrational time scales. To accomplish this, Weyes have been used to monitor the vibrational dynamics of
have modeled the 2D IR spectrum with a correlation functionnfared mode28 In low-temperature glasses and solids
that consists of an exponential decay and a static offset: o dynamics may lie in the Bloch limit, in which case the
So(t") S(0))=A2e~UIm+ AZ 5 inhomogeneous'Qistribution is.fixed apd two-pulse photon
(d0(t")00(0))=A] 0 © echoes are sufficient to quantify the timescales. Molecular
whereA, accounts for the static inhomogeneity of the mode.vibrations in room-temperature liquids do not generally lie in
A, and 7, describe an evolving inhomogeneous distribution,the Bloch limit, and we expect that some portion of the in-
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(3 (em-1) FIG. 6. (a) Diagonal slice (=w,=ws) of the experimental 49L 2D IR

. N spectrum(solid line) and the simulated fitdot-dashed ling Also shown is
FIG. 5. (Colon) (@) Fit to the 49L 2D IR spectrum shown in Fig(t8. (b) the contribution of the"3C =10 49L line shapgdashed ling The other

: . s . ‘

Simulated 2?. IR spectrulm of just the 481C =0 amide I mode using the ;i tions are from the amide Il and the attenuated amide | batuts

parameters listed in Table I. ted). (b) Antidiagonal slice of the experiment@olid line) and the simulated
(dashed ling 2D IR spectra taken through the peak maximum of the
3¢ —=1%0 amide | band.

homogeneous distribution, accounted for by the static offset

in Table I, may spectrally diffuse. Spectral diffusion has been | _ ¢ all the sites in the heli h

observed on the amide | bands of some soluble peptide&’ s;’:e '3 r_epre_zsr?n:)anve ora dt ﬁ 5|tre]s ;? thle hel'lx. lOn the

using stimulated echod® but it was not clear whether the ©N€ hand, it might be expected that the highly helical nature

observed spectral diffusion was due to the dynamic inhomo®f theé CDI peptide would lead to similar dynamics through-

geneity of the sites or to structural changes causing diffusioQUt the length of the helix, but on the other hand, the helix
of the exciton frequencies. The isotope labeling approacﬁerm'”ates at the surface of the membrane and some number

used here should be able to address this issue, but unfort@f residues at the end of the peptide must be exposed to

nately it was not possible to perform an integrated threeSolvent and the membrane headgroups. To explore these is-

pulse photon echo on the CDBeptide because of scattering SUES: We compare the line shape of the 49L residue to the
from the sample. 2D IR spectroscopy could still be used tgmide | band of the helix. Using the parameters given in
detect and quantify the spectral diffusion of the isotope la-12PIe | and Egs(3)—(5), the line shape of the 49L amide |

beled residue by monitoring the 2D line shape as a functiof’0de is simulated in Fig. 7 and plotted against the experi-
of t, time*243 This approach will be used at a later date tomental linear spectrum of th¥C amide | band. The 49L

obtain the time scales for a generalized Kubo médel. amide | has a full width at half maximurtFWHM) of 35

_ . 1 . i .
C. Comparison to the *2C mode TABLE |. Parameters used to fit tHéC =80 amide | mode of 49-Leucine.

In the previous subsection, the correlation function for a® A Tio T T Ao
single-site amide | mode in the helix was determined. Theisgs ci! 14 cm 600fs 400fs 183 ps 2.54:0.07 pst
guestion remains as to whether the dynamics of this particu=
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. 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 resultgE,~0, the linewidth is dominated by

the linewidthI’, and the Hamiltonian becomes

3.0

E aq (2%

2.0

H= S T ®)

1.0

where lis the identity matrix. Due to the periodic nature of
the Hamiltonian, the bracketed term has an analytical solu-
tion for an infinite helix**~¢ By symmetry, an infinite helix
only has three allowed infrared transitions: one transition

Absorbance (Arb. Units)

F -

OLlwz’ ] that is parallel to the helix axis and two degenerate modes
1610 1630 1650 1670 1696 that are perpendicular to the helix axis. These giveAland
(D(cm-1) E bands, respectively. Far-helices, the intensity of the par-

_ _ _ allel mode is much stronger than the perpendicular modes
FIG. 7. Comparison of the experimental ATR-FTIR line shape of'fi®  pacayse the angle of the amide | transition dipoles lie nearly
amide | band(solid ling) to the simulated linear spectrum of 49tashed llel to the heli is. M th f ti f
line) using the parameters in Table I, parallel to the helix axis. Moreover, the wave functions o

the modes are given by

1
cm %, 9 cm  wider than the unlabeletfC amide | band26 |‘I’n>:; \/_N|¢n> (9a
cm ! fwhm). Furthermore, the diagonal width of the
1%c="%0 band is wider than the=€0 band in the 2DIR g4
spectraFig. 3. In this section we develop a model to quali-
tatively interpret the line shape of thé&C=%0 for compari- 1
son to labeled amide linewidth. W, )= —exp(27in/3.6)| by, (9b)
Since 49L is modeled as an independent oscillator, its m N

line shape is straightforward to interpret. Interpretation of the
12C amide | linewidth is not as clear cut because the couplin

between the’’C amide | modes cannot be neglected. As
result, the observed infrared transitions are the collective
cillations of many individual amide | vibrations and there-

fore must depend on the vibrational dynamics at each o
these sites. The one-quantum Hamiltonian for a perfectly or-

here|¢,) are the individual local-mode amide | sites cor-
esponding to a single quantum of excitatidhjs the num-
c)@er of amide | sites, and 3.6 is the number of residues per
turn of ana-helix. The energies of the parallel and perpen-
gicular bands are given by

dered helix, written in the individual amide | site basis, is EH:E+E arp, (103
given by n

E_ 5E1_|F aq Ao
) o E— SE,—iT o EL—E0+; a1, 08 27mn/3.6). (10b)

a, a E—-06E;—il , L . .
. According to Egs(9a and(9b), the individual amide | sites

all contribute equally to the exciton wave functions. The only
(7 difference between the parallel and perpendicular modes is
Equation(7) is a special case of the general Hamiltonianthe relative phases of the amide | sites. As a resultAthend
described by Eq(1). In a perfect helix, the coupling terms in E-allowed transitions, which are the dominant features in the
the Hamiltonian are periodic because of the helical symmeinfrared spectrum of an well-formeg-helix, have the same
try. Furthermore, the amide | modes are all equivalent andinewidth, given byT'. If the sites have different linewidths
thus have identical frequenci&s Since we are interested in I',, an average lifetime would be measured.
how the frequency fluctuations of the individual sites affect  In the second limit, we consider the situation when the
the exciton modes of the helix, we allow each site to have itdluctuations in the site energie3t,, are much greater than
own fluctuationsE,, . For the sake of simplicity, we consider the couplinga,. In this case, the frequency shifts caused by
identical linewidthsI" and, based on our arguments above,off-diagonal disorder are neglible compared to the disorder
we neglect the effects of coupling to the amide Il and othercreated by inhomogeneities of the sites, and the Hamiltonian
peptide modes—i.eB, n=0 in Eq.(2). reduces to

Downloaded 16 May 2004 to 132.64.1.37. Redistribution subject to AIP license or copyright, see http://jcp.aip.org/jcp/copyright.jsp



J. Chem. Phys., Vol. 120, No. 21, 1 June 2004 Dynamics of the CD3{ membrane peptide 10223

E—-SE,—ill 0 0 turn of the helix(Fig. 1), near the membrane headgroups,
0 E— SE.—iT 0 whereas the majority 0fC amide | modes lie in the hydro-
H= 2 phobic region of the membrane. Considering that the site

0 0 E—6E3—il ' disorderSE,, is largely due to hydrogen bonding, it appears
: : reasonable that 49L is more inhomogeneously broadened
(11)  than the majority of the amide | site modes. Work is cur-
Jently underway on ten othéfC =180 labeled amide | resi-

Thus diagonal disorder localizes the vibrational energy ontd 1o test this hvbothesi d ch terize the vibrational
the site” The observed amide | linewidth would then be an§1€S 10 test this NYPoesis and characterize the vibrationa
dynamics along the entire length of the helix.

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 V. CONCLUSION
49L mode is largely inhomogeneously broadened, the inho-  Using a combination of 13C="80 isotope labeling
mogeneity accounting for 32 ch of the width in the linear  and heterodyned 2D IR spectroscopy, we have measured the
spectrum(Table )). This amount of inhomogeneity is much homogeneous and inhomogeneous linewidths of a single
larger than the coupling typically observed in helical pep-amide | mode(49-Leucing of the transmembrane segment
tides (<10 cnm %; see discussion abokeAs a result, if 49L  of the CDX protein reconstituted in lipid vesicles. We be-
were representative of all the sites in the helix, the HamilHieve that this is the first 2D IR study of a membrane bound
tonian for the helix would be described by H41) and the peptide. By fitting the photon echo 2D IR spectrum, we find
line shape of thé“C amide | band would be as wide as the that the linewidth of the 49-Leucine amide | mode is mostly
amide | of 49L. This is clearly not the case: tH€ amide |  due to inhomogeneous broadening. Comparison of the 49-
band in Fig. 7 is much narrower than 49L. Furthermore, eucine amide | mode to the amide | band of the entire
delocalized wave functions would not be possible if the in-27-residue peptide suggests that the amide | modes of the
homogeneity of 49L were typical for all the sites in the pep-majority of residues in the peptide are more homogeneous
tide, but other experiments find that the amide | band ofhan 49-Leucine, possibly because the interior of the mem-
a-helical peptides is significantly delocaliz&& Therefore, prane is hydrophobic and does not hydrogen bond to the
it is more likely that most of the amide | sites are much morepeptide. If this is true, then it may be possible to determine
homogeneous than 49L and that delocalized excitonic wavghe depth of residues in membrane bilayers by the 2D line
functions may still exist in other regions of the heliX. shapes of isotopically labeled residues. Since traditional
Whether or not this is the case, 49L cannot participate irstructural techniques like x-ray crystallography and NMR
delocalization because of its large site disorder even when Bpectroscopy are much more difficult to apply to membrane
is unlabeled. proteins than they are to soluble proteins, developing alter-

Regardless of the dynamics at 49L, the excitonic wavenative techniques to probing the structures and dynamics of
functions described by qu) mlght still exist over the re- membrane systems is of the utmost importance_
maining amide | modes, depending on the magnitudes of the
frequency fluctuations at the remaining sites. Since the amidgck NOWLEDGMENTS
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