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LOCAL NEWS:

There were significant changes in
staffing at the RLBL since our last Newsletter
was published. Charles M. Phillips, our long
time Head of Laser Operations, has taken a
position at Metrologic Instruments Inc., and
Yiwei Jia, our single molecule spectroscopy
guru, has taken a position at Olympus
America Inc. We wish both Charles and Yiwei
the best for their future endeavors.

Our two new staff members are Dr.
Thomas Troxler and Dr. Erwen Mei. Thomas
Troxler graduated Ph.D. from the University of
Bern (Switzerland) in the group of Prof. S.
Leutwyler. He was a postdoctoral associate at
the chemistry department of the University of
Pennsylvania and a visiting scientist at the
Marshall Laboratories of DuPont de Nemours
in Philadelphia. Tom will be doing research on
conformational dynamics using photolysis and
T-jump methods. Erwen Mei received his
Ph.D. from Wuhan University (China) working
in the microscopy group of Prof. Yun'e Zeng.
Afterwards he spent one year in the National
Agro-Environmental Institute as a Science and
Technology Fellow of Japan and three years
on single molecule research as postdoctoral
associate at Kansas State University. Erwen
will be doing single molecule experiments.

The RLBL continues its efforts to
develop new laser methods and instrumen-
tation for biomedical research. There were a
number of exciting new discoveries arising
from both our core and collaborative projects.

A principal focus of our core research
program remains the development and appli-
cation of two-dimensional IR spectroscopy,
which are infrared analogues of NMR. We got
a lot of attention with our latest results using
heterodyned photon echo spectroscopy and
spectrally resolved three pulse IR photon

Thomas Troxler
Head of Laser Operations

echoes to investigate the amide | region and
other transitions of small model peptides. The
small number of C=0 stretch modes allows for
the measurement of the position and intensity
of cross peaks in the multidimensional
spectra, and to correlate these with structure.
This subject forms the topic of the feature
article by Asplund, Zanni and Hochstrasser of
this Newsletter.

In the emerging area of terahertz (THz)
spectroscopy, a new source of powerful THz
and far-IR radiation was recently developed
which employed a new four wave rectification
(FWR) method. In the process of FWR, ultra-
fast pulses with frequencies wp, and 2w, inter-
act, and the rectified component of the third
order polarization radiates at frequencies on
the order of 10" Hz. These THz pulses were
observed in ambient air, N, and Ar, and their
peak field strength are more than sufficient in
order to be used as a laboratory THz source.

There are also a number of exciting
single molecule experiments underway at the
RLBL. Most recently we reported single mole-
cule measurements on the folding and un-
folding conformational equilibrium distributions
and dynamics of a disulfide cross-linked vers-
ion of the two-stranded coiled-coil form of
GCN-4 peptide in agueous solution. End-to-
end distance distributions have been
characterized wusing fluorescent resonant
energy transfer confocal  microscopy.
Correlation methods were used to investigate
the folding dynamics of the peptide.

I would like to mention that we have
updated our home-page on the World Wide
Web (rlbl.chem.upenn.edu) in order to facili-
tate the efficient exchange of new and exciting
information surrounding the Facility. If you
have any comments about our home-page or
any thought of becoming a user of the Facility,

please send an email to my attention.
Thomas Troxler
ttroxler@mail.sas.upenn.edu
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FEATURE ARTICLE

Vibrational Analogues of NMR: Two
Dimensional Infrared Spectroscopy of
Peptides (1)

M. C. Asplund, M. T. Zanni and
R. M. Hochstrasser

RLBL Laser Resource
University of Pennsylvania
Philadelphia, PA 19104-6323

Introduction

Exciting new experiments at RLBL
have demonstrated that the idea of using
multidimensional infrared (IR) spectros-
copy to obtain molecular structures with
sufficient time resolution to resolve barrier
crossing processes and conformational
dynamics, now appears to have
exceptional promise (1-5). Important
applications include conformational
dynamics of molecules, peptides and
perhaps small proteins in solutions. Such
optimizations of vibrational spectroscopy
require the ability to control the responses
of particular vibrational transitions
depending on their coupling to one
another. In magnetic resonance the
disentangling of complex spectra is
accomplished by multiple pulse
sequences that manipulate the spin
coherences and populations. Therefore in
IR spectroscopy multiple IR pulses having
well defined spectral bandwidth, phase
and amplitude will be required. Vibrational
spectra could then be spread into a
number of dimensions and the coupling
between modes at different spatial
locations within the molecule could be
determined. Thus our strategy has been
to regard the peptide or small protein as a
network of coupled Vvibrators. The
couplings  between the  separated
excitations of this network are obtained

from multiple pulse IR experiments and
then used to find three dimensional
structures based on knowledge of

vibrational dynamics, chemical
connectability and the inter-mode
potential  functions. The successful

implementation of such procedures will
result in a significant advance in our
ability to observe the time evolution of
structural changes and of the couplings
between different pieces of
macromolecules.

We use three weak, phase
controlled IR pulses to obtain the
appropriate response of the molecules to
the IR fields. To provide optimal spectral
resolution by eliminating the
inhomogeneous broadening in the
infrared spectrum, we use the photon
echo method. Both two-pulse (6) and
three-pulse IR photon echoes (7) of
vibrations have been studied previously,
but in these reported echo experiments
the generated third order field creates a
signal on a square law detector, which is
insensitive to the phase. Spectral
resolution of the vibrational echo permits
some phase relations to be obtained, but
does not vyield line-narrowed spectra.
However the complete generated field
amplitude and phase, free from any static
inhomogeneous broadening, can be
obtained in principle by means of infrared
heterodyne echoes or spectral
interferometry techniques.

The heterodyned echo method is
used to examine responses from the
single  peptide vibrator, = N-methyl-
acetamide (NMA-d), and a dipeptide, acyl-
proline. The Fourier transform of these
echo signals along two experimentally
controllable time axes yields the two
dimensional IR spectra of the peptides
from which structural and solvent effects
and information about the phases of the
contributions that give rise to the signals
can be obtained. In addition, spectral
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interferometry of the free decay of the
echo signal is reported for acyl-proline. To
the best of our knowledge these (1) are
the first results that completely
characterize the fields generated during
the vibrational photon echo and that
demonstrate all the weak signal infrared
analogues of NMR using three pulses.

Figure 1: Pulse sequence and geometry used
in the generation of the three pulse photon

The infrared photon echo field

Three phase locked IR pulses,
labeled 1,2 and 3, and with wavevectors
ki, ke and ks arrive at the sample with time
intervals t, between 1 and 2, and T,
between 2 and 3. (see Figure 1) They
create a polarization P(t;t,T) in the sample
for times t after the third pulse which in
turn generates an electric field E(t;t,T),
the characterization of which is the aim of
the current experiments. The IR photon
echo is emitted in the phase matched
direction -k;+k,+ks , and for a system of
vibrators it involves a number of
intermediate vibrational coherences (8,9).

In an ideal heterodyne experiment,
the signal field interferes on the detector
with a short local oscillator field pulse and
the heterodyne signal remaining after
subtraction of the local oscillator intensity
measures S(t, t) = Re{E(t,t)}. Botht and t

can be scanned independently. In general
the real generated field consists of sine
and cosine parts (ie. it has a phase) which
can be separately measured for a given t
from the real and imaginary parts of the
Fourier transform of the signal along the t
axis. The complex two dimensional IR
spectrum is obtained from the Fourier
transform of the S(t,t), along t and t,
yielding frequency axes W, and W. A
spectral interferogram is obtained when
the signal plus local oscillator fields are
dispersed in a monochromator, a
procedure leading to a Fourier transform
of the cross terms between the local
oscillator and the signal fields on the
square law detector. After subtraction of
the local oscillator spectrum, the
interferogram remains as the Fourier
transform of S(t, t) along the t-axis.
Assuming that the monochromator is ideal
this approach is more economical since it
requires only a scan over t (rather than t
and t) to obtain the two dimensional
spectrum.

The simulated 2D IR spectrum
S(W, W) for a single oscillator is shown in
Figure 2a. This spectrum has peaks, at
{W, Wik ={wi,wi} and {w;,wi-D} where D is the
anharmonicity of the i" peptide mode with
fundamental frequency w. When the
system consists of two or more vibrators,
as in Figure 2b, there arise two types of
peaks. The peaks on the diagonal, at
{w,w} and {w,w-D} represent single
oscillator spectra. Other peaks occur at
points {w,w} and {w,w-Dj} (i * j) which are
in the cross peak region. The frequency
and intensity of these cross peaks are
related to the size of the couplings
between the oscillators in given geometric
configurations, which are in turn related to
the spatial locations and relative
orientations of the vibrators composing
the network, and hence to the molecular
structures that exist on the time scale of
the measurement.
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Figure 2: Simulations of absolute values of 2D-IR
spectra, with a dephasing time of 900 fs, static
inhomogeneous broadening of 9.5 cm™, and an
anharmonicity of 16 cm™. (a) The 2D-IR spectrum
for a single oscillator such as NMA-d, showing a
single diagonal peak. (b) The 2D-IR spectrum for
two oscillators, with a coupling of 5 cm™.

Instrumental development

The experiments need
femtosecond infrared pulses (120 fs
duration, 1 mJ energy, 1 kHz repetition
rate, 150 cm™ bandwidth, 1600 cm™
center frequency) which were generated
by standard OPA and difference mixing
methods developed at RLBL in the past
few years. Three excitation pulses (~300
nJ each), ki, k, and ks, and a fourth local

oscillator pulse ( ~30 nJ) are required.
The timing of each of the pulses with
respect to the k, pulse could be varied.
The signal S (t,t) contains oscillations at
the frequencies of the vibrators, which are
around 1600 cm™, and so have a period of
ca.20 fs. The generated echo emitted in
the —k; + k, + ks direction (see Figure 1)
was combined with the local oscillator
field at a calcium fluoride beam splitter
then the sum of the two collinear fields
was focused onto the slits of a
monochromator. Heterodyne echo signals
were measured by placing a single
channel MCT detector at the exit slits of
the monochromator set to zero diffraction
order, so that it reflects all frequencies
onto the detector. For spectral
interferometry these fields were dispersed
on to an array detector.

Multiple  pulse coherent infrared

signals

Figure 3 shows S(t,t) for NMA-d as
a function of t, for several values of time
(the time T was set equal to zero). The
signal shows oscillations with a period of
20 fs, corresponding to the vibrational
frequency of 1620 cm™. The Fourier
transform of this signal gives the
frequency spectrum of the emitted field
(see Figure 3b) which shows a peak at
1620 cm™, the frequency of the amide
stretch, and the width of this peak is
insensitive to the time t.

When the time variable t is varied
at fixed t o, an oscillatory signal is also
generated. The complete two-time signal
involves scanning over all t for each
possible value of to. The Fourier
transform, in both time dimensions, of this
two-time signal is the complex two-
dimensional frequency spectrum (the 2D-
IR spectrum). The absolute value of the
2D-IR spectrum for NMA-d is shown in
Figure 4a. NMA-d has only one oscillation
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in this region of the spectrum, and so we
see only one resonance in the 2D-IR
spectrum.
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Figure 3: Heterodyne photon echo signals
S(t,T) for NMA-d in D,O at several values of
time t as a function of the time t=t . (a) Time
dependant interferogram of the echo signal, and
(b) Fourier transforms along the t axis showing
the spectra of the signal.

Figure 4b shows the real part of the
2D-IR spectrum, corresponding to the real
part of the dielectric susceptibility, we see
that the v=0 ® v-1 and v=1 ® V-2
portions of the spectrum are separated
because they have a different sign. Thus
we see two peaks with opposite sign in
the W, direction, but only a single peak
in the W, direction. (These data can also
be examined by plotting the Wigner
distribution (20) of the time
dependentsignal which very clearly
demonstrates the time dependent
frequency shifts in the echo signal fields.)

Figure 4: 2D-IR spectra for NMA-d in D,O. (a) The
absolute value of the 2D-IR spectrum, showing a
single peak in both frequency dimensions. The
asymmetry in the signal (cf. simulation of Figure 2)
is sensitive to the choice of the center frequency of
the laser pulses in relation to the resonances. (b)
The real part of the 2D-IR spectrum, showing the
fundamental and anharmonically shifted peaks,
which have opposite signs.

These same experiments have
been performed on systems with more
than one amide unit. Figure 5 shows the
heterodyne echo signal for the acyl-
proline dipeptide in chloroform. Here
again there is an oscillation with a period
of 20 fs, and also a second lobe which
appears about 1 ps after the first one.
This is due to the interference between
the two oscillations at 1610 cm™ and 1645
cm™. When this signal is Fourier
transformed across the local oscillator
delay, we obtain the spectra in Figure 5b,
which show the signals from both of the
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amide oscillators and their decay as a
function of t. When the data are collected
as a function of both of the delays, t and t,
and then Fourier transformed along both
time axes, the complex 2D-IR spectra for
the acyl-proline are obtained.
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Figure 5: Heterodyne photon echo signal for
acyl-proline in chloroform at several values of
the time t as a function of time t. (a) Time
dependent echo signal and (b) the Fourier
transforms showing the spectra of the echo
signal.

Figure 6 shows the absolute value
of these spectra for acyl-proline in D,O
and in chloroform. The spectra in both
solvents show diagonal peaks at the
frequencies of the oscillators. The 2D
spectrum in chloroform also shows peaks
off of the diagonal, in the spectral region
where cross peaks are expected as
described above. No off diagonal peaks
were seen in the 2D-IR data of acyl-
proline in D,0.

The origin of the 2D IR spectrum

The origin of the 2D-IR spectrum is
exemplified by the case of two vibrators a
and b, separated in frequency by more
than their coupling. Initially pulse 1
excites the vibrational coherent
superpositions 0-a and 0-b, which evolve
for time t. In the second step pulses 2 and
3, with T=0, transfer these coherences
into their conjugates, a-0 or b-0, or into
superpositions of v=1 and v=2 states. If
the second step generates the 0-a or 0-b
coherence then the same oscillations will
occur along the t and t axes and therefore
the two dimensional spectra, along W and
W, will be diagonal. If, after initial
excitation of the 0-a coherence, the next
step produces the mixed mode
(combination band) an a-peak will appear
in W and a b-peak in W. These cross
peaks will only be manifest if the a and b
modes are coupled in some way, and the
2D-IR spectrum provides a quantitative
measure of this coupling.

The simplest example of these
heterodyned spectra is a molecule that
has only one mode (say, a) in the spectral
region of interest. The system always
responds with a frequency of w, during the
time t, and with frequencies of either w, or
wy-D; during the time t. Therefore, the two
dimensional Fourier transform of the total
signal will have a single peak in the W,
dimension, from the w, term, but will have
two peaks in the W, dimension, separated
by the anharmonicity D,. In the case of
NMA-d the two peaks are only visible in
the real part of the spectrum (see below)
but not in the absolute value of the
spectrum. Figure 4a shows the absolute
value of the 2D-IR spectrum of NMA-d.
The anharmonicity of 16 cm™ is not
resolved and the spectrum shows a single
peak alone the W axis. Nevertheless the
very existence of this 3" order echo signal
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depends on the
anharmonicity.

presence of

Quantum mechanics predicts that
the fields at w, and w,-D, should have
opposite  signs. In a heterodyne
measurement, the electric field is
measured directly, and so this sign
information can be obtained. The double
Fourier transform of S (t,t) is related to
the complex susceptibility, the real part of
which is a 2D spectrum Re{S(W,W)}
which exposes the signs of the
contributions to the signal. Figure 4b
shows the real part of the 2D-IR spectrum
of NMA-d. The sign difference between
the two peaks is apparent and assists in
the spectral resolution. The two peaks for
NMA-d in the W, axis are clearly separated
by the anharmonicity of 16 cm™ (see
Figure 4b) though the frequency
resolution is inadequate to fully resolve
them in a conventional spectrum.

For molecules with more than one
amide group, the signal now contains
contributions for each oscillator as well as
from their coupling. In the case of zero
coupling the signal is a sum of isolated
vibrator signals, which lie along the
diagonal of the 2D-IR spectrum. The 2D-
IR spectrum for acyl-proline in D,O shown
in Figure 6a exhibits this behavior. The
data show peaks on the diagonal, at 1620
and 1670 cm™, but no other signals. This
result indicates that there is no coupling
manifested between the two oscillators. In
the case of non-zero coupling the 2D-IR
spectrum should show off-diagonal peaks
at {w,w} and at {w,w-D;}. These two peaks
have opposite sign, so when the coupling
is small, they will cancel in the real part of
the 2D-IR spectrum. However, when the
coupling is large enough, there will be
two peaks, with opposite sign.

Thus we can tell by the frequency
separation of the cross peaks the exact
value of the coupling element. The

intensity of the cross peaks in the
absolute value U S(W,W) U of the 2D-IR
spectrum also enables the measurement
of the coupling between the peaks. The
data for the acyl-proline molecule
chloroform (see Figure 6b) shows off-
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Figure 6: 2D-IR spectra of acyl-proline, in (a) D,O,
showing diagonal peaks at 1620 and 1670 cm™,
and (b) in chloroform, which shows the same
diagonal peaks, but also off diagonal peaks.

diagonal peaks in its absolute value 2D-IR
spectrum, as expected for the signature of
the coupling between the two oscillators.
In CHCI;, acyl-proline has an internal
hydrogen bond and adopts mainly an a
structure whereas in D,O the structure is
less well defined (30). The electrostatic
dipole-dipole coupling between amide
units is calculated to be smaller for the a
structure than for other structures so that
the absence of 2D-IR coupling peaks in
D,O suggests that other coupling
mechanisms, such as from mechanical
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forces, may be contributing to the signal in
the coupling region. The separation of the
amide vibrational peaks of acyl-proline in
D,O is much larger (60 cm™) than the
estimated coupling (~3 cm™), a fact that
can't be deduced from the linear IR
spectrum.

An important feature of photon
echo measurements is their spectral line
narrowing capability. The generated field
arises in general from an inhomogeneous
distribution of vibrational frequencies
representing the range of chemical
environments and structures of the amide
groups in the sample. The detected field
therefore contains all the inhomogeneous
component oscillations. It turns out that
the effect of the inhomogeneous
distribution of frequencies only shows up
on the time axis (t-t). As a consequence
when the double Fourier transform is
performed, the resulting 2D-IR spectrum
is broadened by this distribution only
along the axis W=W, (the diagonal axis of
the 2D-IR  spectrum). Along the
perpendicular (antidiagonal) axis,
W,=const. - W, the spectrum shows no
inhomogeneous broadening and can be
optimally resolved.

In the NMA-d 2D-IR spectrum, the
signal has similar width in both diagonals,
and so static inhomogeneous broadening
is absent from this spectrum. As a result
the echo field is not noticeably delayed as
t is increased (Figure 3a). In the spectrum
of the acyl-proline, however, the diagonal
peaks are have an elliptical shape, with
their longest axis in the W=W direction.
Along this axis the full inhomogeneous
width of the transition is displayed, while
in the dimension perpendicular to this, the
spectral line is narrowed. In this case the
signal is a true echo that is progressively
delayed as t increases (see Figure 5a).
This line narrowing capability is
particularly important because in solution,
where the amide band is in general

inhomogeneously  broadened,  which
causes peaks in the spectrum to overlap.

The frequency fluctuations of a
vibrator are dependent on its solvent
environment. Thus each vibrator should
have its own relaxation dynamics
dependent on its spatial location,
chemical and solvent environment. The
spectra for acyl-proline shown in Figure
6b show the peak at 1640 cm™ decays
much faster with t then the peak at 1680
cm™. Previous work has suggested that in
non-polar solvent, an internal hydrogen
bond forms between the N-terminus end,
and the acyl CO group (30). The two
amide groups are therefore in very
different environments, this is clearly
signaled by their different dephasing
dynamics. Experiments of this type will
contribute  significantly to obtaining
microscopic views of peptide
conformational dynamics and spatial
aspects of solvent effects.

A related technique to the
measurement of heterodyned echoes is
the measurement of spectral
interferometry of the echo signals. Here
instead of measuring the frequency
integrated signal at a number of local
oscillator delay times, the frequency
dependent signal at a single value of the
local oscillator delay time is measured by
dispersing the signal plus local oscillator
fields in a monochromator. The signal
after subtracting the intensity spectrum of
the local oscillator is then the product of
the echo spectrum, the local oscillator
spectrum, and an oscillation whose
frequency depends on the time delay of
the local oscillator relative to the echo
field. This interferometric signal is shown
in Figure 7 for acyl-proline. Fourier
analysis of the oscillatory part of the
signal recovers the spectrum of the echo
field as also shown in Figure 7. This
spectrum shows peaks at 1610 and 1670
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cm®, the two frequencies of the acyl-
proline dipeptide.
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Figure 7: Spectral interferometry of the echo
signal for acyl-proline in D,O, with the local
oscillator delayed 1.5 ps from the echo signal.
Shown are both the measured interferometric
signal and the processed signal, which represents
the emitted electric field of the echo. This signal
shows peaks at 1610 and 1670 cm™ corresponding
to the frequencies of the two amide units.

Summary and outlook

The wuse of phase controlled
femtosecond infrared pulses enables the
full measurement of two-dimensional
vibrational spectra. These measurements
are the direct infrared analogues of the
multidimensional spectra measured in
NMR experiments including multiple
guantum transitions. They require phase
matching and heterodyne mixing
techniques to isolate and measure the
electric field of vibrational photon echo
signals as a function of three possible
time variables. The Fourier transformed
2D-IR spectra provide information on
couplings between modes and hence on
peptide structures. The experimental time
scale is less than a few picoseconds so
there is no significant averaging of the
signals by any structural dynamics slower

than this. Spectra that are free from
inhomogeneous broadening were
observed for acyl-proline. On the contrary,
the amide transition of NMA-d showed no
fixed inhomogeneous distribution of
vibrational frequencies, SO its
inhomogeneous distribution is probably
dynamic on the observation time scale.
The measurement of the electric field of
the echo enables separation of peaks in
the echo spectrum on the basis of their
signs, as shown in the 2-D spectrum of N-
methyl acetamide. These methods show
great promise for elucidating the
dynamics of structures in biology.

Currently RLBL is engaged in a
variety of experiments designed to
broaden the scope of such experiments
through variations of temperature and
isotopic composition.
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SUMMARY OF CURRENT TECHNO-
LOGICAL DEVELOPMENT AND RE-
SEARCH AT RLBL

The main subjects under investigation at
RLBL are shown below. If your research
may be interfaced with any of these
approaches we urge you to contact us. A
fuller description of each of these
categories can also be found on our Web
site at http://rlbl.chem.upenn.edu.

e-mail: ttroxler@mail.sas.upenn.edu

- Dynamics of photoactivatable proteins
and other biological structures: Methods
are being developed to examine the
responses of biological systems to light by
pump/probe and nonlinear spectroscopic
methods encompassing spectral regimes
from the UV to the far IR and covering
femtosecond to second timescales.
Techniques include: single and multiple
wavelength transient spectroscopy
(UV/Vis, vibrational IR, Terahertz), photon

echos, two photon absorption and time-
correlated single photon counting.

- Methodologies to investigate protein
folding and macromolecular confor-
mational dynamics: Detection and
characterization of intermediate states in
conformational dynamics and unfolding is
another developing technology at RLBL. A
laser-based temperature-jump apparatus
was built for these investigations.

-0 Investigations of single molecular
assemblies using confocal and atomic
force microscopes: It is now possible to
examine the properties of single
molecules using fluorescence in associa-
tion with confocal microscopy. The RLBL
is coupling single molecule detection
methods with mature time correlated
photon counting technology, polarization
scanning and pulsed laser experiments.

- Energy transfer and fluorescence
monitoring  of  biological dynamics:
Monitoring fluorescence lifetimes and
anisotropies reveals details of protein
dynamics. Techniques  are being
developed at the RLBL to monitor these
properties of fluorescing species on the
femtosecond to nanosecond timescale.

- Development of time resolved far-IR
(terahertz) probes for protein dynamical
changes: New powerful sources of THz
and far-IR radiation are developed and
used as laboratory THz source.

- Two-dimensional infrared spectroscopy
and infrared analogues of NMR:
Heterodyned photon echo spectroscopy
and spectrally resolved three pulse IR
photon echoes are employed to
investigate the amide | region and other
transitions of small model peptides.
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