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The technique of femtosecond coherence spectroscopy is applied to heme protein samples. Strong oscillations are
detected near 40 cm ™! in all of the samples studied. Additional modes near 80, 120, and 160 cm™! are observed in the
photochemically active samples. A simple harmonic model is not able to account for the observed relative intensities of
these modes or the carrier wavelength dependence of their frequency and phase. As a result, we develop an anharmonic
model where the oscillatory signal is damped as the result of heterogeneity in the potential surface. The source of the
heterogeneity in the anharmonic potential surface is correlated with the inhomogeneous broadening of the Soret band.
The higher harmonics in the photochemically active samples demonstrates that the anharmonic mode is strongly coupled
to the ligand photodissociation reaction (i.e., upon photolysis it is displaced far from equilibrium). Moreover, the obser-
vation of the ~40 cm ™! oscillations in all of the iron based heme protein samples, including porphine and protoporphyrin
IX model compounds, suggests that this mode is associated with nuclear motion of the core of the porphyrin macrocycle.
As a result, we suggest that the reaction coupled oscillations at ~40 cm ™! and ~80 cm™! are a direct reflection of anhar-
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monic heme doming dynamics.

Femtosecond coherence spectroscopy (FCS) is a pump-—
probe technique that utilizes the spectral bandwidth associated
with ultrafast laser pulses to prepare and monitor coherent
states in resonant and nonresonant samples.'™'? This technique
allows the real time observation of ultrafast processes, so that
the frequencies and the initial phases of the detected vibration-
al oscillations can be measured and compared. Following the
pump pulse excitation, two types of processes can occur that
we refer to as “field driven” and “reaction driven”. In the first
case the pump pulse excites the Raman active modes of the
sample without affecting its structure. In the “reaction driven”
case, the photoexcited state rapidly decays, via non-radiative
channels, into a coherent “product state”. In both cases, the
delayed probe pulse monitors the pump induced transient ab-
sorption changes in the sample. The relaxation dynamics of
the non-equilibrium structure generated by the ligand photo-
dissociation reaction in heme proteins has been extensively
studied over a wide range of timescales using a variety of tech-
niques.'*2*

Ligand photolysis excites low frequency heme/protein oscil-
lations that arise from the forces associated with electronic re-
arrangements in the iron d-orbitals that take place when the
iron atom undergoes a spin transition upon ligand dissocia-
tion.%!> These low frequency modes are also potentially con-
nected to energy transport and signal transduction between the
active site and the protein backbone and can thus affect the
physiological functionality of the protein. One particular vi-
brational degree of freedom that we have suggested® %’ is
highly relevant to the ligand binding and dissociation reaction
is heme “doming”, which corresponds to heme motion that
changes the local equilibrium position of the iron atom. The

iron atom changes from an in-plane position, when the diatom-
ic ligand is bound, to an out-of-plane (~0.4A) position?® in the
unligated state, which is distributed and dependent on the sur-
rounding protein conformation.”>?’ Normal mode calcula-
tions?®*! and analysis of the non-exponential ligand rebind-
ing? in Mb predict**" that heme doming oscillations in the
unligated state should be near 50 cm™!.

In this work we present data displaying a strong vibrational
mode near 40 cm™!, denoted as vy, as well as an additional
sample dependent vibrational mode near 80 cm™!, which we
denote as Vgg. The observation of vy in deoxy Mb, and v, and
Vgo in MbNO was reported earlier.>*> Here, we study the am-
plitude and phase behavior of vy and vgy in MbNO as the
pump/probe carrier wavelength is tuned across the Soret ab-
sorption band. A heterogeneous anharmonic potential model
is used to simulate the oscillatory signals that give rise to Vy
and Vg (and sometimes higher harmonics) in the power spectra
of the photolyzed samples. These signals are assigned to mo-
tions associated with anharmonic heme doming dynamics.

Materials and Methods

The pump—probe setup and the preparation of the heme protein
samples has been described in detail elsewhere.’*** In order to
both pump and probe the studied samples, we tune the laser carrier
frequency into resonance with the strong Soret absorption band in
the 400450 nm region. This allows us to selectively probe the
dynamics of the active site (heme) and its interaction with the pro-
tein. For all experiments presented in this paper we use the open
band detection scheme in which the full spectrum of the probe
beam is detected by a photodiode. This detection scheme facili-
tates accurate phase measurements for the oscillatory signal be-
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cause the autocorrelation measurement that defines the pump-—
probe zero time delay also uses the open band detection.

The concentration of protein is chosen so that the sample has an
absorbance of about 0.6 OD at the pump wavelength in a 0.5 mm
cell. Each data set is the average of 60—120 scans of the optical
delay line, generated in a 2—4 h experiment. In order to ensure
sample integrity, the absorption spectrum of the sample is mea-
sured before and after each experiment and intermediate FCS files
are routinely compared in order to gauge the sample stability dur-
ing the course of the experiment.

Typical measured signals for resonant samples consist of
damped oscillations superimposed on a monotonically decaying
background. The coherence coupling signal that dominates the
signal around the zero time delay is truncated before data analysis.
To generate the power spectrum associated with the time resolved
oscillatory signal we use a linear predictive singular value decom-
position (LPSVD) algorithm?*, which simultaneously fits both the
oscillations and the monotonic decay. This algorithm extracts the
oscillatory parameters such as frequency, phase, amplitude and
damping factors, as well as the exponential parameters of the (ze-
ro frequency) monotonic background. An alternative method of
analysis involves preliminary fitting of the monotonic background
using the maximum entropy method (MEM), which uses a distri-
bution of exponential decay rate constants.>®> The residual oscilla-
tory signal is subsequently fit using LPSVD or a Fourier transform
algorithm. The fits are considered stable when both techniques
generate the same power spectrum for the oscillatory signals.

Low Frequency Modes in Heme Proteins

Results

A. Photostable Samples. Since we try to enhance the
low frequency part of the vibrational spectrum, we use the
longest pulses (80—100 fs) (corresponding to the narrowest
bandwidth) generated by the laser. The open band detection,
in contrast to the highly detuned detection used in earlier
studies®, also enhances the low frequency modes.”>*® When
probing deoxy Mb, which is photostable, the coherent oscilla-
tions are induced by the forces developed during the pump
pulse, which arise from the differences between the ground
and resonant excited electronic state potential energy surfaces.
Since for heme proteins the resonant T—n™ Soret excited state
is very short lived and the population decay takes place within
10-100 fs*"*!, we assign the long—lived (~1-2 ps) oscillatory
signals to the ground electronic state. This assignment is veri-
fied by white light continuum measurements of the transient
absorption spectrum in the Soret region.*

The presence of a ~40 cm ™' mode can be clearly seen in the
oscillatory signal of deoxy Mb and in the LPSVD generated
power spectrum presented in the first panel of Fig. 1. The
presence of a ~40 cm ™! oscillation in porphine substituted Mb
(third panel of Fig. 1) and in the FePPIX model compound
(second panel) suggests that the source of the vy oscillation is
associated with the core of the porphyrin macrocycle and does
not depend strongly on the peripheral substituents or the sur-
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Fig. 1. Sequence of experiments using the open band detection scheme on three different heme proteins. The left panels present the
oscillatory part of the generated signal, and the right panels show the corresponding power spectra. The ~40 cm™! oscillation
used in the fit is shown displaced from the data as a solid line. The exponential damping factors for the ~40 cm™" oscillation are
0.5 ps for the model systems in the lower two panels and 0.7 ps for deoxy Mb. The sample and the pump/probe carrier wavelength

are given in the right upper corner of the left panels.
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rounding protein. Another possible source of vy, such as the
torsional motion of histidine 93, is inconsistent with the pres-
ence of modes at 43 cm ™' and 39 cm ™' in other heme samples
that do not have a histidine ligand (not shown).

B. Photochemically Active Samples. In section A, we
have focused on non-reactive compounds, where the vibration-
al coherences are driven by the electric field interventions of
the ultrafast pump laser pulse. Another important characteris-
tic of time resolved FCS is its ability to monitor chemical reac-
tions and the subsequent evolution of the non-equilibrium
product state. In this section, we present FCS experiments on
several photochemically active samples. The experimental

Ferrous cytochrome ¢
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data for some of these samples are plotted, along with the
LPSVD fits and power spectra, in Figs. 2 and 3. The most dis-
tinguishing feature of the results in Figs. 2 and 3, compared to
the non-reactive samples, is the presence of a second mode at
~80 cm ™! (and sometimes higher harmonics at ~120 cm™!
and ~160 cm™!), in addition to the low frequency mode near
40 cm™!. The mode near 80 cm ™' is significantly enhanced
relative to V4, when detuned detection conditions are
employed®>3%*® and, as a result, vg, was emphasized in earlier
studies® conducted under detuned conditions.

Both v, and vy, show slight sample dependent variations in
frequency, but the higher frequency mode remains approxi-
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Fig. 2. Sequence of experiments using the open band detection scheme on ferrous cytochrome c for four pump/probe carrier wave-
lengths. The left panels present the oscillatory part of the signal, and the right panels show the corresponding power spectra. The
~44 cm ™! oscillation (solid line) and the ~89 cm ™! oscillation (dashed line) used in the fit are shown displaced from the data.
The exponential damping factor for these modes is 0.5 ps. One can observe a 7 phase flip for both modes in the 420—426 nm spec-
tral region. The left lower panel displays the simulated signal generated by the dynamics of a particle in a Morse potential (Uy(q)
= e 2—2¢9), along with the 45 and 91 cm ™! oscillations used for its fit. The lower right panel presents the associated power

spectrum and a plot of the Morse potential (in the inset).
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Fig. 3. Sequence of experiments using the open band detection scheme on three photochemically active samples (MbNO, NO bound
H93G Mb and CO bound FePPIX+2Melm). The left panels display the oscillatory part of the generated signal, and the right pan-
els show the corresponding power spectra. The ~40 cm™! oscillation (solid line) and the ~80 cm ™' oscillation (dashed line) used
in the fit are shown displaced from the data. The relative damping of Vi and Vg, can be compared by using the line widths of the
power spectrum. The values for 940 and % are 0.57 ps and 0.49 ps (MbNO), 0.8 ps and 0.33 ps (H93G+NO), and 0.5 ps and 0.2

ps (FePPIX+CO).

mately twice the frequency of the low frequency mode. The
frequency pairs observed are 41-81 cm ™' in MbNO, 46-91
cm™! in HbNO, 44-89 cm™! in ferrous cytochrome c, 43-87
cm™! in NO bound H93G Mb and 44-91 cm ™' in CO bound
FePPIX. The fact that the higher frequency oscillations near
80 cm ™! are approximately twice the frequency of the oscilla-
tions near 40 cm™! is suggestive of a harmonic sequence. In
the case of MbNO, even higher harmonics appear to be present
at 122 cm™! and 165 cm ™! (see top panel of Fig. 3 and previ-
ous reports!>?),

Furthermore, the low frequency oscillations seen in the
MbNO sample near 40 cm ™' exhibit a continuous drift from 40
cm™! to 46 cm™!, as the laser carrier wavelength is tuned to-
wards the red (450-470 nm) of the product state (deoxy Mb)
Soret absorption band. This frequency drift follows the same
general pattern observed for the field driven coherence in
deoxy Mb. However, the frequency of the oscillations near 80
cm™! always remains nearly twice the frequency of v4. These
observations strongly suggest that vy, forms part of a harmonic
progression with vy as the fundamental frequency.

Another example of photochemical activity is ferrous cyto-
chrome c, which was recently shown* to undergo a rapid
ligand (methionine) photodissociation reaction followed by
~6 ps geminate rebinding. The oscillatory part of the FCS
signal of ferrous cytochrome c is presented at four different
carrier wavelengths in the first four panels of Fig. 2, along with
the corresponding LPSVD power spectra. The main features

observed in the signal are a damped ~44 cm ™" oscillation (v4)
and a ~89 cm™! oscillation (vgy) of smaller amplitude. Both
of these modes exhibit a  phase flip and a dip in amplitude
around 423 nm, which is close to the product state transient ab-
sorption maximum (found near 425 nm from white light con-
tinuum experiments*). The amplitude of vy, seems to de-
crease faster than vy as the laser pulse carrier wavelength ap-
proaches 423 nm. The data generated at 423 nm are not shown
because of the lack of an oscillatory signal. The ~44 cm™!
and ~89 cm™! oscillations used in the LPSVD fit to the data
are depicted as solid and dashed lines, respectively (shifted
from the data for clarity). The two vertical lines going through
all panels are helpful in comparing the relative phases of the
oscillatory components. An important observation is the coin-
cidence of the ~89 cm™' oscillation maxima or minima with
the maxima and minima of the ~44 cm™! oscillation and the
fixed relative phase at all carrier wavelengths.

The oscillatory parts of the open band FCS signals in three
different photochemically active samples (MbNO, NO bound
H93G Mb and CO bound FePPIX+2Melm) are displayed in
Fig. 3, along with the corresponding power spectra. The CO
bound FePPIX model complex was studied using a lower repe-
tition rate amplified laser system® so that sample reset would
be assured between the arrival of the pump-probe pulse pairs.
The vy and vy oscillations used in fitting the data are depicted
as solid and dashed lines (shifted for clarity). The Fe—His
mode characteristic of deoxy Mb is found near 220 cm ™! in the
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power spectrum when the protein material is present and is
downshifted to 211 cm™! for the FePPIX model complex.*
The low frequency modes present in the power spectra of
MbNO (upper right panel in Fig. 3) seem to form a four-term
harmonic sequence (41, 82, 123, 164 cm™Y). This harmonic
sequence is present in numerous data sets generated using
MbNO.!>¥ The weaker shoulder near 20 cm™" has been the
subject of independent experiments.*®*7

Discussion

The technique of FCS is very useful for monitoring the nu-
clear motions associated with biomolecular reaction dynamics,
especially in the low frequency region of the vibrational spec-
trum. We have documented the presence of a mode near 40
cm ™! (vy) in the photostable heme proteins. In addition, we
have found that the photochemically active heme samples dis-
play a harmonic progression involving this mode. The fre-
quency, phase, and amplitude dependence of v, and vy, have
been studied for deoxy Mb, MbNO and ferrous cytochrome ¢
as a function of the pump/probe carrier wavelength.

A. Phase and Frequency of v4. For deoxy Mb we ob-
serve a discrepancy between the phase behavior of vy and the
theoretical prediction*® based on a simple linear harmonic
model. In contrast, the simple linear harmonic model (with in-
homogeneous broadening) provides an excellent description of
the phase behavior of the Fe—His mode at 220 cm™!. One pos-
sible source for the discrepancy for v,y might have to do with
the fact that the transient absorption lineshape of photoexcited
deoxy Mb evolves on the same timescale as the vy, oscillation
(T40 ~800 fs)

The drift of the frequency of vy as the carrier wavelength is
tuned across the Soret absorption band is probably linked to
the inhomogeneities and structural disorder of the heme sys-
tem in deoxy Mb. As discussed earlier, the deoxy Mb absorp-
tion spectrum shows strong evidence of inhomogeneous
broadening®®?’*® and the highly asymmetric inhomogeneous
lineshape of Mb has been ascribed to disorder in the equilibri-
um position of the central iron atom that is correlated with the
ligand binding kinetics.?**® This is of relevance to the low
frequency oscillations localized at the heme, which may in-
volve the doming motion of the iron atom. Apart from a sim-
ple distribution in the equilibrium position of the heme iron*’,
the experimental data suggest that the vibrational frequency of
Vg is also distributed.

A major topic addressed in this paper concerns the assign-
ment of vy and Vg and the question of whether these modes
are part of a harmonic progression or are independent funda-
mentals. In early work®, which utilized detuned detection, we
assigned Vg as the doming mode. This assignment was based
upon the fact that although v, appeared in the power
spectrum®, it was essentially undetectable in the raw data.
However, recent advances in detection technique’>*’ have
made the existence of vy unequivocal and have revealed
modes at even lower frequencies.*® An important observation,
which strongly indicates that vgy is a harmonic of vy, is the
fact that vgy =2V, under a variety of conditions (e.g., as carrier
wavelength is varied, or as the sample is changed). These re-
sults suggest that these two modes are not independent vibra-
tional fundamentals and force us to look for theoretical models
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that are consistent with those observations.

B. Harmonic Model. In considering the possibility that
the low frequency progressions in Figs. 2 and 3 constitute an
overtone or harmonic sequence, one can eliminate a simple lin-
early displaced harmonic oscillator model. Calculations*’
based on the linearly displaced harmonic model, where the
main source of overtone intensity comes from the “double
pass” of the wavepacket across the probe detection region, pre-
dict that the intensities of the overtones are generally much
smaller than the fundamental signals, as seen in the upper left
panel of Fig. 4. The double pass contribution can be under-
stood through the time dependent first moment of the vibra-
tional coordinate that modulates the centroid of the equilibri-
um absorption spectrum. For example, consider a single mode
coupled to a two electronic level system, with frequency @
and electron-nuclear coupling force f = A(may’h)'"? (where A
is the dimensionless displacement between the ground and ex-
cited state). The pump interaction drives the nuclei out of
equilibrium. If we let the time-dependent mean nuclear posi-
tion after the pump interaction be (Q(¢)), the correlation func-
tion that describes the response of the pump-induced non-sta-
tionary system can be shown to be of the form*

Crat?) = K=y exel (U )[asion] )

where K(t—r) is an equilibrium correlation function (also
called the optical absorption correlator) that describes the
equilibrium lineshape of the system. For a harmonic potential,
the mean position (Q(?)) oscillates only at the fundamental fre-
quency. In this case, the centroid of the non-equilibrium line-
shape induced by the pump pulse oscillates about the equilibri-
um absorption maximum at the fundamental oscillator fre-
quency. It is then clear that the amplitude of the fundamental
signal is proportional to the derivative of the absorption line-
shape, so that the oscillatory amplitude is largest near the
shoulders of the absorption spectrum, but vanishes at band
center. On the other hand, the overtone amplitude profile is re-
lated to the second derivative of the absorption spectrum and
naturally exhibits a contrasting behavior from the fundamental.
(Here we ignore the very small contributions from the higher
moment, i.e., (Qz(t)) “squeezed” modulations, of the pump in-
duced vibrational wavepacket.*’) As seen in the upper left pan-
el of Fig. 4, the overtones are peaked at the resonant absorption
maximum, where the wavepacket passes twice per period of
oscillation, and exhibit an amplitude dip at two points near the
shoulders of the absorption spectrum. Within this simple ho-
mogeneous harmonic model®, the fundamental and overtone
phase profiles exhibit a © phase change associated with every
dip in amplitude, generating the different phase behavior dis-
played in the upper right panel of Fig. 4. This behavior is
clearly not observed for vy and Vg in the experimental results
reported here (e.g., see Fig. 2), where the two modes have
nearly equivalent intensities and display similar phase and am-
plitude profiles.

C. Anharmonic Models. On the other hand, if we con-
sider an asymmetric anharmonic potential for the low frequen-
cy mode, we can explain many of the features observed in the
experimental data. The assumption that the motion associated
with vy takes place in an asymmetric anharmonic potential is
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Fig. 4. Comparison of the open band amplitude and phase profiles for a harmonic and anharmonic oscillator model. Panels (a—b)
show the open band amplitude and phase profiles for the fundamental (solid) and overtone (dashed) signals for a 40 cm™! mode
coupled to a two electronic level system. Panels (c—d) show the corresponding profiles for an anharmonic model that approxi-
mates the mean position of the oscillator Q(#) to be adequately described by the first two harmonics of the Fourier series, with am-
plitudes A; (solid) and A, (dashed). For both the simulations, the non-stationary state was assumed to be a thermal state displaced

from equilibrium.

quite reasonable, considering that the iron atom is coordinated
only to the histidine on the proximal side, following the pump
induced ligand photodissociation reaction. As an example, we
take the rescaled Morse potential plotted in the inset in the
lower right panel of Fig. 2.

In order to simulate the first moment dynamics of the posi-
tion coordinate associated with vibrational oscillations in an
anharmonic potential, we place a particle in the Morse poten-
tial with a large initial displacement (which justifies the classi-
cal description). We then follow the dynamics induced by the
restoring force F(q) and the intrinsic damping. The simulated
oscillatory signal for the homogeneous anharmonic model and
the corresponding LPSVD power spectrum are presented in
the upper panel of Fig. 5. In this case, the only source of signal
decay is the inherent damping present in the expression for co-
ordinate motion (—y;,, Q).

For small initial displacements, the Morse potential can be
well approximated as a harmonic potential and the dynamics
resembles a simple damped harmonic oscillator. However,
higher harmonics are needed to fit the simulated dynamics for
large displacements. The relative amplitude of these higher
harmonics (compared to the fundamental) increases as the ini-
tial displacement gets larger and the particle samples more an-
harmonic regions of the Morse potential. The intrinsic damp-
ing tends to decrease the amplitude of the oscillations so that
the particle returns to regions of the potential closer to the
equilibrium position, associated with higher frequencies. As a
result, for large initial displacements, the oscillatory frequency

effectively becomes time dependent (wy— @y(?)), starting at
lower frequencies and evolving towards higher frequencies as
the system damps (see simulated signal in the upper panel of
Fig. 5). The LPSVD algorithm fits such a signal with a low
frequency and short lifetime component (e.g., 36 cm™!) for the
early time signal and with a longer-lived higher frequency
component (e.g., 49 cm™!) for the signal at later times. This
generates the power spectrum presented in the inset of the up-
per panel of Fig. 5. Since the experimental signals do not dis-
play a time-dependent oscillatory frequency (i.e., a single peak
in the power spectrum is sufficient to fit the fundamental oscil-
lation), we are led to a different version of the anharmonic
model. In this alternative version, the dominant damping
mechanisms are due to the inhomogeneous nature of the sys-
tem and pure dephasing, rather than to population decay. The
experimentally observed oscillatory signals can be damped by
sources other than population decay. For example, the protein
conformational substates discussed earlier lead to correlated
distributions of heme out-of-plane geometry and doming fre-
quency. The distribution of vibrational frequencies will broad-
en the spectral line as well as damp the oscillatory signals. We
also note that, since the oscillatory frequency in an anharmonic
potential depends on the initial displacement, conformational
inhomogeneities can induce a distribution of frequencies
through either a distribution of initial displacements or through
a distribution in the shape (curvature) of the potential (or both).
Finally, if the protein and/or solvent undergo structural fluctua-
tions on faster timescales, pure dephasing™ (bath induced en-
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Fig. 5. The signals simulated using the dynamics of a parti-
cle initially displaced on a Morse potential (U,(q) = e -
2e™9), as well as the corresponding power spectra, are pre-
sented considering two sources of damping. In the upper
panel we consider the inherent homogeneous population
damping (¥%n>>0y,) Which is analogous to “friction” on
the potential surface. Due to the decreasing oscillatory
amplitude in the anharmonic potential, the simulated signal
contains time dependent frequencies, which are fit with
LPSVD using two damped cosine functions with different
lifetimes. In the lower panel, the damping factor is intro-
duced as an inhomogeneous frequency distribution (0,
>> ¥,), which is associated with pure dephasing and/or
different potential curvatures. The signal simulated using
the heterogeneous anharmonic model is fit by LPSVD with
a damped fundamental oscillation and its higher harmon-
ics.

ergy level fluctuations) will result, which is another form of
line broadening without population decay.

As an example, a distribution in the curvature of the poten-
tial is presented in the lower panel of Fig. 5. In this heteroge-
neous anharmonic model, the inhomogeneous broadening (or
pure dephasing) is considered to be larger than the intrinsic
damping due to population decay (0y, >> %n). To generate
the simulated signal within this model we allow the system to
evolve on the anaharmonic potential with small inherent damp-
ing (—7inq). For the dynamics generated under these condi-
tions, the amplitude of oscillations and, hence, the fundamen-
tal oscillatory frequency remains almost constant in time. This
means that the coordinate Q(f) can be well described using a
Fourier series involving only the fundamental frequency and
its higher harmonics i.e., Q(f) =Z,Q,cos(nwyt + ¢,). The final
simulated signal is then assumed to follow the first moment
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dynamics and is generated by convolving the dynamics of a
single protein molecule over a frequency distribution (due to
inhomogeneity or pure dephasing) that is commensurate with
the experimentally observed peak width in the power spectrum
(~12cm™).

Within this model, we write the signal for a single un-
damped anharmonic oscillator as a Fourier series:

Sh(w()’ @, T) = EA)I COS(nw()T + ¢n)~ (2)
n=1

Here, the summation is over all the harmonics of the funda-
mental mode frequency ay and the optical carrier frequency
dependence of the final signal is denoted by @.. For simplicity,
we assume that, for a narrow frequency distribution, the ampli-
tudes A, of the various overtones do not depend on the mode
frequency. If the inhomogeneous vibrational distribution is
specified by a mean vibration frequency @, and a function
f(@y — @), the final signal is obtained from a simple convo-
lution of the above expression with the inhomogeneous distri-
bution:

$1(@o, @, 7) = [dwof (@~ @0)Si(@0, 0, 7). (3)

The observed signal is well described by this model, using a
fundamental oscillation and its higher harmonic, as seen in the
associated LPSVD power spectrum in the lower panels of Figs.
2 and 5. A Lorentzian distribution for f(w, — ®,) was used
in these simulations.

If we consider an anharmonic potential for the vibrational
coordinate, the first moment modulation {Q()) in Eq. 1 direct-
ly contains the higher harmonics of the fundamental frequency.
Consequently, the centroid of the lineshape is modulated at the
higher harmonics, as well as at the fundamental frequency.
The amplitude and phase profiles of such harmonics, when de-
tected in a pump-probe experiment, are expected to track the
amplitude and phase profile of the fundamental, i.e. the ampli-
tudes dip and their phase flips by 7 at the absorption maxi-
mum. This is illustrated in the lower panels of Fig. 4.

The presence of a 7 phase flip and amplitude dip in ferrous
cytochrome ¢ around 423 nm for both vy and vy, (see Fig. 2)
agrees well with the predictions made using the above model.
We have used a Gaussian frequency distribution equivalent to a
~12 cm™ ! inhomogeneous broadening of the 45 cm™! mode to
generate the simulated signal presented in the lower panel of
Fig. 2. The simulations look very similar to the oscillatory sig-
nal measured in ferrous cytochrome c at 426 and 434 nm pre-
sented in the third and fourth panels (and to the signal mea-
sured at 415 and 420 nm when the 7 phase shift is added). The
similarity is connected to the fixed relative phase relation be-
tween Vy and Vg in the experimental and simulated data as
seen in Fig. 2. The alignment of the maxima and minima of
these oscillatory components is the key condition needed to
generate the pattern observed in the experimental data. The
good agreement, observed between the experimental data for
ferrous cytochrome c and the simulations, makes a strong case
for a description of the nuclear coordinate motion using an an-
harmonic potential surface.

Similar behavior is observed for v4 and vgy in MbNO. The
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80 cm ™! mode displays a phase flip and a dip in amplitude near
427 nm. The phase of the 40 cm ™' mode presents a slower 7
phase shift in the 427 nm region, which is not associated with a
clear dip in amplitude. This observation is anomalous and may
signal the presence of more complex electron-nuclear coupling
(e.g., quadratic coupling), which can shift the phase and ampli-
tude transition points away from the absorption maximum.*
The phase drift observed in the 445480 nm region for both
the vy and the vgy modes in MbNO is probably correlated to
the frequency drift displayed in the same spectral region. The
carrier wavelength dependence of both the frequency and
phase may be related to the underlying inhomogeneity associ-
ated with the deoxy Mb Soret band. Thus, the carrier wave-
length may resonantly select a subpopulation of conformation-
al states that have different values of v,4. Such a scenario is
consistent with the concept of a distribution of anharmonic po-
tential surfaces that is correlated with the distribution of elec-
tronic transition energies. It should be noted that cytochrome ¢
has significantly less disorder associated with the heme than
does deoxy Mb.*® This probably accounts for the better agree-
ment between theory and experiment in the cytochrome c sys-
tem.

D. Alternative Models. An alternative possibility to ac-
count for the anomalous phase and amplitude behavior of the
V4o mode is a model recently proposed’! in related studies of
the ultrafast photodissociation of CO from cytochrome oxi-
dase. This proposal suggests that sequential population trans-
fer from the CO bound to the CO unbound state takes place as
the heme oscillates (domes). The unusual phase and amplitude
excitation profiles observed for the 47 cm™! mode of cyto-
chrome oxidase resemble the observations presented here for
V40 in Mb and are used by Liebl et al.>! to rationalize the coher-
ent population transfer model. However, we also see clear evi-
dence for v, in deoxy Mb, where no reaction or population
transfer event is taking place (see Fig. 1). Thus, it appears that
Vi Tepresents a genuine vibrational coherence and the coher-
ent population transfer model’' can be eliminated from consid-
eration (at least for Mb). The observation of V4, in more so-
phisticated wavelength selective modulation experiments*® on
MbNO, which experimentally discriminate against population
transfer signals, is also inconsistent with a coherent population
transfer model for NO photodissociation.

Our assignment of V4 and Vg to heme doming®!>3? is in ac-
cord with the conclusions of Liebl et al.’! However, we differ
on the physical mechanism that generates the oscillatory sig-
nal. We suggest that the signal is a genuine vibrational coher-
ence, triggered by the electron rearrangements associated with
ligand photodissociation, and that a heterogeneous, anharmon-
ic model, analogous to the one presented in the lower portion
of Fig. 5, is the key to a quantitative understanding of the ob-
servations.

E. Collective Doming Motion. We note in closing that a
mode analogous to V4 has not yet been clearly observed™ in
recent high resolution synchrotron based experiments on Mb,
which are sensitive to the vibrational spectrum of the ’Fe at
the active site. A suppression of the intensity of this mode in
the detected Fe density-of-states would be explained if the iron
motion represents a relatively small fraction of the total kinetic
energy involved in the v4 motion. This would be the case if

Low Frequency Modes in Heme Proteins

there were significant collective motion that involved the sur-
rounding protein or solvent material when the heme domes.*?
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