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ABSTRACT: Femtosecond vibrational coherence spectroscopy is used to
investigate the low frequency vibrational dynamics of the electron transfer
heme protein, cytochrome ¢ (cyt c). The vibrational coherence spectra of ferric
cyt ¢ have been measured as a function of excitation wavelength within the
Soret band. Vibrational coherence spectra obtained with excitation between
412 and 421 nm display a strong mode at ~44 cm™" that has been assigned to
have a significant contribution from heme ruffling motion in the electronic
ground state. This assignment is based partially on the presence of a large
heme ruffling distortion in the normal coordinate structural decomposition
(NSD) analysis of the X-ray crystal structures. When the excitation wavelength
is moved into the ~421—43S nm region, the transient absorption increases
along with the relative intensity of two modes near ~55 and 30 cm™". The
intensity of the mode near 44 cm™' appears to minimize in this region and
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then recover (but with an opposite phase compared to the blue excitation) when the laser is tuned to 443 nm. These
observations are consistent with the superposition of both ground and excited state coherence in the 421—435 nm region due to
the excitation of a weak porphyrin-to-iron charge transfer (CT) state, which has a lifetime long enough to observe vibrational
coherence. The mode near 55 cm™ is suggested to arise from ruffling in a transient CT state that has a less ruffled heme due to

its iron d° configuration.

B INTRODUCTION

Cytochrome ¢ (cyt ¢) is a water-soluble globular and
membrane-associated heme protein located in the intermem-
brane space of the mitochondria. It serves its redox function by
transferring an electron from the bc; complex to the terminal
electron acceptor, cytochrome ¢ oxidase. It is also involved in
both pre- and postapoptosis processes.” The X-ray structure of
ferric horse heart (hh) cyt ¢ (PDB ID 1HRC) is shown in
Figure 1. The protein is composed of 104 amino acids and
contains the heme as a prosthetic group, which is covalently
attached to the polypeptide chain through two thioether bonds
with residues Cys14 and Cys17. The heme iron in cyt c is low-
spin and 6-coordinate with axial ligands His18 and Met80.
Extensive research has been carried out on cyt ¢ over the last
four decades™® using different spectroscopic techniques that
include optical pump—probe spectroscopy,*™” nuclear magnetic
resonance spectroscopy,'’ electron paramagnetic resonance
spectroscopy,'' Mossbauer spectroscopy,' ' steady state'® and
time-resolved Raman spectroscopy,'* nuclear resonance vibra-
tional spectroscopy,">'® inelastic X-ray scattering,'” vibrational
coherence spectroscopy,’ and fluorescence up-conversion.*'®

In earlier studies of ferrous cyt ¢, using femtosecond transient
absorption spectroscopy, Wang et al.° observed the photolysis
of the axial Met80 ligand and measured the rebinding time
constant to be 6.2 ps. This assignment was based on the close
resemblance of transient absorption spectra of ferrous cyt ¢ to
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that of a model S-coordinate (Sc) histidine ligated complex,
ferrous microperoxidase (MP-8), and on the appearance of the
Fe—His stretching vibration at ~220 cm™' in the vibrational
coherence spectrum of the ferrous cyt c. Negrerie et al. studied
the ultrafast dynamics of heme in both ferric and ferrous cyt ¢
using femtosecond transient absorption and sub-picosecond
time-resolved resonance Raman spectroscopy.”'* They con-
firmed the photodissociation of Met80 in ferrous cyt ¢ and
observed its rebinding to the Sc high-spin (HS) photoproduct
with a time constant of 4.8 ps. The photodissociation of Met80
was further evidenced by the appearance of the vg,_y;, mode at
216 cm™!' and the down-shifts of the high-frequency (1300—
1700 cm™") marker bands in the transient Raman spectra.*

In contrast, the ferric form of cyt ¢ does not appear to
undergo photodissociation, and the optical transients are
dominated by intramolecular vibrational energy redistribution
(<1 ps) with subsequent intermolecular vibrational energy
transfer (~4 ps) taking place in the ground electronic state
vibrational manifold of the heme.* Lowenich et al.”
reinvestigated the photoreduction of ferric cyt ¢ using
femtosecond and nanosecond transient absorption spectrosco-
py and postulated a relaxation pathway leading to a hot ground
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Figure 1. Crystal structures of horse heart ferric cyt ¢ generated from
PDB 1HRC. The heme prosthetic group, its axial ligands His18 and
Met80, and the two cysteine residues (Cys14 and Cysl17) that form
thioether bridges to the heme are shown in the stick model. The
planar Fe-porphine core and its ruffling distortion are also shown.
Ruftling involves motions with alternating clockwise and counter-
clockwise twisting of the pyrrole rings along the Fe—N axes.

state following ~0.3 ps of internal conversion. The hot ground
state of the chromophore was suggested to cool with a time
constant of ~4 ps and the formation of a ferrous population
was observed on the same time scale, indicating the system
might be undergoing some sort of thermally enhanced electron
transport process.” However, this model appears to invoke a
transiently hot acceptor, rather than a hot donor state, which
will have uncertain effects on the donor-to-acceptor transport
rate.

Zang et al® differentiated the heme dynamics and the
induced protein conformational relaxations between ferric and
terrous cyt ¢ by using femtosecond pump—probe spectroscopy.
In the ferrous cyt ¢, the photodissociation of the distal Met80
ligand creates a strong global protein “quake” that recovers in
42 ps, following a 13 ps heme relaxation. The global
conformational relaxation was not observed in the ferric state
of cyt ¢.’ More recently, Chergui et al.® investigated the energy
transfer and electronic relaxation of ferrous and ferric cyt ¢
using broadband UV—vis femtosecond transient absorption
spectroscopy and a fluorescence up-conversion technique with
excitation at various wavelengths in the visible (400 and 530
nm) and the UV (286 nm) region. It was proposed that charge
transfer from the excited states of the porphyrin ring to the d,’
antibonding orbital of the iron induce photolysis in the ferrous
form. In contrast, the partially unoccupied d, orbital in the
ferric form offers an alternative, and faster, decay channel which
prevents the Met80 photolysis.*’

It is known that the heme cofactor in the cyt c-type proteins
is strongly distorted along the ruffling coordinate, and the out-
of-plane (OOP) distortions have been systematically deter-
mined on the basis of normal coordinate structural
decomposition (NSD) of the porphyrin.'” The cause of heme
distortion arises from the forces imposed by the protein
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backbone through steric crowding and from the covalent
linkages and H-bonding between the protein residues (in the
CXXCH motif) and the heme.*”*' The OOP distortions are
conserved in heme proteins and have been correlated to the
protein function.”” For example, the ruffling distortion is
thought to be involved in controlling the redox potentials,>~>°
based upon its appearance in the electron transfer”****” (e.g,
cytochrome ¢) and NO sensor’® (e.g., nitrophorins) proteins.
Saddling distortions have been suggested to be involved in spin
state changes,”® ™' and they are commonly found in
peroxidases and oxidases (e.g, horseradish peroxidase and
cytochrome P450,,,,). It is also noteworthy that a functionally
important “doming” distortion, due to the iron atom
displacement from the heme plane, appears in the oxygen
storage or transport proteins (e.g, myoglobin, hemoglo-
bin).>>*

Recently, Liptak et al. modified the degree of ruffling in the
heme of Hydrogenobactor thermophilus (Ht) cytochrome css, by
mutation and demonstrated a correlation between the heme
ruffling and the “C and 'H nuclear magnetic resonance
(NMR) hyperfine shifts of the heme.'® Because the heme
ruffling deformation disrupts the dz and porphyrin  overlap, it
localizes both the unpaired iron electron and its “hole-state” on
the ferric iron atom. When the hole is on the heme periphery, it
can significantly increase the overlap with the donor state
electron, whereas, when it is localized on the iron atom, the
tunnel distance is longer, which slows the rate of electron
transfer from its redox partner.>* The ruffling distortion can
also lower the reduction potential of the heme by altering the
energy levels of the d orbitals.'®* This is consistent with the
observation that the reduction potential of highly ruftled Pa cyt
¢ss1 E7A is 100 mV lower than the less ruffled wild type.'® This
relationship is also in good agreement with the investigation by
Marletta et al>® on the heme nitric oxide/oxygen binding
protein from the thermophillic bacterium Thermoanaerobacter
tengcongensis and with early measurements on nitrophorin,”®
which is unusual in that it remains in the ferric state upon NO
binding.

A variety of investigations involving the low-
frequency vibrational dynamics of heme proteins have
demonstrated that impulsive stimulated Raman*® driven
vibrational coherence, or vibrational coherence spectroscopy
(VCS), is a sensitive probe of the thermally accessible and
functionally relevant distortions of the active site heme
chromophore. In the following, we use vibrational coherence
spectroscopy to probe the low frequency vibrational dynamics
of ferric cyt ¢ in the region below 400 cm™". The observed low
frequency modes compare favorably to the steady state
resonance Raman spectra in the energy range that is mutually
accessible (200—400 cm™"). An investigation of changes in the
low-frequency vibrational coherence activity as a function of
excitation wavelength suggests the presence of a charge transfer
state with an upshifted ruffling frequency arising from the
transient population of a d° iron atom.

21,28,33,34,37—39

B EXPERIMENTAL SECTION

Sample Preparation. Horse heart (hh) cyt ¢ was
purchased from Sigma-Aldrich and used without further
purification. The ferrous cyt ¢ used in control experiments
was prepared by reducing ferric cyt ¢ in 0.1 M KPi buffer at pH
7.0 using a small amount of saturated sodium dithionite
solution under anaerobic conditions. For vibrational coherence
spectroscopy, the concentration of the protein samples was
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adjusted so that the optical density of the sample at the pump
wavelength was between 0.7 and 1.0 O.D. in a 1 mm optical
path-length spinning sample cell. Given the large range of the
excitation wavelengths employed for excitation profile measure-
ments (from 412 to 443 nm), the final concentration was
between 50 and 200 M. The absorption spectra of all samples
were recorded before and after the experiments to check the
integrity of the sample and no differences were observed.

Optical System. The details of VCS have been discussed
elsewhere,>%3%3341~43 along with the experimental optical
system,>*®** and further details are given in the Supporting
Information. Two different detection geometries, each
providing for optimal enhancement of a different range of
frequencies, are used to obtain the vibrational coherence
spectra. In the open-band detection scheme, a Si photodiode is
used to measure the entire spectral bandwidth of the probe
pulse which optimizes the fidelity of the low frequency
response in the range 20—100 cm™'****** The detuned
detection scheme selectively enhances the higher frequency
response in the coherent signal>****** with improved
reliability in the ~200—400 cm™' region. The detuned
detection configuration is accomplished using a monochroma-
tor that typically detects a bandwidth of 0.5 nm that is ~5 nm
away from the carrier frequency (central wavelength) of the
probe pulse. The results obtained from the detuned
configuration allow direct comparison to frequency domain
techniques like resonance Raman spectroscopy, which probe
modes above ~200 cm ™.

Data Analysis. The experimental data have components
arising from population transfer as well as vibrational
coherence. The residual coherence signal is obtained by
removing the nonrecursive population decay components.
Digitization of the experimental signal is done using a lock-in
amplifier (LIA) on a 24-bit scale, allowing for a sufficient
dynamic range to resolve the low amplitude coherence signals.
The fractional change of transmittance, AT/T, for the open
band oscillatory signals is on the order of 107*—107°. We used
linear predictive singular value decomposition (LPSVD) to
analyze the data, which simultaneously fits the exponential
decays associated with the population dynamics and the
damped cosine functions that describe the vibrational
oscillations.

Resonance Raman Spectra. Resonance Raman spectra
were obtained using a standard setup with a 90° light-collection
geometry and a single grating monochromator (Acton SP2500
with 1800 g/mm holographic UV optimized grating; Princeton
Instruments, Princeton, NJ). An optical polarization scrambler
was inserted in front of the monochromator to obtain the
intensity of the scattered light without bias from the
polarization-sensitive grating. The monochromator output
was coupled to a liquid-nitrogen-cooled CCD (SPEX
10:400B, Princeton Instruments, Princeton, N]). In order to
improve detection in the low-frequency domain of Raman
shifts, an interferometric notch filter (Kaiser Optical Systems,
Ann Arbor, MI) was used to extinguish the elastically and quasi-
elastically scattered laser light. Samples were excited with a
413.1 nm laser line generated by a krypton laser (Innova 300,
Coherent) with a power of ~6 mW. A standard quartz cuvette
(NSG Precision Cells, Farmingdale, NY) was used for the
experimental Raman measurements. All Raman spectra are
frequency calibrated using fenchone with +1 cm™ spectral
resolution.
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B RESULTS

The equilibrium absorption spectra of ferric and ferrous cyt ¢
are shown in Figure 2. The ferric and ferrous forms show Soret
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Figure 2. Absorption spectra of horse heart ferric (black) and ferrous
(red) cyt ¢ in 0.1 M potassium phosphate buffer at pH 7.0. The
different colored circles in the inset show the different excitation
wavelengths used in the VCS study.

absorption maxima at 409 and 415 nm, respectively. The ferric
form has a broad asymmetric Q-band near 530 nm, whereas the
terrous form displays a clear splitting of the Q-band into the 0—
0 transition (a-band at 549 nm) and the vibronic 0-—1
transitions (f-band at $19 nm). The VCS spectra and the time-
resolved transmittance of ferric cyt ¢ were obtained at various
excitation wavelengths shown by the different colored circles in
the inset of Figure 2.

The time-resolved transmission changes following an optical
pump pulse are illustrated in Figure 3 for pump—probe
excitations from 412 to 443 nm. Here it is important to note
that the absolute amplitudes of the vibrational modes from
VCS experiments are difficult to independently calibrate in
going from one wavelength to another. This is due to a variety
of experimental changes that can take place when the laser
wavelength is tuned. As a result, we normalized the VCS data
using the continuum measurements reported by Negrerie et al.*
The change in optical transmission at a selected time (600 fs)
following the pump pulse is measured in both the VCS and
continuum experiments.* This allows a wavelength-dependent
normalization factor to be extracted from the continuum
experiments and used to scale the VCS measurements
performed at the different laser wavelengths. Details of this
procedure are given in the Supporting Information (Table S2).
The vibrational coherences that are excited and coupled to the
resonant electronic transition are damped within about 3 ps,
due to inhomogeneity, pure dephasing, and vibrational
lifetimes. Hence, the kinetic traces are displayed to only 4 ps.
The dominant coherence coupling signal near time zero arises
from the interaction of the medium and the electric fields of the
pump and probe pulses.

The transmission change at 412 nm is consistent with a
simple bleaching—recovery signal, whereas, to the red of 416
nm, a transient absorption signal appears on the ~1 ps time
scale, reaching a maximum near 427 nm. The trend and sign of
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Figure 3. Femtosecond time-resolved optical transmittance (AT) of
ferric cyt ¢ at different pump/probe excitation wavelengths. The data at
different wavelengths are scaled to match the transient absorption
spectrum obtained using a continuum probe* at 600 fs. The absolute
intensity is in arbitrary units, but the transmittance at each wavelength
is self-consistently scaled to the full transient absorption spectrum as
given by the vertical axis of each trace.

the pump—probe traces displayed in Figure 3 agree very well
with continuum measurements® probed at corresponding
wavelengths, including the return of the bleach signal at 443
nm. The rate constants and corresponding amplitudes for the
nonoscillatory components of the signals (obtained using
LPSVD analysis) are given in the Supporting Information
(Table S1). The kinetic response for ¢ > 0.2 ps is also consistent
with previously reported transient absorption spectra.* Because
longer time constants are not so reliable in an experiment with
a 4 ps time window, the population kinetics at 425 nm were
also measured with an 18 ps time window, as shown in the
Supporting Information (Figure S2). The major component of
the transient absorption signal has a time constant of 4.3 ps,
which is consistent with the relaxation time found previously
for ferric cyt ¢.*

In order to obtain the higher frequency components of the
induced third order polarization, we use a “detuned” detection
scheme as outlined in the Experimental Section. Figure 4 shows
a qualitative correlation between the Raman and coherence
spectra for ferric cyt c. The measured Raman spectrum (red) is
presented at the top of the figure. The Raman spectrum at 413
nm is compared with both open band (green) and detuned
(blue) VCS spectra, collected using pulses centered at 432 nm.
The detuned measurements integrate the probe pulse over a 0.5
nm spectral bandwidth, which is centered at 427 nm, S nm to
the blue of the carrier frequency (/IPr = 432 nm). The
conventional spontaneous resonance Raman spectra are unable
to probe effectively below ~150 cm™' due to limitations
brought on by Rayleigh and quasi-elastic light scattering. The
inset in Figure 4 shows the oscillatory components of the
response (open circles) and the LPSVD fits. As can be seen
from the figure, there is a very good correlation between the
detuned coherence spectrum and the Raman spectrum in the
region from 175 to 400 cm™". The modes obtained from the

6065

Detune

A= 432 nm, A, = 427 nm

A = 432 nm, A = 432 nm

0.0 05 10 _15 20 25 30
, , T[mle,ps

400

300
-1
Wavenumber, cm

500 600 700 800

Figure 4. Correlation between the Raman and coherence spectra for
ferric cyt ¢ at pH 7.0. The Raman spectrum (red) was measured with
excitation at 413.1 nm, whereas open band (green) and detuned
(blue) coherence spectra were measured at a carrier wavelength of 432
nm. The detuned coherence data were collected with a 0.5 nm spectral
window, detuned S nm to the blue of the carrier wavelength. The time
domain oscillatory data are shown in the inset as small circles, and the
LPSVD fits are the solid lines through the data. There is a very good
correlation between the Raman and coherence spectral frequencies,
with an estimated error of roughly +3 cm™. The peaks at 271, 304,
348, 380, 398, 413, 446, 568, 693, and 701 cm™! in the Raman spectra
are assigned to vy, Us), v, 6(C4C.Cy), 8(C4C.S), 6(C4C,Cy), Y20 Vans
v(C,S), and v,, ree.spectively.13

Raman spectrum at 178, 212, 230 (7,4), 271 (1), 348 (vg), and
380 cm™' (8(C4C.Cy)) are correlated with the modes at 177,
209, 228, 271, 349, and 382 cm™! that appear in the detuned
coherence spectra (with an accuracy of +£3 cm™"). The vy mode
appears exactly at 271 cm™ in all three spectra. We also find a
very good correlation between the low frequency modes at 53,
82, 179, and 209 cm™' when the open-band and detuned
detection spectra are compared. Generally, the vibrational
modes seen in the VCS spectra at 432 nm appear to be
reasonably well-correlated and in agreement with the Raman
spectrum at 413 nm. The exception is the mode at 109 cm™ in
the detuned spectrum, which is not observed under open band
conditions at 432 nm. However, a mode at 105—110 cm ™" does
appear in the open band spectra taken in the 412—427 nm
region.

Figure S shows the open-band VCS spectra of ferric cyt ¢
obtained with excitation at the different wavelengths, which are
labeled as colored dots in the absorption spectra shown in
Figure 2. The experimental oscillatory signals are normalized so
the VCS measurements at differing wavelengths can be more
directly compared. This is done using the continuum
transmittance,” and the normalized intensity information is
given by the scale factors on the left panels of each trace in
Figure S (see also the Supporting Information, Table S2). The
right panels show the corresponding spectral components
extracted using the LPSVD analysis, and the scale factors on the
vertical axis are again obtained by the continuum normalization
procedure. The spectra show a strong mode we denote as y,
(~44 cm™) with excitation at 412 and 416 nm. However, as
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Figure S. Open-band coherence spectra of ferric cyt ¢ at different excitation wavelengths. The left panels show the oscillatory components (open
circles) and the LPSVD fits (solid red lines). The LPSVD component corresponding to the dominant low-frequency mode and its phase is also
shown (blue solid line). The right panels show the corresponding amplitudes of the power spectra. The intensities of the mode near ~55 cm™" are
indicated by the diagonal red lines. The relative scaling factors at each wavelength are obtained by normalizing to the continuum data* and are given

on the left vertical axis of each panel.

the excitation wavelength is tuned further to the red, between
425 and 435 nm, the y, mode is reduced in intensity and a
mode near ~55 cm ™' can now be observed (see the Supporting
Information, Figure S3), along with a lower frequency mode
near ~30 cm™.

We label the mode at ~55 cm™ 7,; because of its potential
relationship to y, at ~44 cm™' (vide infra). The y,; mode
attains a maximum relative amplitude in the region between
429 and 430 nm, as can be seen in the plot of its absolute
intensity as a function of the pump—probe wavelength (see the
Supporting Information, Figure S3). When the excitation
wavelength is shifted to 443 nm, still further to the red of the
Soret absorption band maximum, the strong mode at ~55 cm™!
is again subsumed by the y, mode at ~48 cm™’, which now has
a phase that is shifted by roughly 7 compared to excitation at
412—416 nm (as can be seen from inspection of the coherence
signals in the top and bottom panels of Figure S). The ~5$§
cm™' mode is highlighted in Figure S by the red cross-hatch
depicting the area under the peak (however, the actual intensity
of this mode is given by the LPSVD analysis, so no
deconvolution of the areas depicted in the right panels is
needed). We note that it is not obvious a priori how the modes
at ~32 and ~55 cm™' (y,;) are related to the mode at ~44
cm™ (y,). However, the relative intensity behavior of these two
modes suggests that they might not be ground state heme
coherences (as discussed further below). The relative phases of
the low-frequency vibrational modes can be obtained with an
approximate error of +7/8 using the LPSVD analysis, and these
are listed for the strong low frequency modes in the Supporting
Information (Table S3). No dramatic phase shift of these
modes was observed except for the phase flip of y, between 412,
416, and 443 nm.

B DISCUSSION

In this study, we measured the low frequency vibrational
coherence spectra of ferric cyt ¢ as a function of excitation
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wavelength in the region 412—443 nm on the red side of the
Soret band. Because low frequency modes below 200 cm™" are
thermally excited at room temperature (kzT ~ 300 K ~ 200
cm™'), they are potential candidates to be involved as reaction
coordinates that are critical to protein function. For example,
the heme doming mode, found in the 35—50 cm™ region for S-
coordinate ferrous heme, has been shown to play an important
role as a reaction coordinate for the binding of CO.*** On the
other hand, for heme mediated electron transport, it is thought
that distortions and thermal excitation of the heme ruffling
mode can affect both the redox properties and the kinetics for
heme reduction.'®**3*%* It has also been shown that when
large ruffling distortions are present, as in cytochrome ¢, the
intensity of modes with ruffling content will be enhanced.”®
Thus, the study of the low frequency heme vibrations of cyt c,
using VCS at different excitation wavelengths, helps to reveal
the behavior of modes with large ruffling content as well as
offering the possibility to detect the presence of underlying
resonant charge-transfer excited states. The mode frequencies
of the charge transfer state may differ from the ground state
ferric heme because of perturbations that reflect the transient
electronic rearrangement.

As shown in Figure S, the vibrational coherence spectra at
412 and 416 nm show a strong mode near 44 cm™" (y,), which
is thought to have significant ruffling content.” For excitation
between 421 and 435 nm, there is a gradual appearance of a
new mode near ~55 cm™' (y,;) as well as another lower
frequency mode in the range ~20—35 cm™'. The unusual
change in the relative amplitudes of these modes relative to y,
as a function of the pump—probe wavelength may be related to
underlying charge transfer (CT) electronic excitations that have
coherence frequencies that differ from the ground state. The
general trend in the region between 425 and 432 nm can be
explained by a dip in the intensity of y, and an increase in the
intensity of y,; (see the Supporting Information, Figure S3).
(Note that a mode near 30 cm™ is also observed to increase,
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along with an even lower frequency feature at 19 cm™.

However, features below ~20 cm™ must be viewed with
caution because they approach the critical damping threshold
where their time-dependent signals can become entangled with
the monotonic population responses.) It appears that the ~30
cm™! mode intensity peaks slightly to the blue of the 55 cm™
(7.1) mode, but both of these modes are clearly appearing at
excitations that are significantly to the red of the ferric ground
state Soret band maximum located at 409 nm. Still further to
the red at 443 nm, the y, mode reappears, but it is oppositely
phased with respect to excitation in the 412—416 nm range.
The very different trend in the relative intensities of y, and y,;
suggests that they may be associated with different electronic
excitations.

We therefore tentatively assign the y,; mode to ruffling in an
excited charge transfer (CT) state where the iron atom has d¢
electronic character and the ruffling mode is expected to have a
higher frequency. The NSD analysis in the Supporting
Information (Figures SS.1 and S5.2) indicates a smaller ruffling
distortion is present in the reduced form of many cyt ¢
systems.”*~>> Moreover, a quantitative analysis of the mode
frequencies as a function of ruffling distortion, using an
anharmonic Morse potential, indicates that mode softening
occurs as more ruffling distortion is applied**** (see below).
Thus, we expect that a d° iron atom associated with a transient
CT state will have less ruffling and a higher frequency, which is
consistent with the assignment of y,; to ruffling in the putative
CT state.

The observed frequency shift of ~10 cm™ (44—55 cm™) is
quantitatively predicted using the anharmonic model discussed
in section S6 of the Supporting Information. From Figure S5.2
(Supporting Information), we deduce that there is a roughly
~35% reduction in the ruffling distortion upon going from a d°
to a d® iron in the various species where structures are available
(Figures SS.1 and SS.2, Supporting Information). Translated to
hh cyt ¢, this suggests that the ruffling equilibrium position
shifts from gy ~ 3.5 amu'/? A, as seen in the X-ray structure for
the ferric d° configuration, to gy ~ 2.3 amu'/? A (or less, if the
NMR structure in Figure SS5.1, Supporting Information, is
correct) when the iron is in the d® configuration. Using the
linear correlation between the ruffling frequency and the heme
ruffling distortion presented in Figure S$6.1 (Supporting
Information), we see that, when y, is found at 44 cm™ in
the d° ferric state, the ruffling frequency for the d° state is
predicted to be 57 cm™ (due to the shift of gy from ~3.5 to
~2.3 amu'/? A).

The phase and intensity behavior of the y, mode is very
similar to observations made in previous studies of the NO and
CN~ adducts of myoglobin,>*>* where unexpected dips of
intensity accompanied by phase flips occur roughly 20 nm to
the red of the Soret band maximum. In the case of MbCN,
where CN™ turns out to be the photolabile ligand,> the phase
jump and intensity dip occurs at ~418 nm, which is 23 nm to
the red of the S-coordinate histidine-ligated ferric photoproduct
Soret band maximum at 395 nm.>

The observation of phase flips and intensity dips removed by
~20 nm from the maximum of the resonant absorption band
can be explained; however, in order to do so, we must go
beyond the linearly coupled harmonic oscillator theory,*"**
which predicts such behavior at the maximum of the resonant
absorption band. One simple explanation involves an optical
line shape that depends quadratically upon the underlying
distribution of nuclear coordinate equilibrium positions. This is
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a type of coupling that has been shown to underlie the
asymmetric broadening of the Soret band in deoxy
myoglobin.””*® Thus, if the coordinate distribution is excited
into coherent motion, the Soret bandwidth, in addition to its
centroid, will be modulated. This type of “quadratic” coupling
results in a phase jump and intensity minimum that occurs on
either side of the Soret maximum, and we suggest that strong
quadratic effects underlie the “anomalous” phase and intensity
behavior observed both here and in previous studies.**

In contrast to ¥, the presence of strong relative amplitude for
Ya1 in the 425—435 nm region (see Figure S and Figure S3,
Supporting Information) suggests that it may be coupled to an
electronic excitation other than the Soret band. The reduction
of the y, mode intensity in this region opens a window to reveal
the underlying coherence activity related to this other
excitation. As demonstrated in previous VCS studies, the
intensity of the dichroic coherent signal does not maximize
precisely at the maximum of the resonant electronic transition
but rather a few nm away***"** on either the red or blue sides
of the absorption maximum (found at 409 nm for ferric cyt c).
However, the presence of a relative intensity maximum in y,; at
~430 nm indicates that it is unlikely to be a ground state
coherence that is coupled to the Soret band. As a result, we
suggest that its activity is related to a CT excitation that could
arise either from a direct radiative transition to an excited state
that underlies the Soret band or from an ultrafast nonradiative
decay process that involves a transient CT state.

As mentioned previously, the heme cofactor in cyt ¢ has a
highly ruffled geometry. The ruffling distortion tilts the p,
orbitals of the porphyrin nitrogens away from the heme normal
and thereby increases the overlap of the porphyrin 7 and iron
d,, orbitals. At the same time, this distortion partially disrupts
the Fe 3d, and 3d, (dz) mixing with the porphyrin
orbitals.'”*® In addition, the Fe 3d, orbitals can also mix with
His imidazole 7 orbitals and with the Met sulfur lone pair.'® As
a result, there is a rich set of possible direct CT excitations that
involve the iron and the porphyrin.®® However, given the much
slower nonradiative decay that is observed when Zn?*(d'?)
replaces the open shell iron atom,’' it is very likely that,
following photoexcitation of the porphyrin 7% orbital, the
ultrafast nonradiative electronic decay®” takes place via
vacancies in the iron d orbital manifold. Such a nonradiative
channel has been proposed to explain other studies in model
compounds® and heme proteins.***® In the context of the
VCS measurements, this process can be considered analogous
to a “reaction” where an electron moves from the porphyrin 7*
orbital into an unfilled state of the ferric iron d orbitals. Low-
frequency coherences coupled to this type of electronic
excitation will be similar to those observed in other
photochemical reactions and should be most easily revealed
when the y, mode, associated with the “reactant” ferric cyt ¢
ground state, minimizes its amplitude in the 425—435 nm
region. Just as for direct optical excitation of a CT state,
transients involving poPulation of the iron 3d orbitals can be
formed during ultrafast' **>°° nonradiative decay on time scales
that are less than the ~50 fs laser pulse width.

In order to check for the presence of direct underlying charge
transfer states, we compared the Soret absorption at low (20 K)
and room (295 K) temperature in a glycerol and water (70:30)
mixture, as shown in Figure S7 of the Supporting Information.
The low temperature absorption spectrum of the ferrous form
is consistent with earlier reports, which reveal an underlyir;%
transition near 434 nm that was assigned to a CT band.®”
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This underlying transition on the red edge of the main
absorption band is revealed because the broadening, associated
with low frequency chromophore/ ?rotein vibrational modes,”
is removed at low temperature.””’° On the other hand, a
similar underlying transition is not observed in ferric cyt , but
this could be due to the additional broadening that arises from
the shorter excited state lifetime in the ferric form.'®%>%
Obviously, these measurements do not address the possibility
of the ultrafast nonradiative population of a d® iron CT state,
which is also expected to have an underlying transition near 434
nm.

We must also note that the relative absorption cross section
(or “oscillator strength”) of an underlying charge transfer band
will be smaller (by at least 10*) compared to the Soret band.
However, a CT excitation is generally more localized compared
to an extended 7—s* transition. Thus, the electron—nuclear
coupling strength, which measures the transient forces applied
to the nuclei by the electronic state change, is expected to be
larger for a CT transition. Moreover, coherent motion on an
excited state surface will generally lead to significantly lar§er
signals than a corresponding ground state coherence signal.*"**
This can be traced to the fact that the ground state coherent
wavepacket is limited to motion on the scale of its width on the
initial ground state surface. In contrast, the excited state
wavepacket can move a significant distance from the Franck—
Condon region, generating large signals, especially for final
electronic states that involve substantial electron rearrangement
(such as bond breaking or electron transfer). Both of these
effects (larger electron—nuclear coupling and larger excited
state vs ground state coherence signals) will be operative
regardless of the excitation channel (e.g, ultrafast nonradiative
decay involving a CT state®>~®° or direct photon excitation of a
CT band). As a result, the coherence signals from a CT state
may be comparable to those from a ground-state coherence.

The above discussion suggests that the ruffling mode must be
strongly coupled if it is to be observed following excitation of a
CT state. We can estimate the electron—nuclear coupling for
the CT state, if we note that the mass-weighted equilibrium
position of the ruffling mode in cyt ¢ shifts from g, ~ 3.5 amu'/?
A to gy ~ 2.5 amu"? A when the heme iron atom is changed
from a d° to a d° configuration (see the Supporting
Information, Figure SS5.2). If we make a reasonable estimate
for the reduced mass of the ruffling mode (~100 amu), we find
that a shift on the order of 0.1 A should follow excitation of an
electron into the vacant iron d orbital. As a point of reference,
the typical shifts for the extended z—z* orbital excitations in
heme are on the order of 0.01 A.°%*”! Because the electron—
nuclear coupling scales with the square of the equilibrium shift
following electronic excitation, it suggests that the electron—
nuclear coupling of the CT excitation should be roughly 100
times larger than what is found for a 7—n™ excitation.
Moreover, as discussed above and in the Supporting
Information (section S6), the equilibrium shift of the putative
CT state leads to a rufling frequency increase from 44 to 57
cm™!, which is very close to what is observed. More generally,
the strong coupling of the ruffling mode to the iron-centered
CT excitation makes it a likely candidate to be a thermally
accessible reaction coordinate with the ability to modulate the
propensity for heme electron transfer reactions.>*6¥%*

B SUMMARY

In summary, we have used femtosecond vibrational coherence
spectroscopy to investigate the low frequency vibrational
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modes of ferric cyt c. A mode near 55 cm™" (,,) was observed
for excitations to the red of the Soret band, and it gains
intensity as the excitation wavelength is tuned from 425 to 435
nm. Another strong mode (,) that we assign as a ground state
ruffling coherence minimizes its intensity in this region, helping
to facilitate the observation of y,; (which is also present at 412
and 443 nm but not clearly observable due to the strong 44
cm™! mode). The assignment of the modes y, and 7,; to ground
and excited (CT) state ruflling, respectively, is consistent with
the anharmonic coupling model presented in the Supporting
Information, as well as with other ruffling frequency assign-
ments that are correlated with the magnitude of the heme
ruffling distortion. The up-shifted frequency of the ruffling
mode in the excited (CT) state, compared to the ground state,
indicates that ferrous hh cytc has a smaller ruffling distortion
than its ferric counterpart, which is consistent with its NMR
structure and with X-ray structures of other cyt ¢ species. This
work, along with the structural studies, provides evidence that
heme ruffling motion is strongly coupled to excitations that
involve electron transfer into the vacant d, orbital associated
with the ferric iron atom.
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