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Abstract
Femtosecond coherence spectroscopy is used to probe the low-frequency (20–200 cm−1) vibrational
modes of heme proteins in solution. Horseradish peroxidase (HRP), myoglobin (Mb), and
Campylobacter jejuni globin (Cgb) are compared and significant differences in the coherence spectra
are revealed. It is concluded that hydrogen bonding and ligand charge do not strongly affect the low-
frequency coherence spectra and that protein-specific deformations of the heme group lower its
symmetry and control the relative spectral intensities. Such deformations potentially provide a means
for proteins to tune heme reaction coordinates, so that they can perform a broad array of specific
functions. Native HRP displays complex spectral behavior above ~50 cm−1 and very weak activity
below ~50 cm−1. Binding of the substrate analog, benzhydroxamic acid, leads to distinct changes in
the coherence and Raman spectra of HRP that are consistent with the stabilization of a heme water
ligand. The CN derivatives of the three proteins are studied to make comparisons under conditions
of uniform heme coordination and spin-state. MbCN is dominated by a doming mode near 40
cm−1, while HRPCN displays a strong oscillation at higher frequency (96 cm−1) that can be correlated
with the saddling distortion observed in the X-ray structure. In contrast, CgbCN displays low-
frequency coherence spectra that contain strong modes near 30 and 80 cm−1, probably associated
with a combination of heme doming and ruffling. HRPNO displays a strong doming mode near 40
cm−1 that is activated by photolysis. The damping of the coherent motions is significantly reduced
when the heme is shielded from solvent fluctuations by the protein material and reduced still further
when T ≲ 50 K, as pure dephasing processes due to the protein–solvent phonon bath are frozen out.

Introduction
Heme proteins are involved in a wide range of biochemical processes including transport and
storage of small molecules, sensing, signaling, redox reactions, catalysis, and control of gene
expression.1–8 These proteins have a heme prosthetic group (iron protoporphyrin IX, FePPIX)
at the active site, which establishes at least one covalent bond to the surrounding protein matrix
through a proximal axial ligand to the central iron atom. In some cases, both axial positions
are occupied by amino acid ligands (e.g., cytochrome c,7,9 CooA,10 CBS11), while covalent
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linkages to the heme periphery also occur in the cytochrome family.7,9 Depending on the
specific system, the central iron atom can bind various functionally important exogenous
ligands, such as molecular oxygen, nitric oxide, carbon monoxide, or water. The coordination
and the oxidation state of the central iron atom vary between different types of heme proteins
and can change during the catalytic cycle. However, given the enormous range of biochemical
processes mediated by heme proteins, there are surprisingly small variations in the chemical
composition of the heme group. Although it has been established that the amino acid axial
ligands play a major role in the functionality of heme proteins, there are many heme proteins
that share both the same heme and the same axial ligands yet display significantly different
functions. The fact that a specific function can be strongly altered by mutations in the amino
acid sequence and tertiary structure of the surrounding protein12–14 suggests that the protein
matrix is able to tune and modulate heme functionality. For example, it has been
suggested15–18 that the interaction between the adjacent protein material and the normally
planar heme group can lead to out-of-plane structural distortions that may be of functional
importance.

In this work we use femtosecond coherence spectroscopy (FCS) to document low-frequency
modes in horseradish peroxidase (HRP), myoglobin (Mb), and Campylobacter jejuni globin
(Cgb) that reflect heme geometric distortions by the protein architecture. FCS is a “pump-
probe” technique that employs the large bandwidth associated with ultrafast laser pulses to
monitor vibrational coherences induced within the sample of interest. The theoretical details
of this time domain spectroscopic technique can be found elsewhere.19–27 One important
advantage of the FCS technique over more traditional frequency domain vibrational
spectroscopies is its ability to monitor very low-frequency vibrational modes (20–200 cm−1)
that are otherwise inaccessible to experimental detection in the aqueous environment.
Vibrational modes in the region below 200 cm−1 are easily activated by thermal fluctuations
(kBT ~ 200 cm−1 at room temperature), and the functionally important heme vibrations are
likely to lie within this range. For example, it has recently been demonstrated how the heme-
doming motion near 40 cm−1 influences diatomic ligand binding.28

To assess the importance of the protein environment on the low-frequency vibrational spectrum
of the heme, we carried out a series of experiments on Mb, HRP (isoenzyme C), and Cgb. Each
of these heme proteins has a b-type heme in the active site that is covalently bound to the rest
of the protein through a histidine amino acid (His 93 in Mb, His170 in HRP, and His85 in Cgb).
Mb and HRP have significantly different roles: Mb is a member of the globin family and is
mostly involved in oxygen storage in the muscle cells of vertebrates, while HRP is a peroxidase-
type heme protein that has important catalytic functions in plants. In the native state of Mb,
the central iron atom is reduced (Fe2+) and can be high-spin, five-coordinated (deoxyMb) or
low-spin, six-coordinated (MbL; L = CO, O2, NO). In the native state, HRP is thought to have
a five- and six-coordinate iron, in a high- or mixed-spin state.29–32 The resting state ferric heme
iron in HRP explores higher oxidation states (+4) during the catalytic cycle. Cgb is a single-
domain hemoglobin from the bacterium Campylobacter jejuni that has been proposed to protect
the bacterium against NO attack.33

In the experiments described below, we attempted to match the coordination, oxidation, and
spin states of the protein samples considered for comparison. For example, we used the
ferricyanide adducts to eliminate ambiguities associated with the coordination and spin states
of the different samples. Even under these conditions, we found that these apparently similar
heme proteins show very different coherence spectra. Most notably, the HRP species shows
very little activity below 50 cm−1, whereas the Mb samples display strong low-frequency
modes in this region. Given the identical spin, oxidation, and axial ligation of the ferricyanide
complexes, we suggest that distortion of the heme geometry, arising from its local interactions
with the protein matrix, leads to dramatic changes in the low-frequency region of the vibrational
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spectrum. This study demonstrates that FCS is a sensitive probe of the out-of-plane geometric
distortions that are induced when the heme is inserted into different protein environments.
These distortions can be quantified by using normal coordinate structural decomposition
(NSD).34 The effect of the distortions is to lower the inherent symmetry of the heme and
activate out-of-plane low-frequency modes that fall in the region ≲kBT. These modes are likely
to play a role in heme protein function, either by helping to “trap” product states once they are
formed35 or as direct reaction coordinates.28

Experimental Section
Sample Preparation

Horse heart myoglobin (Mb), horseradish peroxidase isoenzyme C (HRP), benzhydroxamic
acid (BHA), and potassium cyanide (KCN) were purchased from Sigma Chemical Co. (St.
Louis, MO) and used directly without further purification. The ferric heme protein samples
were prepared by dissolving the lyophilized protein powder in potassium phosphate buffer (pH
7.0, 0.1M) and adjusting the sample concentration to the required final optical density (~1
O.D./mm of path length) by dilution.

The ferric HRP/BHA complex was obtained by adding small aliquots of concentrated BHA
solution to the ferric HRP sample. Given the high affinity of BHA for HRP, the final BHA
concentration was approximately 100 µM. The HRP-CN and Mb-CN adducts were prepared
by adding small aliquots of 1 M KCN solution to the ferric protein samples. The final
concentration of CN was approximately 300 µM (slight excess). The ferric HRP/BHA-NO
sample was formed by preparing the HRP/BHA complex, as previously described, and then
bubbling NO gas through it for approximately 1 min under continuous agitation.

The Campylobacter globin (Cgb) sample from the microaerophilic bacterium Campylobacter
jejuni was obtained as discussed previously.36 The ferric Cgb sample was dissolved in Tris
buffer (50 mM, pH 7.4) to a final heme concentration of approximately 75 µM. The cyanide
adduct was obtained by adding small aliquots of 1 M KCN solution to the ferric protein samples.

To prepare the reduced species of Mb, HRP and Cgb, the proteins were first dissolved in the
appropriate buffer (potassium phosphate buffer pH 7.0, 0.1 M for Mb and HRP, Tris buffer
pH 7.4, 50 mM for Cgb) and degassed for 20 min under an argon atmosphere. The concentration
of protein was adjusted so that the final absorbance of the reduced species was about 1 O.D./
mm of path length at the pump wavelength. Subsequently, the samples were transferred into a
glovebox and 3 µL of 1 M sodium dithionate (Na2O4S2) was added to 250 µL of buffered
sample to obtain the deoxy species.

To obtain the NO adducts, 2 µL of 1 M sodium nitrate (Na2NO2) solution was added to the
deoxy sample. The reduced samples were then transferred into the sample cell and carefully
insulated against oxygen contamination. For low temperature measurements a mixture of
glycerol (75%) and buffer (25%) was used for sample dilution. The final concentration was
adjusted so the optical density of the sample at the excitation wavelength was approximately
1 O.D. in a 1 mm path length cell.

The absorption spectra of all samples were recorded (using a Hitachi U-3410
spectrophotometer) after the preparation procedure to confirm that all chemical modifications
were achieved and that they were complete. Absorption spectra were also taken after the
experiments were concluded to check for possible photochemical damage and none was
observed.
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Laser System
The laser system used for the FCS measurements consisted of a tunable (750–960nm) Ti-
sapphire oscillator (MIRA 900, Coherent Inc., Santa Clara, CA) pumped by a diode laser (Verdi
10, Coherent, Inc., Santa Clara, CA). The oscillator was able to generate 50–100 fs pulses at
a repetition rate of 76 MHz, with energy of ~10 nJ/pulse. To resonantly excite the samples in
the Soret band, the IR output of the laser was frequency doubled in a 250 µm β-barium borate
(BBO) crystal and then chirp compensated by a pair of SF10 prisms to within 10% of the
transform time-bandwidth limit. Subsequently, the laser light was split into a pump arm and a
probe arm, with a power ratio of 2:1 between the two. The pump beam was modulated using
an accustooptic modulator (AOM; Neos Technologies (Melbourne, FA)) at 1.5 MHz. Before
reaching the sample, the pump and probe beam polarizations were adjusted to be perpendicular.
Both beams were focused into the spinning sample cell using a three inch achromatic lens in
a near parallel geometry. The time delay between the pump and probe–pulses was controlled
by a Newport Klinger (Irvine, CA) translation stage in steps of 1 µm (6.66 fs steps in the time
domain). After the sample, the beams were recollimated and the pump light was spatially
blocked (using a pinhole that allows only the probe beam to pass) and extinguished by a
polarization analyzer that was oriented accordingly.

The detection step of the experimental procedure allows us to focus on different frequency
ranges of the coherent signal. In an “open band” detection scheme, we employ a Si photodiode
to measure the entire spectral bandwidth of the probe–pulse. This kind of measurement
integrates over all frequencies and results in better fidelity for the detection of low-frequency
modes.21,37 The “detuned” or “dispersed” detection scheme, on the other hand, leads to
stronger relative enhancement of the higher frequency regions of the coherent signal.21,37–39

In this latter case, a photomultiplier tube (PMT) coupled to a monochromator was employed
for detection, resulting in increased amplitude and superior detection of the higher frequency
components of the third order polarization signal. This occurs because the induced polarization
oscillates at the optical carrier frequency ± the coherent vibrational frequencies. Thus, as the
detection is moved away from the optical carrier frequency, higher frequency modes are
selectively detected. When the detuning conditions are chosen so they selectively augment
modes above 200 cm−1, we can compare the FCS results directly with the frequency domain
Raman spectra. The excited electronic state coherence signals do not contribute to the heme
coherence spectra because such states are very short-lived (< 100 fs). On the other hand,
“product” states, which correspond to ground electronic product states of a photochemical
reaction, such as Mb in MbL → Mb + L, will contribute, and signals from such samples will
be a superposition of the reactant and product state coherences. The various contributions to
the observed signal will depend on the quantum yield for the reaction and the probe laser
wavelength resonance conditions.

The output of the detector under either open band or detuned conditions (i.e., using either the
photodiode or the photomultiplier) was passed through a lock-in amplifier (LIA) (Stanford
SR844) that retrieves and amplifies the signal associated with the pump modulation frequency
(1.5 MHz, set using the LIA output as a clock). Given this processing step, it is imperative to
take precautions so that the pump light is extinguished, using spatial and polarization filtering,
before reaching the detector. The pump light that leaks into the detector appears as a constant
offset in the detected signal, which can adversely affect the dynamic range of the LIA.

Low Temperature Measurements
To carry out temperature dependence studies, we developed a novel scanning method that
removes the technical limitations related to refreshing the sample in a cryostat. Sample refresh
is needed in order to avoid photo-damage, thermal lensing, and incomplete reset to equilibrium
between pulse pairs. The details of this technique are presented elsewhere.40 Normally, we use
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a spinning sample cell for sample refresh, but for the low temperature measurements, spinning
the sample in the cryostat is very difficult. Instead we use an off-axis focusing lens that spins
in front of the sample and moves the laser beams in a circular path over the frozen sample
without the need of moving the sample itself. There is additional noise introduced by this
scanning method and also by optical imperfections associated with the frozen sample, which
decrease the signal/noise (S/N) ratio and tend to wash out the higher frequencies to some
degree.40 Nevertheless, the benefits of being able to efficiently probe samples at cryogenic
temperatures surpass the negative side effects on the S/N ratio.

Data Analysis
The experimental FCS data have two components that result from different mechanisms,
population transfer and vibrational coherence. The dominant population transfer components
usually have a monotonic decay behavior. Although these components carry important
information regarding various dynamic processes (e.g., ligand rebinding dynamics, cooling
and/or spectral diffusion of the line shape) they must be removed in order to reveal the residual
coherence signal. Due to the large amplitude of the electronic population signals (generally
about 2 orders of magnitude larger than the vibrational coherence signal), special precautions
have to be taken during both the digitization/recording of the signal and the fitting procedure.
The digitization of the experimental signal was done by the LIA on a 24 bit scale so that it
allowed for a sufficient dynamic range even for low amplitude coherence signals. The data
analysis followed a sequential approach. We first employed a maximum entropy method
(MEM) algorithm to retrieve the oscillatory signal because MEM removes assumptions
regarding the number of exponential decay processes that might be present. The oscillatory
coherence signal comes from the superposition of vibrational states coupled to the resonant
electronic transition. This coherent superposition is lost after a few picoseconds following the
excitation due to both homogeneous and inhomogeneous decoherence processes that cause the
oscillatory signal to damp as a function of time. To quantify the coherent signals, the oscillatory
signal left after the removal of the monotonic decay terms was fit to a sum of damped cosine
functions,

(1)

using a linear predictive single value decomposition (LPSVD) algorithm. Given the fact that
a small amount of noise is always present in the experimental data, we use the low frequencies
observed in the Raman spectrum as a control that helps us avoid over- or under-fitting the data.

We first analyze the detuned data (which optimizes the detection of the higher frequencies
within the pulse bandwidth) to make sure that the global fitting parameters (such as the number
of oscillators and time domain of the data) are properly correlated with the frequencies
determined independently from the Raman spectrum. The power spectra obtained from the
detuned measurements generally extend below 200 cm−1, which represents the practical lower
limit cutoff for heme protein resonance Raman measurements. After analysis of the detuned
data, we consider the open band experiment and compare the frequencies in the overlapping
regions. The analysis of open band data starts by selecting a low number of oscillations and
then gradually increasing that number until the overall resolved frequencies match the results
obtained through detuned measurements and Raman spectroscopy. The relative intensities of
the coherences are a strong function of the laser pulse bandwidth and detuning conditions. The
LPSVD spectra, as presented, are not corrected for the Gaussian-distributed relative pumping
efficiencies within the bandwidth of the laser pulse. The cross-correlation pulse widths are
typically kept near 60 ± 10 fs, to selectively enhance the lower frequency modes. Examination
of the data from numerous independent samples41 has generally produced very good
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reproducibility and strong correlations between the frequencies extracted using the three
experimental conditions (Raman, detuned FCS, and open band FCS). The phase (φi) cannot
be determined from Raman measurements. We estimate that, for mode frequencies below 100
cm−1, the phases determined to be near (~) a particular value will have an error at or below
±π/6 (±30°).

Results
Figure 1 shows the absorption spectra of some of the HRP (panels A and B), Mb (panel C),
and Cgb (panel D) samples considered in this study. In its native ferric form, HRP displays a
Soret band with a maximum at 402 nm and a marked shoulder on the blue side. The
interpretation of this spectrum remains somewhat obscure.5,29,42 It is likely that the two bands
indicate the presence of two different species, involving distal pocket water and a mixture of
five- and six-coordinate heme. As can be seen in Figure 1C, a five-coordinate ferric Mb
absorption spectrum, with no distal water, has been measured for the H64L mutant.43,44 It
displays a broad Soret band that peaks near 390 nm, which is suggestive of the possibility that
the shoulder near 390 nm in native HRP represents the population of the five-coordinate ferric
heme, while the peak near 403 nm reflects the presence of water-bound six-coordinate material.
The five/six-coordinate equilibrium is shifted by the addition of benxhydroxamic acid (BHA),
a substrate-like inhibitor of HRP, which favors a six-coordinated water-bound species.30 When
BHA is present (HRP/BHA), the absorption spectrum is more homogeneous, with a Soret peak
at 408 nm (the shift to 403 nm in the absence of BHA can be simulated by superimposing the
five- and six-coordinate lineshapes). The HRP/BHA peak at 408 nm closely resembles the
spectrum of ferric (met)Mb (409 nm Soret maximum), which has a six-coordinate high-spin
(S = 5/2) iron with a bound water molecule.

The absorption spectra of the six-coordinate ferric cyanide-bound species (HRPCN, MbCN)
are nearly identical with Soret peaks at approximately 423 nm, while CgbCN has its Soret peak
at 418 nm. The reduced five-coordinate samples of Mb, HRP, and Cgb are also very similar,
showing Soret peaks at 435, 437, and 432 nm, respectively. Panel B of Figure 1 shows the
absorption spectra of the ferric and ferrous nitric oxide (NO)-bound species of HRP, which
both have Soret peaks at 422 nm. In panel D, we display the Soret bands of the Cgb sample in
the ferric, ferrous and CN bound states. It is noteworthy that the ferric Cgb sample absorbs
near 398 nm, similar to the five-coordinate ferric H64LMb mutant, and that it has been assigned
as a primarily five-coordinate heme using Raman spectroscopy. 36 However, there is a weak
structure associated with the Soret line shape of ferric Cgb that is suggestive of what is seen
in ferric HRP, potentially indicating the presence of a small fraction of six-coordinate material.

We carried out an extended series of FCS experiments on ferric Mb and ferric HRP (with and
without BHA) using both the open band and the detuned detection techniques. All
measurements were performed with identical laser pulses (418 nm, 60 fs) to optimize the
comparisons between the coherence signals of the three samples. Figure 2 shows a set of
comparative Raman, detuned, and open band FCS results for samples of ferric Mb (panel A),
ferric HRP (panel B), and ferric HRP/BHA (panel C). The insets display the oscillatory
components of the data used to generate the spectra shown in the lower two traces. As expected,
the Raman data do not effectively resolve spectral features in the range below ~200 cm−1. This
is due to experimental constraints that mainly involve Rayleigh/quasielastic light scattering
and Raman notch filter effects (the latter are more pronounced in the HRP Raman spectra). On
the other hand, the coherence data demonstrate that there is considerable vibrational activity
below 200 cm−1. The lowest frequency oscillations are optimally detected in an open band
measurement, while the detuned detection bridges the gap between the open band region and
the higher frequency region probed by Raman spectroscopy. As observed in all three panels
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of Figure 2, there is a good correlation between the separate experiments: detuned FCS (blue
curves), Raman (red curves), and open band FCS (green curves).

The metMb sample shows particularly impressive agreement between the coherence and the
Raman spectra, and for comparison, we have also inserted the Raman spectrum of the five-
coordinate H64L Mb mutant in the 600–800 cm−1 region. The depolarized ν15 mode (near 750
cm−1) of the H64L mutant sample shows a dramatic gain of intensity when the water ligand is
lost. A similar effect is seen in panels B and C when the Raman spectra of HRP and HRP/BHA
are compared. This demonstrates that the change in the 750 cm−1 mode intensity can be used
as a monitor of the conversion between the five-and six-coordinate H2O-bound heme species.
When BHA binds it stabilizes the water molecule and suppresses the 750 cm−1 mode.43,44

A direct comparison of the open band coherence spectra of ferric species of Mb and HRP with
and without BHA is shown in the upper three panels of Figure 3 (measured at 418 nm). The
frequencies of Mb and HRP are summarized in Table 1 and Table 2. The differences observed
in the coherence spectra of the three samples are significant, and surprisingly, these differences
persist even for the two species that have very similar absorption spectra (HRP/BHA and
metMb). While the coherence spectrum of metMb has a dominant component at 39 cm−1, the
spectrum of HRP/BHA shows its strongest mode at 102 cm−1. The native HRP measured under
identical conditions shows a very congested low-frequency landscape, with major components
at 94, 144, and 191 cm−1. Given that the native enzyme contains a mixture of five- and six-
coordinated species, spectral crowding is expected for this sample.

To interrogate the five-coordinate species of the native enzyme, which probably absorbs near
390 nm43 (as seen in Figure 1C), we also carried out coherence measurements with 405 nm
excitation (lower panels of Figure 3). The strongest oscillations in the HRP spectrum appear
at 77 and 196 cm−1, which is conspicuously different from the data recorded with 418 nm
excitation. The HRP/BHA Soret absorption spectrum appears to be more homogeneous, and
the coherence spectrum excited at 418 nm displays strong modes at 102, 170, and 187 cm−1.
Moving the excitation to 405 nm leads to changes in the relative amplitudes of the HRP/BHA
sample, as expected theoretically,21 but additional modes also appear, which is not expected
for a homogeneous sample. For example, a dominant new oscillation can be seen at 73 cm−1,
close to the strong 77 cm−1 mode observed in native HRP measured at 405 nm. The mode at
37 cm−1 in the HRP/BHA sample is intensified at 405 nm and is slightly shifted with respect
to 418 nm excitation. Generally, these observations suggest that, even in the presence of BHA,
the heme in HRP fluctuates between at least two different conformations (or mixed spin states).

The bottom panel of Figure 3 shows the coherence spectrum of the five-coordinate H64L Mb
mutant, excited at 405 nm, which is close to the Soret band maximum at 390 nm. There are
significant differences between the coherence spectrum of this sample and the native ferric
HRP sample excited at 405 nm (which should selectively probe the five-coordinate population).
This, along with the significant spectral differences between the six-coordinate HRP and Mb
samples (upper two panels of Figure 3), strongly indicates that the heme coordination state is
not responsible for the very different coherence spectra found for HRP and Mb.

The absorption spectra suggest that the native ferric HRP sample is a mixture of five- and six-
coordinate material, with the likelihood of mixed spin-states.45 As a result, comparison of
native HRP to the six-coordinate high-spin ferric metMb system could be complicated by the
presence of multiple species. To help clarify the situation, we decided to probe the low-
frequency vibrational spectrum by comparing hemes with identical spin, oxidation, and axial
ligation states. The absorption spectra suggest that both the ferricyanide species (six-
coordinate, low-spin) and the ferrous deoxy species (five-coordinate, high-spin) are excellent
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targets for protein-specific comparative studies where the heme is fixed in a well-defined
coordination and spin-state.

Figure 4A shows the result of FCS experiments carried out under similar conditions using the
ferricyanide derivatives of HRP, Cgb, and Mb. The frequencies of these species are presented
in Table 1–Table 3. All samples have very good stability and display strong coherence signals.
The analysis of the experimental results shows that, while the MbCN sample has a dominant
mode at 40 cm−1, the HRPCN sample shows very limited activity below ~70 cm−1 and the
main component of the coherence spectrum appears at 96 cm−1. As reported elsewhere,41 the
phase of the 40 cm−1 mode of MbCN, as given in eq 1, is anomalous and displays a sharp
transition from +π/2 to −π/2 near 418 nm. This indicates that the initial pump-induced
nonequilibrium coherent wavepacket is dominated by momentum transfer rather than the
coordinate displacement normally observed for resonant excitation.21 In contrast, the HRP
mode at 96 cm−1 has a roughly constant phase (φ ~ 0), which is indicative of a coordinate
displacement and a field-driven ground-state coherence. The CgbCN sample displays a
coherence spectrum that is qualitatively intermediate between HRPCN and MbCN. There are
two dominant modes, one at 30 cm−1, with a phase near zero, and another at 79 cm−1, with a
phase near π/6. As can be seen in Figure 4B, the FCS frequencies detected above 200 cm−1 in
HRPCN correlate very well with the Raman data, with the unexplained exception of the modes
near 265–280 cm−1.

Figure 5 presents the results of the open band coherence measurements carried out on the five-
coordinate ferrous forms of HRP, Cgb, and Mb. To account for the slight difference in the
absorption spectra of the samples (437 vs 432 vs 435 nm), we performed the experiments with
432, 425, and 430 nm excitation, respectively. Even though the spin, oxidation, and
coordination states of the samples are identical, the differences in their low-frequency spectra
continue the same trend as observed previously for the ferric species. Ferrous Mb excited at
430 nm shows a strong mode near 46 cm−1 along with distinctive features at 98, 119, and 219
cm−1. Ferrous HRP, on the other hand, has weak activity in the region below ~50 cm−1, with
the main vibrations tightly packed at 57, 78, 104, and 128 cm−1. Like Mb, the ferrous Cgb
sample has strong activity below ~50 cm−1 (the strongest modes appear at 31 and 54 cm−1,
with phases near zero and π/2, respectively), and it also displays important features at higher
frequencies, namely, 87, 119, and 142 cm−1. We are able to clearly identify the Fe–His
stretching modes36,42,46 for all three proteins at 219 cm−1 (Fe–His93 in Mb), 253 cm−1 (Fe–
His85 in Cgb), and 248 cm−1 (Fe–His170 in HRP). The slightly higher frequencies of the Fe–
His mode in HRP and Cgb, compared to Mb, are due to the proximal hydrogen bonds formed
between Asp247/His170 in HRP47 and between Tyr84/Glu134/His85 in Cgb.36 The possibility
that these H-bonds are responsible for the differences in low-frequency activity of the three
proteins is examined further below.

Both ferric and ferrous HRP are able to bind NO as an axial ligand, which is easily photolyzed.
48 If a significant amount of slow bimolecular rebinding is present in the sample, the photolysis
process can negatively affect the FCS experiment. Because of the 76 MHz repetition rate of
the laser system, a slow rebinding process can result in the appearance of a mixture of bound
and unbound species. While ferrous HRP displays only a very fast NO geminate rebinding
time scale,48 the ferric HRP-NO has a slower bimolecular component that makes FCS
experiments difficult. We bypass this difficulty by using the BHA-bound sample, which has
the same absorption spectrum for the NO adduct as the sample without BHA. HRP/BHA has
no bimolecular phase because the BHA molecule blocks the access between the heme pocket
and the surrounding solvent.48 Figure 6A shows the coherence spectra of ferrous samples of
HRP and HRPNO. The measurements were performed with identical pulses (432 nm, 60 fs)
to facilitate comparison of the data. There is generally a one-to-one correspondence (within
±5 cm−1) between the oscillation frequencies seen in the two samples. However, there is one
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exception. A strong mode near 40 cm−1 appears to be “turned on” by the photolysis process.
This same effect is also seen in the ferric HRP/BHA-NO sample, with an even more dramatic
change in amplitude. As can be seen in Figure 6B, the coherence spectrum of ferric HRP/BHA-
NO sample is dominated by an oscillation that appears at 42–44 cm−1.

In Figure 6, both the ferrous and ferric NO ligated species are compared with the corresponding
five-coordinated species, which is the expected product state. The ferrous HRP product is a
homogeneous sample that reveals the spectrum of the five-coordinated material over the whole
range of excitation wave-lengths. On the other hand, the BHA-bound ferric HRP has a water
ligand. To estimate the coherent response of the five-coordinate ferric HRP, we used the
coherence spectrum of native HRP in Figure 6B, probed at 405 nm, which optimizes resonance
with the five-coordinate ferric HRP species. (Here we assume that the shoulder near 390 nm
in HRP represents the five-coordinate ferric material, as seen for the five-coordinate H64L
metMb spectrum in Figure 1C.) In addition, we also present the coherence spectra of ferric
HRPNO at 426 nm in Figure 6B to probe for the presence of residual hot, six-coordinate,
unphotolyzed material arising when the photolysis quantum yield is less than unity.49 The
differences between the spectra at 405 nm and the spectra at 426 nm indicate that such material
is likely present.

To further assess the impact of the strong hydrogen bond on the low-frequency modes of ferric
HRP, we carried out a comparative measurement between the ferric species of native HRP,
metMb, and Cgb, as presented in Figure 7. As seen in the ferrous and ferricyanide forms (Figure
4 and Figure 5), the activity below ~50 cm−1 in ferric HRP is strongly suppressed with respect
to metMb. On the other hand, despite the strong hydrogen bond(s) present in Cgb,36 there is
still an intense low-frequency mode that appears at 34 cm−1, slightly lower than the frequency
of the dominant oscillation seen in ferric Mb. This suggests that the hydrogen bonding is not
responsible for the dramatic suppression of the modes below ~50 cm−1 in native HRP. This is
also consistent with the observation of a moderately intense mode near 37–39 cm−1 when BHA
is added to HRP (Figure 3). Stabilization of the distal water ligand by BHA presumably leaves
the proximal hydrogen bond intact, which suggests that the modes below ~50 cm−1 are not
particularly sensitive to the proximal hydrogen bonding.

The possibility that the ligand charge state might influence the low-frequency sprectrum was
also examined. For example, hydrogen bonding that increases the imidazolate character of the
proximal histidine ligand could, in principle, reduce the inherent positive charge of the ferric
heme and potentially account for some of the spectral differences seen in Figure 4 and Figure
5. To test for the effect of ligand charge, we carried out comparative measurements between
metMb and metMbF−, because the negatively charged fluoride ion should more completely
neutralize the positively charged ferric heme. The low-frequency FCS spectra of the two
species are presented in Figure 8. Although there are some subtle changes in the power spectra,
the dominant low-frequency mode at 39 cm−1 is not affected by the presence of the negatively
charged F− ion.

Figure 9A shows the FCS spectra of ferrous HRP as a function of temperature. The frequencies
noted in the figure are averages over the temperature-dependent data for the separate regions
above and below the glass transition at Tg ~ 180 K. These data were obtained in a sequence of
experiments that used identical laser pulses (430 nm, 60 fs). Due to the additional noise
introduced by the spinning lens apparatus, the frequencies above 200 cm−1 have somewhat
decreased amplitudes. However, there are significant effects that are observed when the
temperature is lowered. The most striking observation is that the coherence signal persists over
much longer timescales at the lowest temperatures. Figure 9B shows a plot of the extracted
damping factors as a function of temperature.
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Discussion
Comparison of HRP and Mb

In this work, we use femtosecond coherence spectroscopy to investigate the effect of protein-
induced distortions on the low-frequency mode structure of the heme. HRP and Mb have
different functions, but a common heme group having axial ligands and an iron oxidation-and
spin-state that can be controlled. For example, in order to keep the heme in a well-defined
ligand/coordination/spin state, and isolate the geometric distortion effects of the protein matrix,
we have utilized the ferricyanide adducts. In this way, the low-frequency coherence spectrum
can act as an unambiguous reporter of the effect of the surrounding protein environment on
the embedded heme.

As can be seen in Figure 1, the absorption spectra of several analogous species of Mb and HRP
match closely (e.g., their Soret peaks fall within ±2 nm). On the other hand, the vibrational
spectra (both Raman and coherence) of these two proteins show significant differences. In
Figure 2 and Figure 3, ferric Mb shows a dominant low frequency mode at 39 cm−1, while
native HRP has no activity and ferric HRP/BHA has only moderate activity in this region of
the spectrum. Because the comparison of the five- and six-coordinate species has shown that
the spectral differences are not the result of ligation state, we assign the differences in the
coherence spectra to protein-induced distortions of the heme geometry.

Figure 2 and Figure 4B display the correlation between frequency and time domain
measurements for the ferric species. As can be seen, there is excellent agreement between the
two spectroscopic approaches. There is a certain degree of congestion in the Raman spectra of
native HRP (Figure 2B) and HRP/BHA (Figure 2C), which can make the interpretation of the
data difficult. The blue shoulder in the absorption spectrum, shown in Figure 1, suggests that
the native HRP sample involves a mixture of species. Changes in the Soret bands and the high-
frequency Raman spectra30,42 upon the addition of BHA to ferric HRP indicate that the five-
coordinate population is removed and the six-coordinate water-bound species is stabilized (e.g.,
the Soret absorption shows the disappearance of the blue side shoulder near 390 nm).

It is worth recalling that some out-of-plane modes are intensity-enhanced in the Raman spectra
of HRP (see Figure 2B,C). The band at 693 cm−1, on the shoulder of the ν7 mode, is assigned
to γ15 with B2u symmetry, whereas the mode at 716 cm−1 is assigned to γ11 with B1u symmetry.
50 These two modes can be made Raman active by the saddling (B2u) and ruffling (B1u) heme
distortions observed in the X-ray structures (vide infra). There is also an additional shoulder
of γ11 seen in HRP, but not in HRP/BHA, which is assigned to the A2u-type γ5 mode. Because
γ5 can be enhanced by doming displacement, the absence of γ5 in HRP/BHA may be indicating
that the heme is less domed when water is bound to the heme iron.

There are significant changes between the coherence spectra of the HRP species with and
without the addition of BHA when the data at 418 nm are compared in Figure 3. In contrast,
there is little difference between the Raman spectra of HRP and HRP/BHA in Figure 2B,C,
with the notable exception of a dramatic intensity loss of the ν15 mode at 750 cm−1 when BHA
is bound. The ν15 mode is depolarized (B1g) and has been reported to be either strongly Jahn–
Teller active in the Soret band51 or enhanced through a vibronic coupling mechanism.52 The
Raman spectra of metMb and its H64L mutant, shown in the upper traces of Figure 2A,
demonstrate that this mode is quite sensitive to the presence of the water ligand. By analogy,
we suggest that the loss of intensity for this mode in Figure 2C reflects the stabilization of the
heme-bound water molecule when BHA is added to HRP. Both the FCS data and the changes
in the 750 cm−1 mode Raman intensity demonstrate that BHA is binding close to the heme and
altering its vibrational landscape by perturbing its local geometry and stabilizing a bound water
ligand. Most of the mode frequencies in the coherence spectra shown in Figure 3 are roughly
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independent of the presence of BHA, but their relative intensities are significantly changed,
presumably due to alterations of the relative magnitudes of the protein-induced heme structural
distortions (along the out-of-plane heme normal modes).

One clear exception to the frequency correlations between HRP and HRP/BHA is the
disappearance of the 144 cm−1 mode and the appearance of a new feature at 170 cm−1 when
BHA is added (compare second and third panels in Figure 3). Based on the fact that the heme
iron is mostly six-coordinate when BHA is present,30,42 it is tempting to assign the 144
cm−1 mode to the five-coordinate material present in the native HRP sample. However, because
the coherence spectrum of HRP/BHA taken at 405 nm (4th panel of Figure 3) clearly shows
an oscillation at 143 cm−1, a definitive assignment cannot be made. It is noteworthy that the
144 cm−1 mode does not appear in the FCS spectrum of native HRP measured at 405 nm (Figure
3, fifth panel), which should be strongly resonant with the five-coordinate material. The
assignments of the low-frequency modes in HRP are clearly problematic. However, this is not
too surprising, because the assignment of the better characterized high-frequency Raman
modes also has a complicated history.29,42,45

Protein-Induced Heme Distortion
As a result of the complexity associated with the wide variety of possible HRP ligation and
spin states, we turned to the ferricyanide adducts to isolate the protein-induced structural
perturbations and obtain a more direct comparison between the Mb, Cgb, and HRP samples
(see Figure 4). When CN is bound, the coordination and spin-states (six-coordinate, low-spin)
are identical. Nevertheless, the FCS spectra are still very different, with the HRPCN spectrum
dominated by a strong mode at 96 cm−1, while MbCN shows a major mode near 40 cm−1. The
CbgCN spectrum displays two strong modes at 30 cm−1 and 79 cm−1. Given the X-ray
structures discussed below, we tentatively assign the strong 96 cm−1 in HRPCN to saddling
and the mode near 79 cm−1 in CgbCN to ruffling. The modes at 40 cm−1 in MbCN, and at 30
cm−1 in CgbCN, are consistent with the heme doming assignment. However, there is a possible
exception in the Cgb doming assignment because there is only a small doming displacement
and the phase of the 30 cm−1 mode is found to be near zero. The phase suggests a field driven
coordinate displacement for the wavepacket, which is distinctly different than what is observed
for MbCN.41 Thus, it is possible that the mode between 30 and 34 cm−1, seen in all Cgb samples,
represents an additional unassigned low-frequency heme motion.

The ferrous forms of Mb, HRP, and Cgb also have well-defined ligation, oxidation, and spin
states. The Fe–His stretching modes of these proteins appear at very different positions (219,
248, and 253 cm−1, respectively). As noted previously, the increase in the frequency of this
mode in HRP is attributed53 to the strong hydrogen bond that the proximal histidine (His170)
establishes with an adjacent amino acid (Asp247). The hydrogen bond confers an imidazolate
(negatively charged) character to the proximal ligand and leads to a stronger bond between the
heme iron and His170,53 which could conceivably result in a larger iron out-of-plane
displacement and more distortion of the heme plane. Cbg also has strong hydrogen bonding to
the proximal histidine, which is thought to involve two amino acids (Tyr84 and Glu134).36

Figure 5 shows that the reduced samples of Mb and HRP have their dominant vibrational
features centered near 100 cm−1 but with two modes for deoxyMb (at 98 and 119 cm−1) and
with four modes for HRP(Fe2+) (at 57, 78, 104, and 128 cm−1). The deoxy Mb sample also
displays a strong doming mode near 46 cm−1, whereas HRP has only a weak shoulder near 39
cm−1. The origin of the weak feature near ~18 cm−1, seen in the HRP and Mb samples, is
unknown and could arise from over- or under-fitting the population response. The ferrous Cbg
sample, on the other hand, displays strong oscillations at 31 and 54 cm−1, with significant
additional features at 87, 119, and 142 cm−1.
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The HRP sample shows a distinct lack of low-frequency mode activity below ~50 cm−1 in the
ferrous (Figure 5), ferric (Figure 7), and CN-bound (Figure 4) states. To test the possibility
that the proximal hydrogen bond might be responsible for this behavior, we turn to the
coherence spectra of Cgb, which also has a strong proximal hydrogen bonding network.36 The
spectra display strong modes between 30 and 34 cm−1 in the ferric, ferrous, and CN-bound
Cgb samples, demonstrating that the suppression of modes below ~50 cm−1 in HRP is not the
result of proximal hydrogen bonding. This conclusion is also consistent with the observation
of a moderately intense mode near 37–39 cm−1 (with anomalous phase near −π/2 at 418 nm
and π/4 at 405 nm) when BHA is added to HRP (Figure 3). Stabilization of the distal water
ligand by BHA presumably leaves the proximal hydrogen bond intact, which suggests that the
modes below ~50 cm−1 are not particularly sensitive to the proximal hydrogen bonding.

The possibility that the charge of the axial ligand may influence the low-frequency spectrum
was tested by measurements that compared the water-bound metMb to the fluoride-bound
adduct, as shown in Figure 8. Although there are minor changes when the two spectra are
compared, the mode at 39 cm−1 (with phase ~π/2) is the dominant feature in both. We conclude
that the ionization state of the heme ligand is not likely to be responsible for the significant
changes in the coherence spectra of HRP compared to Mb.

Overall, the comparisons demonstrate that neither H-bonding of the proximal histidine in native
HRP nor its imidazolate nature are responsible for the reduction in amplitude of the modes
below ~50 cm−1, which have been found between 27 and 44 cm−1 in most other ferric heme
systems.37,39,41 A more likely explanation is related to the lowered heme symmetry that results
from specific protein-induced geometric distortions. The symmetry of the heme controls which
specific modes are allowed in the coherence spectra. The heme is generally planar when it is
unconstrained by the protein matrix but, when inserted into a protein, it can interact at various
levels with the surrounding amino acids (steric, hydrogen bonds, van der Waals forces, etc.).
These interactions translate into distortions of the heme geometry along the “soft” low-
frequency modes that can alter the heme symmetry group and result in the enhancement of the
out-of-plane mode intensity in the coherence spectrum (M. Kubo et al., to be published).

There are X-ray structure reports available for many Mb and HRP species,44,54,55 and
comparisons of the various derivatives of Mb, Cgb, and HRP are presented in Figure 10 (the
only X-ray structure of Cgb currently available is the cyanide adduct from the laboratory of R.
K. Poole, which will be published elsewhere). Although the axial ligands, spin, oxidation, and
coordination states are the same when either the ferrous forms or the ferricyanide derivatives
are compared, the structure of the heme in the various protein environments is very different.
In Figure 10, we present a NSD analysis, which is useful to quantify the protein-induced heme
deformations (see below). While the dominant relative distortion of the heme in myoglobin
appears to be doming, the heme in HRP is significantly saddled and much less domed.34,45

Figure 10 shows the structure of the heme in HRPCN, but similar distortions persist in the
other ferric forms of HRP. It should be noted that the heme of CgbCN is only moderately
saddled and ruffled in comparison to HRP. Finally, it can be seen that the propionic side chains
for the HRP samples are in an eclipsed geometry, while those of the globins are staggered. We
suggest that these protein-induced heme distortions lead to symmetry reduction and control
the coupling associated with low-frequency mode intensity in the coherence spectra of these
three different proteins.

Photolysis Reactions
We have measured the coherence spectra of both the ferrous and ferric NO-bound species of
HRP, and the results are presented in Figure 6 and Table 2. The main observation is the
appearance of a strong low-frequency mode near 40 cm−1 in both species, which is especially
dominant in the ferric sample. Both species are highly photolabile and undergo photolysis,
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with quantum yields similar to the corresponding Mb species.48 The doming mode is strongly
coupled to the photolysis process, and there have been a number of previous studies37,39,56

that locate the doming mode in heme proteins near ~40 cm−1. We previously observed a ~40
cm−1 doming mode that is enhanced by photolysis for MbNO.57 Even though HRP does not
appear to have an active doming mode in its resting state, a significant transient doming
deformation upon photolysis is demonstrated by the experimental observations reported here
(Figure 6).

Overall, a detailed comparison of the low-frequency heme modes of Mb and HRP leads to the
consistent observation that HRP does not reveal coupling to modes below ~50 cm−1 unless
BHA is bound (stabilizing the water ligand) or photolysis is involved. On the other hand, all
the Mb species have strong coherent oscillations that appear near 40 cm−1. The use of the CN-
bound species allows Mb and HRP to be compared and demonstrates that the observed
differences in the low-frequency coherence spectra must be related to either the protein-induced
distortions of the heme geometry or transient distortions associated with photolysis. The
protein-induced distortions may have functional significance, especially if the distorted low-
frequency modes participate as reaction coordinates.

Normal Coordinate Structural Decomposition
NSD has been used previously to quantify the role of heme out-of-plane deformations.34,58,
59 The NSD method can be implemented by using the lowest frequency out-of-plane normal
coordinates of each symmetry type to simulate the observed structural distortions of the heme
group that are observed by X-ray crystallography. Although such calculations are simplified
and only use the heme core to form the normal mode basis set, this type of analysis provides
a valuable guide to the interpretation of the low-frequency coherence spectra of the heme group.
As shown in Figure 10, linear combinations of the main deformation modes (saddling, ruffling,
doming, inverse doming, wavingx, wavingy, and propellering) are able to describe the
nonplanar heme structures in proteins under investigation here, as well as most of the published
X-ray structural data on heme proteins and synthetic metalloporphyrins.34,59–62

For example, an examination of the frequencies observed in the coherence spectra of the ferric
samples of Mb and HRP (Table 1 and Table 2) results in an almost one-to-one correspondence
(within ±5 cm−1), with differences appearing primarily in the relative amplitudes of the specific
modes. This behavior supports the idea that symmetry-breaking deformations of the heme are
induced to various degrees that are specific to each protein. The specific frequencies predicted
by density functional theory (DFT) calculations for each low-frequency out-of-plane
deformation mode correlate extremely well with the experimental data we have obtained for
porphine (M. Kubo et al., to be published), which strongly supports the mode assignments
presented here. However, the DFT correlations are more difficult to ascertain when side chains
and axial ligands are added to the chromophore. This is because the resulting vibrational normal
modes become complex mixtures of the porphine basis states plus the side chain and ligand
motions. Nevertheless, the protein-specific heme structural distortions, as quantified using the
porphine deformation modes as a basis, can be used to both assign and predict variations in
the protein-specific low-frequency vibrational spectra.

It turns out that as the protein deformation of the heme becomes larger along a given normal
coordinate, the amplitude of that specific mode in the coherence spectrum increases with the
square of the distortion (M. Kubo, to be published). For example, the largest heme deformation
typically found in Mb (from the NSD analysis) is represented by doming.34 Thus, an
examination of the coherence spectrum of this species leads us to assign the features near 40
cm−1 in metMb, MbCN, and deoxyMb to the doming mode. This result supports previous
reports37,39,56 that have placed the doming mode in heme proteins in the region [37–47
cm−1]. The same analysis can be carried out for other heme species and careful comparisons
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between structure deformations and coherence spectra, using a larger experimental database,
leads to improved assignments of low-frequency modes (M. Kubo et al., to be published). The
analysis so far indicates that, for modes below ~100 cm−1, there is a direct relationship between
the NSD components that describe the nonplanar heme structure distortions (such as doming,
ruffling, and saddling that are induced by the different proteins) and the specific low-frequency
mode patterns that become active in the coherence spectra. For example, using this type of
analysis, we have proposed that the mode at 96 cm−1 in HRPCN is activated by heme saddling
and that the mode near 79 cm−1 in CgbCN is due to heme ruffling (see Figure 10).

Functional Roles and Dephasing
These same heme distortions may also correlate with specific functional roles, as has already
been shown for the doming mode and CO binding.28,63,64 For example, heme ruffling has been
suggested65 to be a distortion that is involved in stabilizing the net positive charge of the ferric
heme in nitrophorin (NP4). The general picture that needs to be explored is whether or not the
protein matrix interacts with the normally planar heme and causes it to adopt conformations
that enhance or retard specific reactions. This type of protein control mechanism may apply to
reactions other than diatomic ligand binding, such as electron transfer. Clearly, the d- and π-
orbital overlaps of the iron-porphyrin system will be affected by out-of-plane geometric
distortions, and this can affect a variety of its electronic and redox properties. It remains an
open question if such reactions are coupled to low-frequency heme modes and can be
influenced by protein-induced heme distortions. Protein-based tuning of the heme geometry
(and its corresponding electronic properties) could turn out to be one of the mechanisms that
allows a single chemical entity (i.e., the heme group) to perform such an impressive array of
biological functions. As pointed out previously,34,66 certain key heme distortions appear to be
conserved across proteins with similar functionality from different species. Peroxidases, for
example, have highly conserved characteristic distortions even when they have a large natural
variance in the amino acid sequence.34

In addition to having the potential to induce functionally important heme distortions, the
surrounding protein material evidently also plays a role in screening the chromophore from
solvent fluctuations. It has been shown that the low-frequency coherent oscillations of various
heme systems persist for longer timescales when the heme is embedded in a protein matrix.
67 Generally, the damping of the coherence signal has three main sources: spectral
inhomogeneity, vibrational lifetime, and “pure” dephasing (coupling to the fluctuations and
phonon scattering of the surroundings). Low-frequency out-of-plane modes have relatively
long periods of oscillation (0.8 ps for the 40 cm−1 mode) and they involve large masses and
engage substantial segments of the chromophore. Moreover, as discussed above, low-
frequency modes are likely candidates for biological reaction coordinates. Recent work has
suggested that such modes may even have quantum coherent aspects that are functional.56,68

If reactions proceed through the sequential activation of such modes, a protection mechanism
would be advantageous because it would allow additional time for the coherence to propagate.

Thermal Effects
The general effect of the solvent “glass” transition, at temperature Tg~180 K (for 75% (v/v)
glycerol water mixtures), has been studied in prior work on heme proteins and heme model
compounds.28,69–75 To further investigate the interactions between the heme chromophore
and its surroundings, we carried out a series of temperature-dependent FCS measurements on
the ferrous HRP species. We have reported similar FCS studies on deoxyMb40 and the current
data is consistent with the earlier work. As discussed above, the results in Figure 9 show that
the damping time of the coherent signal is increased as the temperature is decreased. The
coherence spectra are dominated by four major modes having average frequencies of 57, 78,
99, and 124 cm−1 for T > Tg, and 54, 74, 93, and 119 cm−1 for T < Tg (see Table 4). The mode
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frequencies display a marked decrease as the system passes through the glass transition near
Tg ~ 180 K. This suggests that the protein-chromophore system responds to structural changes
induced by solvent glass transition. Below the glass transition, the system is constrained and
the mode frequencies display a small increase as the temperature continues to decrease toward
10 K. Upshifts in frequency as temperature is decreased below Tg have been reported previously
for the Fe–His mode in deoxyMb75–77 and can be explained if we assume that anharmonicity
is present in the heme potential.57,70,78

The increase in the damping time of coherence signals at low temperature is more evident when
the temperature is lowered below the glass transition of the solvent (~180 K). It is particularly
apparent at the lowest temperatures in Figure 9, where oscillatory activity with significant
amplitude can be observed beyond 4 ps. The temperature dependence of the damping time for
each mode is plotted in Figure 9B, and it can be seen that the dephasing time begins to
dramatically increase below ~50 K. This suggests that the phonons responsible for the “pure”
dephasing behavior lie at, or below, ~30 cm−1. It would be of obvious interest to probe the
temperature dependence of the bare heme model compound to determine if the dephasing
phonons are related in some way to the presence of protein material, which is known to have
a peak in its vibrational density-of-states near ~20 cm−1.79

The fact that the dephasing times continue to lengthen at temperatures below the solvent glass
transition supports the hypothesis that pure dephasing (rather than inhomogeneity) represents
a major source of damping of the low-frequency oscillations in heme protein systems. It also
appears that we can rule out inhomogeneity as a source of the more rapidly damping coherences
in model compounds at room temperature. 67 Recent kinetic studies have revealed a significant
amount of inhomogeneity that is inherent to the heme group in solution, but it appears that the
inhomogeneous distributions are some-what larger in the protein.28 Further experimental
testing of these ideas will require temperature-dependent measurements of the coherence
spectra of heme model compounds.

Summary
The native HRP and HRPCN species display suppressed coherent activity below ~50 cm−1. In
contrast, both ferric HRPNO and HRP/BHA display modes near 40 cm−1 that are associated
with heme doming. The ~40 cm−1 mode of ferric HRPNO is evidently activated by the
photolysis of the NO ligand, and a smaller but similar effect is seen in the corresponding NO-
bound ferrous species. The moderate activity of the mode near 37–39 cm−1 for HRP/BHA is
not completely understood. However, it could indicate the presence of a small heme doming
distortion, which was not detected in the X-ray structure80 (it should be noted that X-ray
photoreduction can lead to complications in the analysis of ferric heme protein X-ray
structures). Another possibility is that the water ligand undergoes photolysis in the HRP/BHA
complex (and possibly the metMb complex as well). The phase of the 37–39 cm−1 mode in
HRP/BHA is found to be ~−π/2 at 418 nm and ~π/4 at 405 nm, which indicates that photolysis,
or some other nonradiative process, leads to significant momentum transfer to the initial
wavepacket.

The low-frequency response of native HRP and HRPCN contrasts with that of other heme
proteins and heme model compounds, which show strong low-frequency modes in the 27–44
cm−1 range.41 Comparisons with Cgb and metMbF− rule out hydrogen bonding of the proximal
histidine (His170) or charge imbalance due to its imidazolate character as the source of this
unusual behavior. On the other hand, we have recently suggested that the proximal histidine
(His93) of MbCN undergoes photolysis with a relatively high (~75%) quantum yield.41 This
process results in the large amplitude and anomalous phase (±π/2) observed for the doming
mode appearing near 40 cm−1 in MbCN.41 If hydrogen bonding prevents the proximal histidine
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photolysis reaction from taking place, we would expect both HRP and Cgb to have very weak
features in the doming region between 30 and 50 cm−1. However, if the intense mode at 30
cm−1 in CgbCN turns out to be the doming mode, it means that H-bonding cannot be invoked
as the reason for the suppression of doming activity in the HRPCN sample. Moreover, the
presence of a similar pattern of suppressed amplitude in the modes below 50 cm−1 for ferrous
HRP compared to ferrous Mb, where photolysis is not taking place (Figure 5), reinforces the
conclusion that a difference in protein-induced heme distortion (Figure 10) is the overarching
reason for the contrasting behavior of HRP and Mb.

In summary, we have demonstrated that protein-specific environments, which alter the
structure of the heme prosthetic group, can be probed by femtosecond coherence spectroscopy.
Protein-induced tuning of the heme out-of-plane distortions can affect, and potentially control,
a variety of protein functions.28,65 Normal coordinate structural decomposition, when
combined with experimental results such as those presented here, shows promise as a method
to assign specific, functionally important, low-frequency heme motions. For the most part, the
amplitudes of the out-of-plane distortions observed using X-ray crystallography appear to
correlate well with the amplitudes of the modes that are active in the coherence spectra.
Lowering the temperature has a clear effect on the coherence frequencies and downshifts are
observed as the sample passes through the solvent glass transition. These results, along with
the comparisons between HRP, Mb, and Cgb, demonstrate that the heme out-of-plane modes
are sensitive to the constraints mandated by specific protein environments. The longer
coherence dephasing times that appear as the temperature is lowered below 50 K suggest that
pure dephasing, associated with phonon modes near 30 cm−1, represents a major source of
damping of the low-frequency oscillations in heme protein systems. In the absence of protein
material, the damping of the coherent motion takes place on a significantly faster time scale.
67
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Figure 1.
(A) Electronic absorption spectra of ferric, ferric/BHA, ferrous and cyanide-bound species of
HRP. The Soret maxima are located at 402, 408, 437, and 423 nm, respectively. (B) Electronic
absorption spectra of ferric and ferrous species of HRP-NO. The Soret maxima are located at
422 nm. (C) Electronic absorption spectra of ferric, ferric H64L, ferric fluoride-bound, ferrous,
and cyanide-bound species of Mb measured. The Soret maxima are located at 409, 390, 408,
435, and 423 nm, respectively. (D) Electronic absorption spectra of ferric, ferrous, and cyanide-
bound species of Cgb. The Soret maxima are located at 398, 432, and 418 nm, respectively.
All spectra in Figure 1 are measured at room temperature.
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Figure 2.
(A) Correlations between the Raman and coherence spectra of ferric Mb. The Raman spectrum
of the five-coordinate H64L Mb mutant in the 600–800 cm−1 region is also displayed to show
the strong ν15 at 750 cm−1. (B) Correlations between the Raman and coherence spectra of native
ferric HRP. (C) Correlations between the Raman and coherence spectra of ferric HRP/BHA.
The inset shows the coherent oscillations and LPSVD fits corresponding to open band (green)
and dispersed (blue) detection. The Raman data were measured with a 413.1 nm excitation
wavelength, while the FCS data were measured using a 418 nm excitation. The dispersed data
were measured with a 0.5 nm spectral window, detuned 5 nm to the blue of the carrier frequency
maximum (λpr = 413 nm).
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Figure 3.
Coherent oscillations and LPSVD fits (left panels, top to bottom) of metMb (418 nm
excitation), HRP/BHA (418 and 405 nm excitation), native HRP (418 and 405 nm excitation),
and the H64L metMb mutant (405 nm excitation). The experiments were run in an open band
detection scheme, and the respective frequency domain power spectra are shown in the right
panels. The phases of the modes at 102 and 94 cm−1 in panels two and three are found to be
~π, while the phases of the 46 cm−1 mode in H64LmetMb and the 39 cm−1 mode in metMb
are ~π/2. The weaker mode near 37–39 cm−1 in HRP/BHA has a phase that is difficult to
determine, but it appears to vary from ~−π/2 (418 nm) to ~π/4 (405 nm).
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Figure 4.
(A) Coherent oscillations and the LPSVD fits (left panel) of the cyanide-bound complexes of
HRP, Cgb, and Mb. The respective power spectra are displayed in the right panels. The
experiments were run in an open band detection scheme, with a 433 nm excitation wavelength
for HRP and Mb and 425 nm for Cgb. The dominant LPSVD components and their phases are
shown displaced from the data. (B) Correlations between Raman and FCS spectra of the ferric
HRP-CN sample. The inset shows the coherent oscillations and the LPSVD fits corresponding
to open band (green) and dispersed (blue) detection. The Raman data were measured with a
413.1 nm excitation wavelength, while the FCS data were measured using a 433 nm excitation.
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The dispersed data were measured with a 0.5 nm spectral window, detuned 5 nm to the blue
of the carrier frequency maximum (λpr = 428 nm).
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Figure 5.
Coherent oscillations and the LPSVD fits (left panel) of the reduced five-coordinate species
of HRP, Cgb, and Mb. The respective power spectra are displayed in the right panels. The
experiments were run in an open band detection scheme, with 432, 425, and 430 nm excitation
wavelengths, respectively. The Fe–His stretching frequency near 219 cm−1 in deoxyMb is
shifted up to 248 cm−1 in ferrous HRP and to 253 cm−1 in ferrous Cgb. For Cgb, the phases of
the modes at 31 and 54 cm−1 are near zero and π/2, respectively. For Mb, the phase of the mode
at 46 cm−1 is ~2π/3, consistent with the phase and frequency “drifts” reported previously, 57

and associated with conformational inhomogeneity.
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Figure 6.
(A) Coherent oscillations and the LPSVD fits (left panel) of reduced five-coordinate and
reduced NO-bound species of HRP. The respective power spectra are displayed in the right
panels. The mode at 40 cm−1 is activated upon NO photolysis and appears with a phase of ~
−π/2. The experiments were run in an open band detection scheme, with a 432 nm excitation
wavelength. (B) Coherent oscillations and the LPSVD fits (left panel) of the native and ferric
NO-bound species of HRP. The respective power spectra are displayed in the right panels. The
experiments were run in an open band detection scheme. The excitation wavelength is shown
for each sample. The dominant components at 42 cm−1 (405 nm excitation) and 44 cm−1 (426
nm excitation) and their phase are shown displaced from the data.
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Figure 7.
Coherent oscillations and the LPSVD fits (left panel) of the native ferric species of HRP, Cgb,
and Mb. The respective power spectra are displayed in the right panels. The experiments were
run in an open band detection scheme, with excitation at 418 nm for HRP and Mb and 412 nm
for Cgb. The 34 cm−1 mode of Cgb and the 39 cm−1 of Mb and their phases are shown displaced
from the data.

Gruia et al. Page 27

J Am Chem Soc. Author manuscript; available in PMC 2009 November 30.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



Figure 8.
Coherent oscillations and the LPSVD fits (left panel) of ferric MbF− and metMb. The respective
power spectra are displayed in the right panels. The experiments were run in an open band
detection scheme, with 417 nm and 418 nm excitation wavelengths, respectively. The phase
of the strong modes at 39 cm−1 in both samples is π/2.
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Figure 9.
(A) Temperature-dependent coherence spectra of ferrous HRP. Coherent oscillations and the
LPSVD fits are shown in the left panels and the resulting power spectra are presented in the
right panels. The samples were prepared in a mixture of 75% (v/v) glycerol and phosphate
buffer. The experiments were run in an open band detection scheme with a 432 nm excitation
wavelength. The average mode frequencies above and below glass transition of the solvent are
shown. (B) A plot of the damping times of the four principal components observed in the
coherence spectra of ferrous HRP as a function of temperature. The modes are identified by
their frequencies averaged over the entire temperature domain of the experiments.
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Figure 10.
Comparison of heme structures in HRP and Mb for the ferricyanide adducts and the ferrous
forms. The heme in Cgb is shown for the ferricyanide adduct only. The NSD heme distortion
analysis is in the right panel of the figure. A displacement of 1 amu1/2 Å represents that the
square root of the sum of squares of the displacements of Fe and 24 porphyrin (4 N, 20 C)
atoms is 1 amu1/2 Å. The color coding for the modes is pro, propellering (blue); ruf, ruffling
(green); sad, saddling (red); wav(x), wavingx (light blue); wav(y), wavingy (yellow); dom,
doming (purple); invdom, inverse doming (gray). The minus sign of displacement is defined
only for doming and inverse doming to indicate the direction of Fe displacement (+, proximal;
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−, distal). The HRP and Mb structure files were downloaded from PDB, and all structures were
visualized with ViewerLite. The PDB ID numbers are shown in parenthesis.
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Table 4

Low-Frequency Modes of Ferrous HRPa

T (K) γb1 γb2 γc γd

290 58 78 103 125
220 56 77 94 122
<γ> 57 ± 1 78 ± 1 99 ± 4 124 ± 2
Tg ~ 180 K
150 55 72 91 117
100 54 74 92 119
50 53 73 91 118
20 55 75 95 120
10 54 74 94 123
<γ> 54 ± 1 74 ± 2 93 ± 2 119 ± 4

a
Mode frequencies are in cm−1; excitation = 432 nm.
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