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Low Frequency Spectral Density of Ferrous Heme: Perturbations
Induced by Axial Ligation and Protein Insertion

Flaviu Gruia, Xiong Ye, Dan lonascu, Minoru Kubo, and Paul M. Champion
Department of Physics and Center for Interdisciplinary Research on Complex Systems, Northeastern University, Boston, Massachusetts

ABSTRACT Femtosecond coherence spectroscopy is used to probe low frequency (20-400 cm™") modes of the ferrous
heme group in solution, with and without 2-methyl imidazole (2Melm) as an axial ligand. The results are compared to heme
proteins (CPO, P450..m, HRP, Mb) where insertion of the heme into the protein results in redistribution of the low frequency
spectral density and in (~60%) longer damping times for the coherent signals. The major effect of imidazole ligation to the
ferrous heme is the “softening” of the low frequency force constants by a factor of ~0.6 = 0.1. The functional consequences of
imidazole ligation are assessed and it is found that the enthalpic CO rebinding barrier is increased significantly when imidazole
is bound. The force constant softening analysis, combined with the kinetics results, indicates that the iron is displaced by only
~0.2 A from the heme plane in the absence of the imidazole ligand, whereas it is displaced by ~0.4 A when imidazole
(histidine) is present. This suggests that binding of imidazole (histidine) as an axial ligand, and the concomitant softening of the

force constants, leads to an anharmonic distortion of the heme group that has significant functional consequences.

INTRODUCTION

Heme proteins are involved in a wide variety of physiolog-
ical processes in living systems. The active site of this class
of proteins consists of a heme cofactor (Fe-protoporphyrin
IX (FePPIX)), with the iron atom covalently linked to the
protein through an ‘‘axial’”’> amino acid ligand (typically
histidine (1,2) or cysteine (3,4) fulfill this role, although
other axial ligands like proline (5,6) or methionine (7,8) are
also found). Over the years, there has been a continuous
effort to study the structure, function, and dynamics of heme
containing systems using a wide variety of techniques (9-24).
Important progress in understanding the functionality of heme
proteins has been achieved by studying heme model com-
pounds (25-33), where the effect of the surrounding protein
is eliminated. Here we report studies that focus on the low
frequency (<300 cm '), thermally accessible, vibrational
modes of several heme systems. The low frequency density
of states (LFDOS) is probed using an ultrashort laser pump-
probe impulsive stimulated Raman scattering technique
referred to as femtosecond coherence spectroscopy (FCS).
FCS utilizes the broad bandwidth of a femtosecond pump
pulse to create coherences between the vibrational eigen-
states of the heme system under investigation (34—46). The
delayed probe pulse creates a third order electronic polar-
ization modulated by the vibrational coherence, which gives
rise to a self-heterodyned coherent signal along the probe
beam direction. When electronic resonance is involved (e.g.,
excitation in the Soret band), the coherences that are coupled
to the electronic excitation are strongly enhanced, in analogy
to resonance Raman spectroscopy. The observed signal de-
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pends upon the timing between pump and probe pulses and
can be thought of as a monitor of the pump-induced transient
absorption as the delay is changed. The bandwidth of the
typical laser pulses used in the current experiments is
200-300 cm'. This bandwidth optimizes the excitation
and detection of low frequency modes in the region be-
tween 20 and 300 cmfl, which are not accessible using
traditional Raman techniques.

FCS experiments on heme systems have demonstrated the
presence of rich information content in the low frequency
region, along with the somewhat surprising observation that
heme modes below 100 cm ™" are not overdamped and dif-
fusive. Since heme modes in this region of the spectrum are
significantly excited at ambient temperature, and FCS mea-
surements have demonstrated that they do not rapidly dissi-
pate their vibrational energy to the environment, they are
likely candidates for reaction coordinates associated with the
broad class of biochemical reactions mediated by heme pro-
teins. It has also been suggested that directed energy transfer
to distant protein sites can be mediated by such modes (23).
Further studies of low frequency modes in heme model sys-
tems are presented here to achieve a better understanding of
functionally important motions in heme protein systems. We
report on a series of experiments involving Fe? " PPIX, com-
plexed with either 2-methyl imidazole (2Melm) or water,
with the objective of classifying the low frequency heme
spectrum and its dependence on the strength of the axial
ligand.

One of the motivations for this study was the observation
that the low frequency spectrum of heme proteins is system-
atically affected by the specific heme axial ligand. We pres-
ent below the low frequency vibrational spectra of myoglobin
(Mb) and horseradish peroxidase isoenzyme C (HRPC),
which have histidine as the axial iron ligand, along with
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cytochrome P450 and chloroperoxidase (CPO), which have
cysteine as the axial ligand. Such experiments have led us to
hypothesize that distortions of the heme geometry, possibly
induced by the strength of the axial ligand, play a significant
role in determining the low frequency mode structure of the
heme group.

Because the LFDOS can be affected by the interaction of
the chromophore with the surrounding protein environment, it
is necessary to separate the contributions of axial ligation
from those of the protein surroundings. As a result, we
investigate heme model compounds, where protein interac-
tions are absent. The results suggest that the addition of a
strong axial ligand ‘‘softens’’ the low frequency modes and at
the same time increases the barrier for the binding of CO,
presumably because of increased heme distortion that moves
the iron further out of the heme plane (33). Comparisons of
femtosecond coherence spectra of the isolated heme (com-
plexed with strong and weak axial ligands) allow us to
estimate the changes in force constants associated with the
low frequency heme distortions. The softening of the low
frequency force constants evidently makes the heme more
flexible and allows for a larger iron out-of-plane (doming)
displacement. The magnitude of the equilibrium heme
doming displacement between the CO-bound and unbound
states (i.e., the linear coupling reorganization energy) remains
the dominant factor in determining the enthalpic barrier
(47-49).

MATERIALS AND METHODS
Sample preparation

Horse heart myoglobin and HRPC were purchased from Sigma Chemical
(St. Louis, MO) as lyophilized salt-free powder and used directly without
further purification. To prepare the reduced species the proteins are first dis-
solved in potassium phosphate buffer (pH 7.5, 0.1 M) and degassed for 20
min under argon atmosphere. The concentration of protein is adjusted so that
the final absorbance of the reduced species is ~1 OD/mm of pathlength, at
the pump wavelength. Subsequently, the samples are transferred into a glove
box and 3 ul of 1 M sodium dithionate (Nay0,4S,) is added to 250 ul of
buffered sample to obtain the deoxy species. The reduced samples are then
transferred into the sample cell and insulated against oxygen contamination.
The ferric cytochrome P450canm sample was provided by Professor T. L.
Poulos and the reduced species were prepared following the same procedure
as described above. The ferric chloroperoxidase (CPO) sample was provided
by Professor J. H. Dawson. The sample was dissolved in 50% glycerol (v/v)
potassium phosphate buffer (pH 5, 0.1M), degassed, and transferred into the
glove box. The reduced species was obtained by adding 7 ul of 1 M sodium
dithionate to 250 ul of buffered sample. For all samples, the absorption
spectra were recorded (Hitachi U-3410) after the preparation procedure to
confirm that heme iron reduction was achieved and that it was complete.
Ferric protoporphyrin IX chloride (hemin) was purchased from Porphyrin
Products (Logan, UT) and dissolved in 1 M NaOH. Small aliquots of this
highly concentrated solution were then added to an 80% (v/v) glycerol so-
lution with final concentration of hemin between 50 and 100 uM, depending
on the laser excitation wavelength. Samples were degassed for 30-35 min
under argon atmosphere to remove the dissolved oxygen and then trans-
ferred into the glove box and reduced by addition of a small amount of de-
gassed sodium dithionite. When preparing the 2Melm-(Fe®")PPIX sample,
50 ul of saturated 2MeIm solution was added to the sample before
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degassing, so that the imidazole concentration in the final sample is ~0.1 M.
The final samples were transferred into an airtight spinning cell and the
absorption spectra were recorded before and after the FCS experiments.

Laser system

The laser system used for FCS measurements consists of a tunable (750-960
nm) Ti-Sapphire oscillator (MIRA 900, Coherent (Santa Clara, CA))
pumped by a diode laser (Verdi 10, Coherent (Santa Clara, CA)). The
oscillator is able to generate 50100 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 infrared output of the laser is frequency doubled in a 250-um 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 is split
into a pump arm and a probe arm, with a power ratio of 2:1 between the two.
The pump beam is modulated using an acousto-optic modulator (AOM)
(Neos Technologies, Melbourne, FL) at 1.5 MHz. Before reaching the
sample, the pump and probe beam polarizations are adjusted to be per-
pendicular. The time delay between the pump and probe pulses is controlled
by a Newport Klinger (Irvine, CA) translation stage in steps of 1 um (6.66-fs
steps in the time domain). Both beams are focused into the spinning sample
cell using a three-inch achromatic lens in a near parallel geometry. After the
sample, the beams are recollimated and the pump light is spatially blocked
(using a pinhole) and extinguished by a polarization analyzer that only
allows the probe light to pass.

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 photodiode to measure the entire spectral
bandwidth of the pulse probe. This kind of measurement results in better
fidelity for the detection of low frequency modes. The ‘‘detuned’” or
“‘dispersed”’ detection scheme, on the other hand, allows us to selectively
enhance higher frequency regions of the coherent signal (8,36,45,50). In this
case, a photomultiplier tube (PMT) coupled to a monochromator is
employed for detection, resulting in increased amplitude and superior
detection of the higher frequency components in the coherent signal. The
detuned detection scheme lets us compare the FCS results against frequency
domain techniques like resonance Raman spectroscopy, which can be
helpful in the data analysis process.

Data analysis

The experimental FCS data have two components that result from different
sources, population transfer and vibrational coherence. The dominant
population transfer components are represented by exponential decays.
Although these components carry important information regarding various
dynamic processes (e.g., ligand rebinding dynamics and/or cooling and
spectral diffusion of the lineshape) they must be removed to reveal the re-
sidual coherence signal. Due to the large amplitude of the electronic pop-
ulation signals (generally about two orders of magnitude larger than the
coherence signal) special precautions have to be taken for the fitting pro-
cedure. The data analysis follows a sequential approach. We first employ a
maximum entropy method (MEM) algorithm to fit and subtract the mono-
tonic decay, to retrieve the oscillatory signal. The MEM approach removes
assumptions regarding the number of exponential decay processes that
might be present.

The oscillatory coherence signal comes from the superposition of vibra-
tional states coupled to the resonant electronic transition. This coherent
superposition is lost a few picoseconds after the excitation due to homo-
geneous and inhomogeneous decoherence processes that cause the oscillatory
signal to damp as a function of time. To quantify the coherent signals, the
residual left after the removal of exponential decay is fit to a sum of damped
cosine functions using a linear predictive single value decomposition
(LPSVD) algorithm. There are a few parameters that can be controlled
during the fitting procedure, such as the number of oscillations or the time
domain of the data. Given the fact that a small amount of noise is always

Biophysical Journal 93(12) 4404-4413



4406

present in the experimental data, we use the low frequencies observed in the
Raman spectrum to help avoid over- or underfitting of 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, noise level, and time
domain of the data) optimize the correlation with the frequencies determined
independently from the Raman spectrum. The power spectra obtained from
the detuned measurements generally extend below 200 cm™', which rep-
resents the lower limit cutoff for Raman measurements. After analysis of the
detuned data, we consider the open band experiment and compare the fre-
quencies in the overlapping regions. Examination of the data from numerous
independent samples has generally produced strong correlations between the
frequencies extracted using the three experimental conditions (Raman,
detuned FCS, and open band FCS). However, data from protein samples
have better signal/noise than the heme model compounds because the
damping timescale of the coherence signal is found to be longer in the
protein environment. As a result, the correlations of the femtosecond
coherence and Raman spectra are generally better in proteins than for heme
model compounds.

EXPERIMENTAL RESULTS

Fig. 1 shows the absorption spectra and the low frequency
femtosecond coherence spectra, obtained using Soret band
excitation, of four ferrous heme protein samples (five-
coordinate, high-spin) having either histidine (HRP, Mb) or
cysteine (CPO, P450,,,) as axial ligands. Most of the modes
in the low frequency region have not been formally assigned,
although density-functional theory calculations of model
compounds suggest that the modes below ~150 cm ™' are
associated with out-of-plane motions of the heme, such as
doming, ruffling, saddling, and waving (M. Kubo, unpub-
lished data). The iron-histidine (Fe-His) stretching modes of
the histidine ligated samples are labeled as such in the figure.
It is noteworthy that, for the cysteine bound species, the
lowest frequency mode appears between 30 and 35 cm ™',
whereas in the histidine bound samples modes appear near
40-45cm™"'. Such differences at low frequency are signif-
icant because the percentage change in the mode frequencies
is on the order of 25-50%.

To single out the effect of axial ligation on the low
frequency modes of isolated heme systems, FCS measure-
ments on Fe>"PPIX in the presence (2MeIm-Fe2+PPIX) or
absence (H,O-Fe? " PPIX) of 2Melm were performed. When
2Melm is bound to FePPIX, this model system closely
mimics the active site of myoglobin and preserves many
important physical characteristics found in the native protein
molecule. We use optical absorption and resonance Raman
spectroscopy to probe the heme models as can be seen in
Fig. 2. The 2Melm bound sample has a Soret peak at 432 nm
and its absorption spectrum closely resembles that of deoxy-
myoglobin (Soret peak at 435 nm). The sample without
2Melm has a Soret peak that is shifted to the blue, with a
maximum near 420 nm. Both optical absorption spectra
exhibit features (e.g., asymmetric lineshape) characteristic of
a ferrous five-coordinated heme (51). This assignment is
confirmed by the position of Raman marker bands (52)
presented in Fig. 2. Both samples are in a ferrous five-
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FIGURE 1 Top panel shows the absorption spectra of the reduced species
of HRP, Mb, CPO, and P450.,,,,. The lower left panels display the FCS data
(circles) and fits (solid line). The lower right panels show the corresponding
LPSVD power spectra.

coordinate, high spin state (S = 2) configuration. In addition,
the Raman spectrum of the 2MeIm-Fe?*PPIX sample has a
strong peak at 212 cm ™', which has been previously assigned
as the Fe-2Melm stretching band (2,53,54). This mode does
not appear in the Raman spectrum of the Fe> " PPIX sample
without added 2Melm, which is consistent with this assign-
ment. From the above measurements we conclude that a
water molecule is bound to the ferrous heme iron atom as the
fifth axial ligand. (In the absence of 2Melm, the hydroxide
anion is another possible heme ligand. However, it is more
likely to bind to the positively charged ferric heme than to
the charge neutral ferrous heme. We refer to ‘‘water’’ liga-
tion throughout the text, with the understanding that hydroxyl
ligation is also a possibility.) Although there are distinct
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FIGURE 2 Raman spectra of the +2Melm (upper) and the —2Melm
(lower) Fe**PPIX samples with laser excitation at 413.1 nm. The inset
shows the corresponding absorption spectra of the two species.

changes in the heme electronic structure in the absence of the
2Melm ligand (as reflected by changes in the Soret peak
position), the Raman data show the central metal ion
preserves its five-coordinate high-spin structure.

We performed a series of FCS experiments on Fe? " PPIX
with and without 2Melm (referred to as +2Melm and
—2Melm, respectively) using both the open band and detuned
experimental configurations. To optimize the comparison
of oscillatory signals, we excite and probe the =2Melm
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FIGURE 3 Correlations between Raman and FCS for the —2Melm
sample. The inset shows the FCS data and the LPSVD fits corresponding to
an open band detection (lower) and to a dispersed detection scheme (upper).
The Raman data were measured with a 413.1-nm excitation wavelength
whereas the FCS data were measured using a 426-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 (A, = 421 nm).
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FIGURE 4 Correlations between Raman and FCS for the +2Melm
sample. The inset shows the FCS data and the LPSVD fits corresponding to
an open band detection (lower) and to a dispersed detection scheme (upper).
The Raman data were measured with a 413.1-nm excitation wavelength
whereas the FCS data were measured using a 426-nm excitation wavelength.
The dispersed data were measured with a 0.5-nm spectral window, detuned
5 nm to the blue of the carrier frequency maximum. (A, = 421 nm).

samples with 60-fs laser pulses at 426 nm, in resonance with
the Soret band. Both samples show excellent stability in time,
with no changes recorded during the experimental FCS
measurements. Fig. 3 shows a set of experiments in the
absence of 2Melm that utilize Raman, detuned, and open band
FCS. The Raman experiments are unable to probe effectively
below 150 cm ™" due to limitations brought on by Rayleigh
and quasielastic light scattering and the uncertainties associ-
ated with the low frequency cutoff filters used to limit the large
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FIGURE 5 FCS data, fits (left panel), and LPSVD power spectra (right
panel) of the =2Melm samples. The experiments were run in an open band
detection scheme, with a 426-nm excitation wavelength. The shifts between
the main frequencies of the two samples are displayed. The Fe-Im stretching
frequency near 213 cm ™' is absent in the —2MeIm sample.
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FIGURE 6 (A) FCS data, fits, and LPSVD power spectra of MbCN and its
corresponding model compound. The 39 cm ™' spectral component and its
damping time are shown displaced from the data. (B) FCS data, fits, and
LPSVD power spectra of deoxyMb and its corresponding model compound.
The ~40 cm™' spectral component and its damping time are shown
displaced from the data.

light flux in the region of laser excitation. As can be seen from
the FCS data in the figure, there is significant vibrational
activity between 20 and 300 cm ™. In the region above 200
cm ! the Raman spectrum agrees reasonably well (to within
few cm ") with the detuned FCS experiment (upper curves).
Recall that the detuned experimental configuration selects for
the higher frequency vibrational components contained in the
third order polarization signal (36). The open band experi-
ment (lower curves) reveals the lowest frequency components
(<200 cm™") of the spectrum with greatest fidelity, so the
higher frequency components are somewhat less reliable
under these conditions. Below 200 cmfl, it can be seen that
modes at ~80 cm™" and ~180 cm ™' dominate the spectrum.
The broad Raman mode in the 150—180 cm ™' region is found
at a somewhat lower frequency than the 180 cm™' mode
observed using FCS. This behavior is not understood, but it
could potentially arise from artifacts induced by the laser
cutoff filter used in the Raman experiment.

Fig. 4 displays the results for experiments with 2Melm as
the heme axial ligand and again explores correlations
between Raman and FCS spectra. Here we see the appear-
ance of the 2Melm-Fe stretching frequency near 213 cm ™' in
both the detuned and open band experiment, as well as in the
Raman spectrum. At lower frequencies the spectrum is
dominated by peaks near ~40 cm ' and ~130 cm ™'
demonstrating how the low frequency heme modes ‘soften’’
when a strong ligand such as imidazole (or histidine) binds to
the heme iron. This is shown more clearly in Fig. 5, where
the two samples are directly compared and the general
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upshift in low frequency modes of H,O(Fe*")PPIX relative
to 2MeIm(Fez+)PPIX can be more easily discerned.

When the heme chromophore is placed into a protein
matrix, it can result in geometric distortions that lead to
interesting redistributions of the frequencies and amplitudes
in the coherence spectra. The observed redistributions will be
discussed in more detail elsewhere, in the context of the-
oretical calculations that are based upon normal mode
decomposition of the heme distortions. Another interesting
observation is that the time needed to damp the coherent
signals is significantly lengthened when the heme is inserted
into the protein, as can be seen in Fig. 6. We have observed
this phenomenon in many samples and Fig. 6 compares some
typical data for ferric and ferrous hemes. The LPSVD fits of
the mode near 40 cm ™ indicate that the average damping time
is ~0.5 ps for the ‘‘bare’’ heme compounds and ~0.8 ps for
the protein bound systems (a ~60% increase in the damping
time constant). The more rapid decay of the coherent signal
in the ‘‘bare’” heme model compounds is a major reason that
the signal/noise achieved with these samples is somewhat
less than that observed in analogous protein samples. The
reduced signal/noise in the model compounds also manifests
itself by a poorer correlation between the Raman and FCS
data (e.g., Figs. 3 and 4) than is achieved when spectra of
proteins are considered (F. Gruia, unpublished data).

To test the functional significance of axial ligation on the
heme model compound dynamics, we have also investigated
(33) the rebinding kinetics of carbon monoxide (CO) to the
two heme systems under investigation here (i.e., Fe>"PPIX
*2Melm). Diatomic ligand rebinding studies have been
used extensively as tools for understanding various aspects
of heme dynamics and CO has been an especially useful
ligand because its rebinding spans many orders of magnitude

N(1)
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- T T T T TTII T TTIT
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time(s)
FIGURE 7 (A) The CO rebinding kinetics for the —2Melm sample

measured above the glass transition temperature and the resulting rebinding
time constant distribution rates, obtained from the MEM fits to the
experimental kinetics data. (B) The CO rebinding kinetics for the =2Melm
samples measured at room temperature.
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in time. Fig. 7 displays the CO rebinding to the Fe>* PPIX
*2Melm samples. It is clear that the addition of 2Melm as a
proximal ligand drastically affects the timescales of the CO
binding as can be seen from the dramatically reduced
geminate amplitude and rate at 290 K (33). Thus, we con-
clude that there is a significant increase in the free energy
barrier for CO rebinding when 2Melm is the axial ligand.
The enthalpic and entropic barriers can be determined by
measuring temperature-dependent CO rebinding kinetics. A
set of temperature-dependent data is shown in Fig. 7 for the
H,0-Fe? "PPIX-CO sample along with the results of a
maximum entropy method (MEM) analysis. The CO
rebinding kinetics were recorded at temperatures above the
solvent glass transition near 180 K and show a strong
temperature dependent rate reduction as the temperature is
increased. The data are normalized and the MEM time con-
stant distributions are shown on a semilog scale at the bottom
of Fig. 7. Analysis of the nonexponential temperature de-
pendence, using either the MEM distributions or a more
quantitative heme model potential (55), indicates that heme
structural relaxation is taking place in this temperature region.
Heme structural relaxation is also supported by observed
changes in the Band III region of the optical spectrum (55).
The quantitative analysis of this relaxation (55) indicates that
the enthalpic rebinding barrier for H,O-Fe? "PPIX-CO in-
creases from ~1 kJ/mol to ~6 KJ/mol between 180 and 290 K.

DISCUSSION

The FCS measurements of the low frequency spectrum in
Fe?TPPIX model compounds, with and without 2Melm,
show a general ‘‘softening’’ of the low frequency heme
modes when the imidazole is bound as an axial ligand to the
heme iron. These findings are supported by the Raman data
shown in Fig. 2, where there is a noticeable shift from ~160
em ™' to 138 cm ™' after the addition of the 2Melm axial
ligand. With the exception of this shift, and the appearance of
the 2Melm-Fe mode at 212 cm_l, the Raman spectra of the
Fe? " PPIX(*+2Melm) samples are very similar. Although the
broad low frequency Raman features could potentially be
affected by the strong quasielastic light scattering and the
details of the cutoff filters used in the Raman experiments,
they do exhibit the same trend as seen in FCS data (i.e., a
general shift to lower frequency when the 2Melm is added).

The kinetic studies of CO rebinding to Fe?"PPIX
(=2Melm) also show a strong effect of the axial ligand,
especially on the geminate rate and amplitude, which can be
understood as an increase in the recombination barrier when
2Melm is present (33). This difference demonstrates the im-
portance of the so-called ‘‘proximal contribution’’ to the
ligand rebinding barrier (33,55).

However, the softening of the heme force constants, along
with an increase in the CO rebinding barrier, when 2Melm
is added, appear to be mutually opposed observations. The
Raman spin and coordination marker bands strongly support
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the idea that the two samples (£2Melm) have very similar
geometries. Both samples appear to have the central iron
atom in a five-coordinate high-spin configuration (S = 2).
The band frequencies of propionate (380 cm™ ') and vinyl
(410 cm™") bending modes are also virtually the same
between the two samples, suggesting very similar substituent
geometry. Thus, the kinetic changes must be correlated with
fairly subtle changes in the geometry of the heme plane due
to axial ligand strength and steric interactions. The high-spin
state of heme iron is generally associated with an out-
of-plane displacement from the porphyrin macrocycle. We
believe that this displacement can be different when ligands
with different strength and structure bind in the axial position
(e.g., 2Melm and H,O0).

For example, the steric influence of the 2-methyl group is
known to disrupt heme planarity so that the bis-2Melm
complex is not formed. Moreover, the 2Melm is a strong
ligand and it should lead to more disruption of the planar
porphyrin structure and pull the iron further out-of-plane
compared to a smaller and weaker ligand such as water. A
larger out-of-plane iron displacement would likely affect the
chemical bond strength and the geometry of the entire heme
structure. In the case of 2Melm (bulky and with strong
chemical affinity toward ferrous ion) we expect the iron to be
moved as much as 0.4 A out of plane, in the direction of the
ligand (56). This will weaken the four Fe-N,,, bonds and
possibly other chemical bonds of the heme as well. As can be
seen from Fig. 5, the shifts in the FCS spectra after
replacement of the H,O axial ligand by 2Melm suggest a
general weakening of the bonds responsible for the observed
(out-of-plane) low frequency heme modes.

A simple harmonic approximation can be used to estimate
the decrease in the value of the heme distortion force con-
stants, k£, when 2Melm replaces H,O. As k is reduced, the
frequency decreases according to Eq. 1 (where the reduced
mass of the normal mode oscillator is denoted as w).

- 1k
V=5 " ¢))
Because most of the very low frequency modes remain
unassigned, it is difficult to estimate the absolute force con-
stants because it is unclear which nuclear motions within the
porphyrin molecule are associated with the observed mode
frequencies. Moreover, it is difficult to calculate the reduced
mass u in Eq. 1. On the other hand, we can estimate the
relative effect on the force constants when H,O is replaced
with 2Melm. After making a one-to-one correspondence

TABLE 1 Low frequency modes of Fe2*PPIX(=2Melm)

Y Vmm(cm ™) 7_im(em ") Vst /P e nfk1on
Ya 20 28 0.71 0.50
Yo 38 51 0.75 0.56
Ye 72 82 0.87 0.77
Ya 127 185 0.68 0.46

Biophysical Journal 93(12) 4404-4413



4410

between the frequencies observed in the power spectra of
the two samples (cf. Fig. 5), and neglecting changes in the
reduced mass we can write:

kim _ (Pim)

k—Im B (ijlm) . (2)
Table 1 presents the numerical values for the strongest

modes (Va, Vb, Ye» Ya) identified in the FCS power spectra

along with the relative change in the force constants for each

mode. Note that the assigned correspondence between 127

cm™! (+2Melm) and 185 cm™! (—2Melm) is also based on

the Raman spectra. We can calculate the average ratio of
these force constants to find:

k+Im
=0.57
<klm> viave ’

so that, on average, the 2Melm axial ligand appears to soften
the low frequency force constants by nearly a factor of 2.

Alternatively, we can find an ‘‘average frequency’’ for the
*2Melm samples by taking the first moment of the power
spectra (i.e., treating the low frequency domain as an
Einstein oscillator). This treatment allows us to average over
all low frequency modes without having to worry about the
specific details of the one-to-one correspondence between
spectra employed in the previous calculation. We find the
average frequency by using:

_  [vI(p)dv
=G ©)

and integrating the data shown in Fig. 4 over the spectral
range 0—400 cm™'. The result for the sample without
2Melm is (#)_jm = 160 cm ™' and for the sample with 2MeIm
DY 1mm = 132 cm ! (which, coincidentally, is very similar to
the Raman shifts observed independently in Fig. 2). The
square of the ratio of Einstein oscillator frequencies again
leads to a ratio for the low frequency force constants:

(k+lm) — 0 68
k*Im EOave . .

This suggests a somewhat smaller change in the low
frequency heme force constants than the previous calcula-
tion. This is probably because we integrated out to 400 cm ™"
and the frequency shifts occur mainly in the region below
200 cmfl, where out-of-plane motions occur. Taken
together, the two calculations imply that the ratio for force
constant ‘‘softening’’ upon 2Melm ligation to the heme is:

<k“m> —0.6+0.1. @)
k- im

Evidently the effect of the 2Melm ligation to heme is
twofold. On one hand, the axial ligation of the imidazole
appears to make the heme potential ‘‘softer’” and probably
more anharmonic. On the other hand, this softening makes
the heme more susceptible to deformation at higher temper-
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atures and this deformation leads to a larger iron out-of-plane
displacement. A quantitative analysis of the temperature-
dependent kinetics of CO binding to heme model systems in
the presence and absence of 2Melm demonstrates (55) that
increased iron out-of-plane displacement (linear coupling)
plays the dominant role in determining the enthalpic re-
binding barrier. This indicates that the softening of the heme
force constants (quadratic coupling) is primarily an enabling
effect, which helps to facilitate the iron displacement, al-
though the curvature of the potential surface obviously con-
tributes to the transition state energies as well.

For example, the room temperature kinetics (33) demon-
strate that the addition of the 2Melm results in an increase of
the free energy barrier for CO binding by ~10kJ/mol (AG =
Gim — G_im ~10 kJ/mol). In addition, the temperature
dependence of CO rebinding to H,O-Fe?*PPIX, as shown in
Fig. 7, allows the estimation of the average enthalpic barrier,
(H_1my ~ 6 kJ/mol, at room temperature (55). If we assume
that the Arrhenius prefactor, and the associated entropic
barrier, are independent of the 2Melm binding, AG ~ AH ~10
kJ/mol (33) so we can estimate the room temperature enthalpic
barrier for the +2Melm sample as Hp,, ~ 16 kJ/mol.

However, it is quite possible that, due to the ultrafast
nonequilibrium conditions present in these experiments, the
entropic and the enthalpic barriers are not independent. The
slower CO rebinding to the 2Melm bound sample allows
more time for the photolyzed CO and the heme to sample the
full range of system states, leading to the possibility that the
entropic rebinding barrier is larger for 2Melm-FePPIX than
for the more rapidly binding sample without 2Melm. As a
result, the estimate of H . 1,,, ~ 16 kJ/mol probably represents
an upper limit because some of the free energy barrier
difference at room temperature (AG = G4y, — G_1y, ~ 10
kJ/mol) may be associated with a relative increase in the
entropic barrier of the +2Melm system.

It is possible to obtain a lower limit for the enthalpic
barrier for CO binding to 2Melm-Fe? " PPIX by using a more
quantitative analysis (55), which indicates that the ‘‘distal’’
component to the enthalpic barrier for CO binding in the
heme model systems is absent. A simple comparison to the
results for MbCO, which has a total enthalpic barrier of ~18
kJ/mol (57,58)) with 7 kJ/mol attributed to “‘distal’’ effects
(55), suggests that roughly ~11 kJ/mol might be expected
for the proximal barrier of an isolated imidazole-ligated
heme. Thus, we suggest that a reasonable estimate for the
enthalpic barrier for CO binding to 2Melm-Fe” " PPIX can be
given as: Hypy, ~ 13.5 = 2.5 kJ/mol.

The source of the enthalpic barrier in the heme model
samples has been shown (55) to be dominated by the heme
iron out-of-plane displacement deformation, ay, so we
neglect the ‘‘distal’’ enthalpic term (H,) and approximate
the average barrier:

(H) ~ SR ) ©
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By assuming that, when the 2Melm is present, the Fe is
displaced from the heme plane by ~0.4 A (56,59) we can
estimate the out-of-plane displacement for the heme iron in
the absence of the 2Melm ligand by using:

<H+Im> _ k 1m x <Cl(2)+1m> _ 13.5£2.5
<Hflm> k—Im <aé,lm> 6*1 ’

(©6)

From Eq. 4, a simple calculation leads to the value of

(a3 1, = 0.21 £ 0.05 A for the bare heme without a
bound imidazole ligand. Thus, the kinetics and FCS data are
consistent with a model where 2Melm binding to the heme
both increases the iron out-of-plane displacement and softens
the force constants. The results of this very simple analysis
predict that the iron out-of-plane distortion of the ‘‘bare’’
heme is ~0.2 A (when the analogous distortion for the
2MelIm bound sample is ~0.4 A) and that the force constants
of the 2Melm bound heme soften to ~60% of their value
without imidazole. These results seem quite reasonable and
it would be of interest to independently determine the bare
heme structural parameters using other techniques, if possible.

Beyond histidine ligation and the subsequent heme
distortion, the insertion of the heme into the protein leads
to two other clear effects. As can be seen from Fig. 6, there is
a redistribution of mode frequencies and intensities, which is
presumably a direct consequence of the interaction between
the heme group and the surrounding protein material. In
addition, the longer dephasing times that are systematically
observed for heme within the protein environment can be
attributed to either decreased structural inhomogeneity or to
decreased coupling to the phonon spectrum of the surround-
ings (pure dephasing). Measurements of the damping times
as a function of temperature (F. Gruia, unpublished data) sug-
gest that pure dephasing is an important source of damping
of the low frequency modes in the protein environment.
Howeyver, if there is an ‘‘induced fit’> of the heme when it
binds to the protein, a more homogeneous environment than
found for free heme in solution is also a possibility. Addi-
tional temperature dependent studies of heme model com-
pounds would be helpful in assessing the role of structural
inhomogeneity in the damping of low frequency heme modes
in solution. If inhomogeneity is the dominating source of
decoherence in these systems, then the damping will be ‘“frozen
in”’ and independent of temperature below the glass transition.
However, if solvent dephasing processes are involved, the
damping times should lengthen at lower temperatures.

In summary, we have demonstrated that the low frequency
spectra of the heme group are quite strongly affected when an
imidazole is ligated to the iron atom. Insertion of the heme into
the protein environment leads to additional perturbations,
such as significantly increased dephasing times and further
redistribution of the LFDOS due to heme geometric distor-
tions induced by the protein environment and the possibility
of mixing with protein modes. The results indicate that the
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heme bonding force constants generally soften upon imida-
zole or histidine binding, allowing for an easier geometric
distortion of the prosthetic group. One example of the po-
tential functional significance of these distortions involves
the larger iron out-of-plane displacements that occur when
2Melm replaces water as the axial heme ligand, resulting in a
significant increase of the CO rebinding barrier. For hemo-
globin, such doming displacements function as the trigger
of T-R allosteric transition and cooperative ligand binding
(60). Additional functional consequences can arise from other
environmentally induced heme distortions. For example,
heme ruffling has been proposed (61) as a stabilizing dis-
tortion for the ferric heme, and this could have significance for
the understanding of NO and electron transport processes
(e.g., in nitrophorin and cytochrome c¢). We are currently ex-
ploring the relation between various types of heme distortion
and the redistribution of the LFDOS as probed by femot-
second coherence spectroscopy.

We thank Tom Poulos and John Dawson for their generosity in supplying
samples of cytochrome P450 and chloroperoxidase.

This work is supported by National Science Foundation (0211816) and
National Institutes of Health (DK035090).

REFERENCES

1. Antonini, E., and M. Brunori. 1971. Hemoglobin and Myoglobin in
Their Reactions with Ligands. North-Holland Publishing, Amsterdam,
The Netherlands.

2. Kitagawa, T. 1988. Heme protein structure and the iron histidine
stretching mode. /n Biological Applications of Raman Spectroscopy.
T. G. Spiro, editor. Wiley-Interscience Publication, New York. 97-131.

3. Champion, P. M., B. R. Stallard, G. C. Wagner, and I. C. Gunsalus.
1982. Resonance Raman detection of an Fe-S bond in cytochrome-
P450cam. J. Am. Chem. Soc. 104:5469-5472.

4. Ortiz de Montellano, P. R. 1995. Cytochrome P450: Structure, Mech-
anism, and Biochemistry. Plenum Press, New York.

5. Roberts, G. P., M. V. Thorsteinsson, R. L. Kerby, W. N. Lanzilotta,
and T. Poulos. 2001. CooA: a heme-containing regulatory protein that
serves as a specific sensor of both carbon monoxide and redox state.
Prog. Nucleic Acid Res. Mol. Biol. 67:35-63.

6. Yamamoto, K., H. Ishikawa, S. Takahashi, K. Ishimori, I. Morishima,
H. Nakajima, and S. Aono. 2001. Binding of CO at the Pro2 side is
crucial for the activation of CO-sensing transcriptional activator CooA.
(1)H NMR spectroscopic studies. J. Biol. Chem. 276:11473-11476.

7. Moore, G. R., and G. W. Pettigrew. 1990. Cytochromes c. Evolution-
ary, Structural and Physicochemical Aspects. Springer-Verlag, Berlin,
Germany.

8. Wang, W, X. Ye, A. A. Demidov, F. Rosca, T. Sjodin, W. Cao, M.
Sheeran, and P. M. Champion. 2000. Femtosecond multi-color pump-
probe spectroscopy of ferrous cytochrome c. J. Phys. Chem. B. 104:
10789-10801.

9. Adar, F., M. Gouterman, and S. Aronowitz. 1976. Fluorescence,
resonance Raman and radiationless decay in several hemoproteins.
J. Phys. Chem. 80:2184-2191.

10. Asher, S., P. Larkin, N. Ragunathan, T. Freedman, L. Nafie, B.
Springer, S. Sligar, and R. Noble. 1990. Vibrational circular-dichroism,
Raman, FTIR and electronic CD studies of azide binding to heme-
proteins. Biophys. J. 57:A50 (Abstr.).

11. Boffi, A., J. B. Wittenberg, and E. Chiancone. 1997. Circular dichroism
spectroscopy of lucina I hemoglobin. FEBS Lett. 411:335-338.

Biophysical Journal 93(12) 4404-4413



4412

12.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

217.

28.

29.

30.

31.

Boxer, S. G., D. J. Lockhart, and T. R. Middendorf. 1986. Photo-
chemical hole-burning in photosynthetic reaction centers. Chem. Phys.
Lett. 123:476-482.

. Brunori, M., B. Vallone, F. Cutruzzola, C. Travaglini-Allocatelli, J.

Berendzen, K. Chu, R. M. Sweet, and I. Schlichting. 2000. The role
of cavities in protein dynamics: crystal structure of a photolytic inter-
mediate of a mutant myoglobin. Proc. Natl. Acad. Sci. USA. 97:2058—
2063.

. Champion, P. M., and A. J. Sievers. 1980. Far infrared magnetic

resonance of deoxyhemoglobin and deoxymyoglobin. J. Chem. Phys.
72:1569-1582.

. Dawson, J. H., A. E. Pond, and M. P. Roach. 2002. H93G myoglobin

cavity mutant as versatile template for modeling heme proteins:
magnetic circular dichroism studies of thiolate- and imidazole-ligated
complexes. Biopolymers. 67:200-206.

Franzen, S., L. J. Moore, W. H. Woodruff, and S. G. Boxer. 1999.
Stark-effect spectroscopy of the heme charge-transfer bands of
deoxymyoglobin. J. Phys. Chem. B. 103:3070-3072.

Kincaid, J. 2000. Resonance Raman spectra of heme proteins and
model compounds. /n The Porphyrin Handbook. K. M. Kadish, K. M.
Smith, and R. Guilard, editors. Academic Press, New York. 225-92.

Lamar, G. N., J. S. Deropp, L. Latosgrazynski, A. L. Balch, R. B.
Johnson, K. M. Smith, D. W. Parish, and R. J. Cheng. 1983. Proton
NMR characterization of the ferryl group in model heme complexes
and hemoproteins: evidence for the Fe(IV)=0 group in ferryl myo-
globin and compound II of horseradish peroxidase. J. Am. Chem. Soc.
105:782-787.

Martin, J. L., A. Migus, C. Poyart, Y. Lecarpentier, R. Astier, and
A. Antonetti. 1983. Femtosecond photolysis of CO-ligated protoheme
and hemoproteins: appearance of deoxy species with a 350-fsec time
constant. Proc. Natl. Acad. Sci. USA. 80:173-177.

Mizutani, Y., and T. Kitagawa. 2001. Ultrafast dynamics of myoglobin
probed by time-resolved resonance Raman spectroscopy. Chem. Rec.
1:258-275.

Moffat, K. 1998. Ultrafast time-resolved crystallography. Nat. Struct.
Biol. 5:641-643.

Ostrich, I. J., G. Liu, H. W. Dodgen, and J. P. Hunt. 1980. Oxygen-17
nuclear magnetic resonance study of water exchange on water-soluble
iron(Ill) porphyrins. Inorg. Chem. 19:619-621.

Sage, J. T., S. M. Durbin, W. Sturhahn, D. C. Wharton, P. M.
Champion, P. Hession, J. Sutter, and E. E. Alp. 2001. Long-range
reactive dynamics in myoglobin. Phys. Rev. Lett. 86:4966—4969.

Xie, X. L., and J. D. Simon. 1990. Picosecond magnetic circular-
dichroism spectroscopy. J. Phys. Chem. 94:8014-8016.

Alberding, N., R. H. Austin, S. S. Chan, L. Eisenstein, H. Frauenfelder,
I. C. Gunsalus, and T. M. Nordlund. 1976. Dynamics of carbon mon-
oxide binding to protoheme. J. Chem. Phys. 65:4701-4711.

Dlott, D. D., M. D. Fayer, J. R. Hill, C. W. Rella, K. S. Suslick, and
C. J. Ziegler. 1996. Vibrational relaxation in metalloporphyrin CO
complexes. J. Am. Chem. Soc. 118:7853-7854.

Hoshino, M., L. Laverman, and P. C. Ford. 1999. Nitric oxide
complexes of metalloporphyrins: an overview of some mechanistic
studies. Coord. Chem. Rev. 187:75-102.

Larsen, R. W. 1999. Volume and thermodynamic profiles of CO-
binding to Fe(Il) protoporphyrin IX in detergent micelles. Inorg. Chim.
Acta. 288:74-81.

Rodriguez, J., C. Kirmaier, and D. Holten. 1991. Time-resolved and
static optical properties of vibrationally excited porphyrins. J. Chem.
Phys. 94:6020-6029.

Rovira, C., K. Kunc, J. Hutter, P. Ballone, and M. Parrinello. 1998. A
comparative study of O,, CO and NO binding to iron-porphyrin. Int. J.
Quantum Chem. 69:31-35.

Spiro, T. G., and H. Y. Li. 1988. Resonance Raman spectroscopy of
metalloporphyrins. In Biological Applications of Raman Spectros-
copy. T. G. Spiro, editor. Wiley-Interscience Publication, New York.
1-37.

Biophysical Journal 93(12) 4404-4413

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44.

45.

46.

47.

48.

49.

50.

51.

52.

53.

Gruia et al.

Traylor, T. G., D. Magde, J. Marsters, K. Jongeward, G. Z. Wu, and
K. Walda. 1993. Geminate processes in the reaction of nitric-oxide
with 1- methylimidazole-iron(II) porphyrin complexes: steric, sol-
vent polarity, and viscosity effects. J. Am. Chem. Soc. 115:4808—
4813.

Ye, X., A. C. Yu, G. Y. Georgiev, F. Gruia, D. Ionascu, W. X. Cao,
J. T. Sage, and P. M. Champion. 2005. CO rebinding to protoheme:
investigations of the proximal and distal contributions to the geminate
rebinding barrier. J. Am. Chem. Soc. 127:5854-5861.

Cho, M. H., N. F. Scherer, G. R. Fleming, and S. Mukamel. 1992.
Photon-echoes and related 4-wave-mixing spectroscopies using phase-
locked pulses. J. Chem. Phys. 96:5618-5629.

Jonas, D. M., S. E. Bradforth, S. A. Passino, and G. R. Fleming.
1995. Femtosecond wavepacket spectroscopy: influence of temper-
ature, wavelength, and pulse duration. J. Phys. Chem. 99:2594—
2608.

Kumar, A. T. N., F. Rosca, A. Widom, and P. M. Champion. 2001.
Investigations of amplitude and phase excitation profiles in femtosec-
ond coherence spectroscopy. J. Chem. Phys. 114:701-724.

Kumar, A. T. N., F. Rosca, A. Widom, and P. M. Champion. 2001.
Investigations of ultrafast nuclear response induced by resonant and
nonresonant laser pulses. J. Chem. Phys. 114:6795-6815.

Mukamel, S. 1990. Femtosecond optical spectroscopy: a direct
look at elementary chemical events. Annu. Rev. Phys. Chem. 41:
647-681.

Mukamel, S. 1995. Principles of Nonlinear Optical Spectroscopy.
Oxford University Press, New York.

Nelson, K. A., and L. R. Williams. 1987. Femtosecond time-resolved
observation of coherent molecular vibrational motion. Phys. Rev. Lett.
58:745.

Nelson, K. A., and E. P. Ippen. 1989. Femtosecond coherent
spectroscopy. Adv. Chem. Phys. 75:1-35.

Pollard, W. T., S. L. Dexheimer, L. A. Peteanu, C. V. Shank, and R. A.
Mathies. 1992. Theory of dynamic absorption spectroscopy of
nonstationary states. J. Phys. Chem. A. 96:6147-6158.

Vos, M. H,, and J. L. Martin. 1999. Femtosecond processes in proteins.
Biochim. Biophys. Acta. 1411:1-20.

Wang, Q., R. W. Schoenlein, L. A. Peteanu, R. A. Mathies, and C. V.
Shank. 1994. Vibrationally coherent photochemistry in the femtosec-
ond primary event of vision. Science. 266:422-425.

Zhu, L. Y., A. Widom, and P. M. Champion. 1997. A multidimen-
sional Landau-Zener description of chemical reaction dynamics and
vibrational coherence. J. Chem. Phys. 107:2859-2871.

Ziegler, L. D., R. Fan, A. E. Desrosiers, and N. F. Scherer. 1994.
Femtosecond polarization spectroscopy: a density-matrix description.
J. Chem. Phys. 100:1823-1839.

Champion, P. M. 1992. Raman and kinetic-studies of myoglobin
structure and dynamics. J. Raman Spectrosc. 23:557-567.

Srajer, V., L. Reinisch, and P. M. Champion. 1988. Protein fluctua-
tions, distributed coupling, and the binding of ligands to heme-proteins.
J. Am. Chem. Soc. 110:6656-6670.

Srajer, V., and P. M. Champion. 1991. Investigations of optical-line

shapes and kinetic hole burning in myoglobin. Biochemistry. 30:7390—
7402.

Rosca, F., A. T. N. Kumar, X. Ye, T. Sjodin, A. A. Demidov, and
P. M. Champion. 2000. Investigations of coherent vibrational oscilla-
tions in myoglobin. J. Phys. Chem. A. 104:4280-4290.

Srajer, V., T. Schomacker, and P. Champion. 1986. Spectral broad-
ening in biomolecules. Phys. Rev. Lett. 57:1267—-1270.

Spiro, T. G., and T. C. Strekas. 1974. Resonance Raman spectra of
heme proteins. Effects of oxidation and spin states. J. Am. Chem. Soc.
96:338-345.

Hori, H., and T. Kitagawa. 1980. Iron-ligand stretching band in the
resonance Raman spectra of ferrous iron porphyrin derivatives.
Importance as a probe band for quaternary structure of hemoglobin.
J. Am. Chem. Soc. 102:3608-3613.



Low Frequency Spectral Density of Heme

54.

55.

56.

57.

Nagai, K., and T. Kitagawa. 1980. Differences in Fe(II)-N epsilon(His-
F8) stretching frequencies between deoxyhemoglobins in the two alter-
native quaternary structures. Proc. Natl. Acad. Sci. USA. 77:2033-2037.

Ye, X., D. Ionascu, F. Gruia, A. Yu, and P. Champion. 2007.
Temperature dependent dynamics of protoheme: non-exponential CO
rebinding and relaxation in the absence of protein conformational
substates. Proc. Natl. Acad. Sci. USA. 104:14682-14687.

Yang, F., and G. N. J. Phillips. 1996. Crystal structures of CO-, deoxy-
and met-myoglobins at various pH values. J. Mol. Biol. 256:762-774.

Franzen, S. 2002. Carbonmonoxy rebinding kinetics in H93G myo-
globin: separation of proximal and distal side effects. J. Phys. Chem. B.
106:4533-4542.

58.

59.

60.

61.

4413

Tian, W. D.,J. T. Sage, V. Srajer, and P. M. Champion. 1992. Relaxation
dynamics of myoglobin in solution. Phys. Rev. Lett. 68:408—411.
Jameson, G. B., F. S. Molinaro, J. A. Ibers, J. P. Collman, J. L
Brauman, E. Rose, and K. S. Suslick. 1980. Models for the active site
of oxygen binding hemoproteins. J. Am. Chem. Soc. 102:3224-3237.
Perutz, M. F., A. J. Wilkinson, M. Paoli, and G. G. Dodson. 1998. The
stereochemical mechanism of cooperative effects in hemoglobin
revisited. Annu. Rev. Biophys. Biomol. Struct. 27:1-34.

Roberts, S. A., A. Weichsel, Y. Qiu, J. A. Shelnutt, F. A. Walker, and
W. R. Montfort. 2001. Ligand-induced heme ruffling and bent NO
geometry in ultra-high resolution structures of nitrophorin 4. Biochem-
istry. 40:11327-11337.

Biophysical Journal 93(12) 4404-4413



