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Investigations of Heme Protein Absorption Line Shapes, Vibrational Relaxation, and
Resonance Raman Scattering on Ultrafast Time Scalés

I. Introduction

Myoglobin (Mb) is a prototypical heme protein that can
reversibly bind small ligands such as,@0O, and NC: Its role
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The spectral dynamics of photoexcited myoglobin (Mb) and its ligated species have been measured using
both single wavelength and broadband continuum probes. Ultrafast spectral relaxation of the deoxy photoproduct
involves an initially broadened and red-shifted absorption band, which is observed for all samples studied
(deoxyMb, metMb, MbNO, MbCO). These results are consistent with an immediate (sub 100 fs) relaxation
to the electronic ground state followed by vibrational equilibration. Relaxation of the “hot” photoproduct
spectrum is well described using independent time scales for narrowing (400 fs) and blue shiftirg(§8)4

as the system returns to equilibrium. A previous multiple electronic intermediate state model, which is based
on single wavelength measurements (Petrich, J. W.; Poyart, C.; MartinBlo¢dhemistryl988 27, 4049),

does not adequately explain the observed broadband spectral dynamics, particularly on the blue side of the
Soret band (unless still more electronic states are postulated). The vibrational relaxation pathway in Mb is
explored by using samples with a modified local heme environment (e.g., His33ly mutation and
protoporphyrin IX— porphine substitution). The His93 Gly mutation experiment demonstrates that the
covalent bond between the iron and the proximal histidine has little effect on the overall vibrational relaxation
of the “hot” heme. In contrast, the protoporphyrin £¢ porphine substitution experiment demonstrates the
importance of the van der Waals contacts between the heme and the protein/solvent matrix in cooling the
locally hot heme. Finally, we discuss the effects of the observed broadband spectral dynamics on time-
resolved resonance Raman intensities and show how the time dependent line shape function plays an important
role in the extraction of mode specific vibrational temperatures from the resonance Raman data.

to picosecond and longer time scales due to the need for a
relatively narrow frequency distributiors@0—20 cnt?) in the
probe laser pulse.

as the oxygen storage protein in muscle cells is well established ON the other hand, SpriCOS%CZZFZId transiegt absorption ftudies
and it has recently been proposed to be involved in controlling ©f Myoglobin in the Soret barff;?252%Q-band?® and band IIf

NO concentrations in heart and skeletal muscle @efls.  regions have also been reported. These studies revealed complex
Myoglobin has been shown to dissociate its diatomic ligand ultrafast relaxation dynamics. The interpretation of the measure-
nearly instantaneously upon photoexcitatidhand this has ~ Ments has been based upon two distinct models: (1) the
made the Mb system the focus of a variety of kinetic vibrationally excited (*hot”) electronic ground-state modfel®
studiesi®-7 Photolysis using ps or fs laser pulses rapidly ©f (2) the multiple electronic intermediate excited-state

prepares an initial nonequilibrium heme/protein state and a model?29332The present work offers strong evidence in favor
separated hemdigand pair, which allows the ensuing fast 0f model 1, the vibrationally hot electronic ground-state model.
ligand rebinding and heme/protein conformational relaxation In support of this assertion, we present a detailed analysis of
processes to be studied with suitably delayed laser probethe time evolution of the absorption line shape in the Soret band
pulses?121518.195ince the photon energy is initially localized region of Mb following optical excitation. This analysis helps
on the heme and the dissociated ligand, an account of the energyo delineate the relationship between the dynamic line shape
flow not only helps decouple the various processes, but alsoand the transient response measured at fixed wavelehytles.
serves as a model system for studying the energy relaxationfind that the optical transients are characteristic of an initially
path in complex molecule®$:24 For example, time-resolved  broad and red-shifted “hot” electronic ground-state photoproduct
Raman spectroscopy has been used to study vibrational modespectrum, which narrows and blue-shifts as it relaxes to
specific relaxation processes after photoexcitadfa.2” Time- equilibrium.

resolved Raman spectroscopy has the advantage of studying  similar red-shifted absorption spectra have been observed for
individual vibrational mOdeS, but the time resolution is limited other molecular Systems upon photoexcna:féﬁand ass|gned
to vibrationally hot species. The most extensive and relevant
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quinone (ZnP-Q), and free base tetraphenylporphyriT &), modulator (NEOS, Inc.) that modulated (or “chopped”) the beam
among other8>-38 In these “model” systems, the initial photo-  at 1.5 MHz. The chopping frequency was controlled by a lock-
product spectra were observed to be red-shifted and broadenedn amplifier (SRS 844, Stanford Research, Inc.). The probe beam
followed by subpicosecond and picosecond processes thattraveled an optical path comparable with the path of the pump
narrow and shift the line shape back to the initial equilibrium beam. The exact delay between the pump and probe pulse pairs
spectra. These observations were explained on the basis of thavas controlled by a motorized translation stage (Klinger, Inc.).
rapid creation of a vibrationally “hot” photoproduct state, arising Both pump and probe beams were combined in the sample using
from the photon excitation energy. Vibrational excitation of the a lens with 2 in. focal length. Measurements showed that the
ground electronic state of the heme is taken as the cause of theheams were focused to a diameter of approximatetyZum.
broadening and red shift of the transient absorption spectrum.The average power of the pump beam at the sample was about
Subsequent vibrational relaxation and cooling allows the “hot” 30 mW, whereas for the probe beam it was about 20 mW. The
absorption spectrum to evolve toward equilibrium. excitation pulse energy was sufficiently low that only ca2%o

To explore the pathway of vibrational energy relaxation, we of the sample was photolyzed by each pulse.
also study the spectral dynamics as the heme structure and local After the sample, the pump beam was extinguished using a
environment are altered. Consistent with recent molecular spatial filter and a crossed polarizer. The pump beam must be
dynamics simulation3; the experimental results suggest that syppressed because the pump-induced change in the transmis-
the van der Waals interactions between the heme and the proteirsion intensity of the probe beam was about#010~5 and

matrix provide the main relaxation pathway for dissipation of |eakage of the pump pulses into the detection channel gives a

the excess vibrational energy. significant increase in the background offset of the detected
) ) signal. The probe beam was directed to a photodiode connected
Il. Experimental Methods and Materials to the lock-in-amplifier. The lock-in-amplifier and the controller

Sample Preparation.Horse heart myoglobin was obtained of the motorized translation stage were connected to a computer

from Sigma Inc. The His93~ Gly (H93G) myoglobin mutant via a GPIB interface. Data acquisition i_s performed with s_elf-
was expressed iEscherichia coliand purified as described in ~ developed software based on the Labview language (National
detail elsewher& The H93G mutant with an exogenous Instruments, Inc.).
proximal imidazole ligand was prepared using standard proce- ~Continuum Spectral Measurements.Although the single
dures?® Porphine was purchased from Porphyrin Products Inc. wavelength measurements provide the optimum signal-to-noise
Iron—porphine and its reconstitution with apomyoglobin was in the time domain, it is also important to record the spectrum
carried out as previously describ&dMetMb solutions were  of the full absorption band in the frequency domain using
prepared using 100 mM potassium phosphate buffer (pH 7.0) continuum pulses. To measure transient spectra over a wide
at room temperature. Typically, a metMb solution was degassedwavelength range, we used another laser system based on an
with argon for 1 h and an equimolar quantityf @ M sodium amplified Ti:sapphire laser (REGA 9050, Coherent, Inc.) with
dithionite was added to obtain deoxyMb. MbNO was prepared white light continuum generation. Details and schematics of this
by further addition of an equimolar quantity ® M degassed  system can be found elsewhéfé2The amplified laser system
sodium nitrite solution to the deoxyMb sample with excess generated~50 fs laser pulses at800 nm with a repetition
sodium dithionite. MbCO was prepared by flushing CO gas over rate of 250 kHz and an average powerofl W. It then passed
the surface of the deoxyMb sample for 1 h. In all cases, the through a beam splitter and one beam feeds an optical parametric
sample concentration was adjusted to have a Soret peakamplifier (OPA 9400, Coherent, Inc.) to get pulses at 580 nm
absorption of ca. 1 ODni a 1 mm path length cell. The used for pumping the sample. The other beam generated the
absorption spectra were measured before and after each experiwhite light probe pulse continuum in a spinning fused silica
ment with a spectrophotometer (Hitachi U-3410) to check disk. The continuum spectrum covers a range from 390 to over
sample quality and stability. All samples were placed in an 800 nm and the blue parc600 nm) was selected by a cutoff
anaerobic spinning cell having a 2-in. diametedanl mm filter. Another blue glass filter was applied to flatten the probe
path length. The cell was rotated at about 7000 rpm using a spectrum so that the dynamic range of the continuum does not
brushless high tolerance motor (Maxon Precision Motors, Inc.). exceed the detection limits. The OPA pulses were compressed
Single Wavelength Optical Transient Measurements. by a prism pair to about 50 fs. As with the single wavelength
“Single” wavelength optical transient measurements were measurements, the time delay between the pump and probe
performed with a Ti:sapphire laser, MIRA 900 (Coherent Inc.), pulses was controlled by a motorized translation stage (Melles
which generated 4580 fs laser pulses in the wavelength range Griot, Inc.). The pump and probe beams were focused into the
760-960 nm. The pulses came with a repetition rate of 76 MHz spinning sample cell using an achromatic lens with a 2-in. focal
and were focused into a 0.2 mm thick BBO crystal to generate length. At the sample, the average powers wefl® mW for
second harmonic pulses in the 38080 nm range. The laser the OPA pump beam and10xW for the white light continuum
beam was directed to a double pass prism pair for chirp probe beam (integrated over the bandwidth-4600 nm). The
compensation to obtain near transform limited laser pulses atdetection was based on a lock-in amplifier technique where the
the sample. (Since the pulses were transform limited, the pump beam was chopped by a mechanical chopper (3 kHz) and
“wavelength” corresponds to the optical carrier frequency, and a photomultiplier tube (PMT) was used to detect the probe light
typical pulses were 78 nm in width, much smaller than the as the wavelength is scanned by the monochromator. The
absorption bands under study). Finally, the pulse train is split detected signal was proportional to both the pump-induced
in two parts in a 3/2 ratio to be used as the pump and probe absorption change and the probe light intensity. Thus, we used
beams. a light stabilizer (Cambridge Research & Instrumentation) that
The polarization of the pump beam is rotated by @6ing a adjusted the probe light power to keep a constant average
half-wave plate. The polarization rotation was used to better photocurrent as the monochromator was scanned across the
suppress the pump beam “leakage” in the detection step (seedetection wavelengths. This works by using the DC part of the
below). The pump beam passed through an acousto-opticPMT output as the feedback control to the light stabilizer.
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Because of the well-known effect of “chirp”, different colors MbNO kinetics & MEM fit MEM rate distribution
of the white light continuum arrived at the sample at different — T D T i I
time delays. Unfortunately, the breadth of the spectral range
(~100-150 nm) made it very difficult to compensate the chirp
using prisms or gratings. However, we measured the chirp
profile separately and then compensated for the wavelength
dependent time zero point by using software to simultaneously
control the translation stage time delay and the monochromator
grating position. The chirp profile was found by measuring the __
coherence coupling response as a function of wavelength using 3
pure water placed in the sample cell. The coordinatgg] fhat
define the maxima of the water coherence coupling peak were
fit by a polynomial to obtain the chirp profile that sets time
zero for each wavelength.

Maximum Entropy Method. The majority of the single
wavelength optical transient data reported here were analyzed=
using the maximum entropy method (MEM). In contrast to
standard nonlinear least squares, which fit the data to anpet (
of discrete exponentials,
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essentially performing a numerical inverse Laplace transform

on the experimental data 0 7 7 T 310 001 o4 0 00
" » Time delay (ps) Time constant (ps)
— At
I fO g(t)e " di @ Figure 1. MbNO optical transients measured with the single wave-
. . length technique. The right panel shows the corresponding rate
For details, we refer the reader to the literature related to the distribution calculated using the maximum entropy method (MEM).
MEM method?3~46 The big advantage of the MEM analysis is In both Figures 1 and 2, the ordinate represents transmittance and is
that the addition of the entropy function helps to extrach@ue given in arbitrary units. For the rate distribution, the decay of bleaching

solution for the rate distribution that is free of unwanted @and the rise of antibleaching signals (transmission decrease with time)
correlations. Since MEM does not require any preassumption '€ répresented by positive amplitudes and the decay of antibleaching
f th ted rate distributi it i d to b imall and the rise of bleaching signals (transmission increase with time) are
of the expected rate distribution, it is said to be maximally represented by negative amplitudes.

noncommittal with respect to unavailable information.

5

-

1, 2—-4, and>10 ps clusters. On the longer time scatel ps,
data not shown), the rate distribution is independent of probe
Single Wavelength Measurements of Photoexcited MbNO  wavelength and can thus be attributed to rebinding kinetics rather
and deoxyMb. In Figure 1 we show “single” wavelength optical  than spectral dynamid$.On shorter time scales, the ultrafast
transients of MbNO using the unamplified laser setup. The optical transients of MbNO show similar behavior as with other
optical transients were measured using optical carrier frequenciedigated samples of myoglobin and model compounds, i.e., the
between 385 and 470 nm. The right panels display the MEM relaxation strongly depends on the probe wavelength. As we
analysis of the data, where we note that the decay of bleachingdiscuss below, the wavelength dependent short time behavior
and the rise of antibleaching signals (transmission decrease withis difficult to explain using the multiple electronic state model
time) are represented by positive amplitudes and the decay of(model 2), but relatively easy to explain using the vibrationally
antibleaching and the rise of bleaching signals (transmission hot electronic ground-state model (model 1).
increase with time) are represented by negative amplitudes. Note In Figure 2 we present the single wavelength optical transients
that at 385 nm, the signal clearly shows the decay of an and MEM analysis of deoxy Mb. Note that these data have
antibleach. Optical transients in the 40025 nm region show  features similar to the MbNO sample, despite the absence of
a bleaching signal (transmission change is shown). At around photolysis in deoxyMb (a five coordinate species). In the case
430 nm we observe a transition of the signal from the bleaching of deoxyMb, we group the time constants into two major
back to the antibleaching region, where it remains during the clusters: 0.30.5 and 2-6 ps. All the optical transients in
recovery phase. Between 435 and 454 nm only antibleachingFigures 1 and 2 are presented in arbitrary units of transmission
signals are recorded, while the optical transients measured atchange AT).
460 and 470 nm show an antibleach that evolves into a bleaching Continuum Transient Spectra of Photoexcited DeoxyMb,
signal on longer ¥10 ps) time scales. We note that the MetMb, MbCO. DeoxyMb contains a pentacoordinate ferrous
equilibrium difference spectrum (Mb- MbNO) has three heme, and metMb has a hexa-coordinate ferric heme, with a
isosbestic points near 398, 427, and 455 nm, which explainswater molecule weakly bound as the sixth ligand. The corre-
the evolution to a bleaching signal at 460 nm and 470 nm (cf. sponding Soret peaks for deoxyMb and metMb are 434 and
Figure 9). 409 nm, respectively. For a pentacoordinate ferric heme (without
Practically all of the optical transients are characterized by the water molecule) the Soret peak shifts from 409 to 394hm.
both fast and slow time components. The MEM analysis reveals The continuum absorption measurement of metMb does not
that they can be clustered into four major groups0.1, 0.3- detect an antibleach band increaseAiA near 394 nm upon

lll. Results and Analysis
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deoxy Mb kinetics and MEM fit MEM rate distribution
T uuu? T uuu! TT u-m! T deOXyMb

RS LI B B N B B L B B
B

05 Y

AA (a.u.)

400 410 420 430 440 450 460

Transmission (a.u.)

Wavelength (nm)

Figure 4. Transient absorption spectra of deoxyMb pumped at 580
nm and probed with the continuum.
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Figure 2. DeoxyMb optical transients measured with the single
wavelength technique. The right panel shows the corresponding rate
distribution calculated with the maximum entropy method (MEM).
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Figure 5. Transient absorption spectra of MbCO pumped at 580 nm
6 and probed with the continuum. The inset compares the line shape at
a5 21.6 ps (solid line) with the equilibrium difference spectrum of

2 deoxyMb and MbCO (dotted line).

1
05 the initial equilibrium spectra, and there is no photolysis for

0.4 these samples, the dynamics of the transient spectrum effectively
arises from the spectral evolution of the photoexcited system.
For a simple two-state photolysis reaction with no spectral
evolution, the transient absorption line shape is simply composed
of an amplitude decay with a fixed isosbestic point and a line
Lo L L — ol shape profile composed of the equilibrium (static) product and
400 410 420 430 440 450 . .. .
reactant difference spectra. In addition to the simple two-state
ligand rebinding process, a hot photoproduct spectrum can show
Figure 3. Trar_lsient absqrption spectra of metMb pumped at 580 nm dynamic evolution as seen in Figures 3 and 4 (where no
and probed with the continuum. photolysis has taken place). The classic signature of thermal
photoexcitation (Figure 3). This implies that dissociation of the relaxation involves a broadened and red-shifted absorption band
water molecule does not take place after photoexcitation. Thus,that undergoes spectral narrowing and blue shifting. This
in both deoxy and met myoglobin, photon energy is converted manifests itself as a time-dependent blue shift of the “isosbestic”
to heme vibrational energy. This results in an extremely hot point (i.e., the zero crossing &A) in the transient difference
heme. For example, it was estimated that for 530-nm excitation spectrum as seen in Figures 3 and 4.
of heme proteins at room temperature, the local heme temper- Figure 5 shows transient spectra of MbCO using 580-nm
ature is raised by 506700 K48 excitation, which induces dissociation of the CO ligand. The
The broadband continuum probe yields very similar ultrafast photodissociation yield of CO has been measured to be tfhity,
spectral dynamics for both metMb (Figure 3) and deoxyMb resulting in only one type of photoproduct species, the dissoci-
(Figure 4). Both show an almost instantaneous appearance of ated pentacoordinate heme. However, since photon energy in
broad antibleach (absorption) to the red of the equilibrium Soret excess of the dissociation energy is deposited in the heme
band. The peak and isosbestic point (zero crossing of theligand pair, the photolysis process also generates a hot deoxy
antibleach) shift to the blue as time proceeds. Since the transientheme species. This species undergoes vibrational relaxation that
spectrum measures the difference between the photoproduct anis detectable because CO geminate recombination to the iron

delay (ps)

AA (a.u)

Wavelength (nm)
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Figure 6. The dynamic part of the MbCO transient spectrum (0pen riqre 7. Reconstructed spectra of the photoproduct of MbCO excited
symbols) calculated by_ subtracting the transient spectrum measured at; 594 nm. The right panel shows the relaxation of the first moment
21.6 ps from the transient spectra measured at 0.4, 0.7, and 1.6 ps. I, 4 variance.

is assumed that, at the 21.6 ps delay, all cooling and vibrational
relaxation processes are complete and the observed transient spectrum

contains only the static equilibrium difference (CO does not rebind on 1.04

this time scale). The solid and dashed lines represent the transient o O porphine reconstituted
spectra of deoxyMb measured at the same time delays. Excitation is at e A H93G mutant

580 nm. ;

atom takes place on a relatively slow (1000 ns) time scafé
and does not interfere with signals arising from the spectral
dynamics of heme cooling.

We observe that the transient spectrum measured at 20-ps
delay is almost identical to the difference spectra of equilibrium
deoxyMb and MbCO (see inset of Figure 5). This means that
the ultrafast dynamics of the photoproduct spectra due to
localized heme relaxation processes are completed by 20 ps.
Thus, by subtracting the “static” difference spectrum measured
at 20 ps from the earlier transient difference spectra, we obtain
the transient spectral dynamics of the deoxy photoproduct t (ps)
without the "static” background (see Figure 6). Comparing the Figure 8. Optical transients of native myoglobin, porphine-reconsti-
result with the transient spectra measured for deoxyMb (solid tuI?eud myoglgbin, ared HOBG mant myggl%bin (hgterl)og Scale). The

lines and data points in Figure 6), it can be seen that there is asamples are in the deoxy form and are probed at their respective Soret
reasonable match between the MbCO photoproduct and thepeaks.

deoxyMb transient spectra. This observation supports the view
that the MbCO photoproduct, Mb*, involves a vibrationally hot  as manifested by the narrowing of the absorption spectrum. After
heme, which is analogous to the photoexcited deoxy Mb. The calculating the time dependence of the first moment and variance
subsequent relaxation of Mb* provides the major source of of the spectra, we can adequately fit their relaxation with
dynamics in the transient spectra of MbCO (e.g., the small short exponential decays. We find that the time constant for spectral
time dynamics in Figure 5 observed near 423 nm in the region narrowing has a fast phase of 400 fs with 84% amplitude and
of the MbCO bleach is due to relaxation of the blue side of the a 4 ps phase with 16% amplitude, while the first moment evolves
Mb* Soret band, not to CO rebinding). with a single 4 ps time constant (Figure 7). The 400 fs to 4 ps
We can also reconstruct the absolute MbCO photoproduct components of the spectral evolution potentially involve both
spectrum representing Mb*. This is again facilitated by the long intramolecular, non-Boltzmann, vibrational redistribution pro-
recombination time of photodissociated CO, so that complica- cesses and “cooling” of a hot, Boltzmann equilibrated heme
tions due to CO recombination are absent. The reconstructionvia vibrational energy transfer between the heme and the protein/
was made by summing the transient difference spectrum with solvent heat batht
a scaled equilibrium spectrum of MbCO. The scaling factor is  Optical Transients of Mutant Mb (H93G) and Porphine
obtained by fitting the equilibrium difference spectrum of Reconstituted Mb. We next consider the effect of different
deoxyMb and MbCO with the transient spectrum measured at heme-localized perturbations on the vibrational relaxation
20 ps delay. The transient spectra of Mb* reveal that the pathway of deoxy heme. The probe-wavelength dependence of
photoproduct spectrum is broadened and red-shifted at thethe optical transients potentially complicates such comparisons,
earliest times, followed by evolution toward the equilibrium so in Figure 8 we compare the transient response probed at the
spectrum of deoxyMb (Figure 7). This type of behavior after Soret peak of each compound (deoxyMb, deoxyMbH93G bound
nearly instantaneous photolysis is characteristic of a vibrationally with imidazole (Im), and porphine-substituted Mb). MbH93G
“hot” deoxyMb in the ground electronic state. The “temperature” has the proximal histidine (H93) replaced with a glycine residue.
associated with this vibrational excitation is local and can be This effectively disconnects the only covalent bond between
relatively high. The reconstructed spectra reveal cooling of Mb*, the heme and the protein matrix. In MbH93Gn, an exogenous

0.5+

AT (a.u)
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imidazole ligand is added and bound to the iron at the proximal with probe wavelength was attributed to excited electronic
side to stabilize the deoxy sampR!° The porphine-substituted  intermediate states that absorb to the red (i.e., at 455 and 470
Mb contains a heme where all the protoporphyrin IX side chains nm) of the Soret maximum. Within the context of this work, it
are replaced by protons. is important to note that Petrich et 8idid acknowledge in the
The transient relaxations of all three compounds are com- discussion of their data that the vibrationally hot ground
pleted within 10 ps (Figure 8), where it can be seen that the electronic state model “cannot be unambiguously eliminated.”
optical transient of H93G is quite similar to that of native The Soret and Q-band excited states of heme are known to
deoxyMb. On the other hand, the optical transient of the pe extremely short-lived, as is indicated by the broad absorption
porphine-reconstituted myoglobin has slower relaxation than that |ine shapes and extremely small fluorescence quantum yilds.
of native deoxyMb. This rules out the possibility that covalent Vvarious efforts have focused on clarifying why the nonradiative
bonding to the protein matrix, through the-Fdis bond, offers  relaxation pathway is so efficient. In principle, femtosecond
a significantly more efficient vibrational relaxation pathway for coherence spectroscopy (FCS) detects vibrational coherences
the hot heme than the noncovalent interactions between the hemgssociated with both the excited and ground electronic state
and its protein surroundings. species. However, such experiments yield a power spectrum
When studying vibrational relaxation, we usually consider that contains a strong Fédis mode at 220 cmi, which is
the heme to be a separate thermal bath separated from that ofharacteristic of the 5-coordinate electronic ground $iéte.
the protein matrix. Although the iron is covalently linked to  Moreover, in studies of MbNO, the prompt appearance of the
the proximal histidine, the FeNwis bond is orthogonal to the 220 cnt? oscillation with essentially no phase delaindicates
heme plane and probably decoupled from many of the in-plane that photolysis and evolution to the electronic ground state take
heme normal modes that are coupled to the optical excitation place on a time scale that is significantly shorter than the 150
and initial nonradiative decay. This may help to explain why fs vibrational period of this mode. As a result of the absence of
the covalent axial ligand connection between the heme iron andphase delay for the 220 crth mode, we have previously
the protein is not a dominant vibrational relaxation pathway suggeste® that ligand dissociation and creation of the 5-co-
for the hot heme, as demonstrated by H93G kinetics data. In ordinate electronic ground state takes place within one-half of
constast, prior studies of Fedis coherenc® indicate that  the Fe-NO vibrational period €30 fs). It is also noteworthy
energy is dissipated from the Félis mode into the heme heat  that transient Raman experiments on MbCO find only ground-

bath with a periodicity (800 fs) that is coincident with the 40  state normal modes of the unligated species within the system
cm~! mode associated with heme doming. Evidently, this energy resolution of 2.3 pds

flow is essentially a “one-way” process, with entropic consid- ¢ iq gjgnificant that both the FCS experiments and the broad-
erations preventing the reverse process of energy flow from the yang continuum data presented here involve many different
heme back through the single+His bond and into the protein.  5pe \yavelengths. These measurements, especially those on

On the other hand, the protein backbone of Mb folds and the pjue side of the Soret band, demonstrate that the multielec-
forms a hydrophobic pocket that helps to hold the heme in place. yronjc state modélcannot account for the observed spectral
This allows the heme to couple to the protein through van der rg|axation without the fortuitous introduction of still more
Waals contacts. These interactions, and those between th&,iermediate electronic states. For example, as can be seen in
proprionates and solvent water, apparently provide the main gjgyre 9 for MbNO, the optical transient recorded at 400 nm
relaxation pathway for the hot her€The side chain structure 1 5¢ arise time of ~0.3 ps. This stands in marked contrast to
of the heme should affect the strength of such contacts. In\yhat we would expect from the (multiple) excited electronic
pophine-reconstituted myoglobin, we expect the contacts 10 giate model, which predicts that the signal observed at 400 nm
become weaker, since all of the side chains are replaced bygpqq pe similar in behavior to the signal measured at 420 nm
protons. This suggests that the vibrational relaxation will be (g 4 the initial nearly instantaneous rise of the transmission due
slower, as is confirmed by the experimental data in Figure 8. It {; ihe pleach of MbNO followed by its decay to zero). The
has also been suggestéthat the strong electrostatic interaction o ica) transient measured at 385 nm is also inconsistent with
between proprionate side chain and solvating water is the mostyhe mytiple excited electronic state model, which predicts an
important “doorway” for dissipation of excess heme kinetic 5nnieach as the ground electronic state of deoxyMb is created,
energy. Although precise verification of the side chain specifity 15\ing arise time similar to the antibleach signal measured at
of heme vibrational relaxation will require further experimental 437 nm (see Figure 9). Experimental observation shows just
studies with individual side chain substitutions, the present the opposite, i.e., the signal measured at 385 nm is an antibleach
experimental results are strongly supportive of the theoretical with adecay’ti.m.e; of about~0.3 ps. On the other hand, these
predictions made by Sagnella and Stratib. observations are consistent with the hypothesis of a “hot”
(broadened and red-shifted) product absorption band superim-
posed on the reactant bleach background. Relaxation of a hot
Hot Electronic Ground State Versus Multiple Electronic unphotodissociated 6-coordinate speétés also consistent with

State Models. Ultrafast absorption spectroscopy has revealed the sign of the observed signal at 385 nm, so that the nearly
complex wavelength-dependent optical transients in heme instantaneous heating, and subsequent cooling, of both the 5-
proteins?193° Two competing models have been proposed to and 6-coordinate complexes must account for the observed
interpret the observed spectral dynamics. One is based on thdelaxation at this wavelength. In contrast, the multielectronic
creation of a vibrationally “hot” electronic ground state of the State model would need to invoke still another excited inter-
photoproduct and its subsequent cooltfg?37-33whereas the mediate state, absorbing in the blue, to be consistent with
other model is based on the assumption of multiple electronically €xperimental the observations.

excited intermediate state species, having red-shifted absorption The two models also differ in their assumptions regarding
spectra, which decay to the final photoproduct ground $Stéte.  quantum yield. The excited electronic state model assumes a
In the work of Petrich et aP the authors analyzed the optical unity quantum yield for each of the CO,,Cand NO ligands
transients at a few selected probe wavelengths and the variatiorand attributes the difference in the measurable dissociation yield

IV. Discussion
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Figure 10. Transient spectra of deoxyMb measured with the 580-nm
excitation (upper left) compared with the computer-simulated spectra
(upper right) calculated using a red-shifted and broadened spectrum of
T T T T the Mb photoproduct. In the calculations we use an exponential

, T ,
380 400 420 440 460 480 dependence of the photoproduct spectral shift from red to blue having
Wavelength (nm) a 4 ps time constant and an exponential spectral narrowing characterized
by a 0.4 ps time constant. The lower left panels show the optical

Figure 9. (Panel a) Selected optical transients of MbNO. The grayed ransjents (from Figure 2) excited in the Soret band along with the
area on the left side shows the time region that covers the probe-before-gjmylated relaxations (lower right).

pump signal and the coherence coupling response. This area is omitted
from our analysis. (Panel b) A sketch of the photoproduct (Mb* and
MbNO*) absorption spectra (dashed lines) as they evolve toward their line shape). For simplicity, both of these parameters are modeled
respective equilibrium line shapes (solid lines) following photoexcitation to change monoexponentially. When the calculated spectra are
of MbNO. The arrows denoted by 385, 400, 420, and 437 nm mark qualitatively compared with the experimental data, the best
the excitat_ion and detection wavelength of the optical transients agreement is achieved if the change of the line shape position
presented in panel a. has a time constant of 4 ps and the width changes with a time
constant of 400 fs. The overall shift of the spectrum is about
to differences in the femtosecond geminate recombination of 3—4 nm, whereas the full width at the shortest times is about
the ligands. On the other hand, we have recently demonstrated?.5 times broader than the equilibrium spectrum of Mb. The
that the photodissociation quantum yield for MbNO and MbO  qualitative agreement between the simulations and the experi-
is not unity*® and the vibrational relaxation of the 6-coordinate mental data displayed in Figure 10 is striking and lends strong
photoproduct has been shown to contribute significantly to the support to the vibrationally hot electronic ground state model.
spectral dynamics in the Soret region. In this previous work, A more detailed demonstration of the hot dynamic line shape
we have suggested a relationship between the quantum yield model is given by a comparison of calculated and experimentally
the ligand bending modes, and the equilibrium binding structure, measured single wavelength optical transients (lower part of
which naturally accounts for the undissociated hot hexacoor- Figure 10). One can see dramatic changes in the observed optical
dinate photoproducts. transient depending on the detection wavelength. It is important
Simulations. To demonstrate the applicability of the hot to note that, without the benefit of the broadband continuum
ground-state model to deoxyMb, we developed a simple model spectra presented here, the single wavelength signals can easily
to simulate the observed transient spectra (Figure 10). Thebe misinterpreted as arising from the population of multiple
simulation is based on a homogeneous line shape convolvedintermediate electronic states during the nonradiative decay that
with an inhomogeneous non-Gaussian distrib®ioimat yields follows optical excitation.
an absorption band closely resembling the Soret absorption band Dynamic Line Shape Effects on Time-Resolved Resonance
of deoxy Mb. We utilize two adjustable parameters to control Raman Intensities.Another interesting and potentially impor-
the overall spectrum of the photoexcited deoxyMb: the position tant effect of the dynamic absorption line shape is its contribu-
of the absorption band and its width (i.e., the moments of the tion to the time evolution of the resonance Raman scattering
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intensities. Absorption spectra and Raman excitation profiles
(REP, Raman scattering intensity as a function of excitation Absorption N (a)
wavelength) are fundamentally linked through the imaginary
and real parts of the polarizability tens8r5” For example,
using the KramersKronig transformation, the REP can be
calculated directly from the measured absorption bands. In the b
case of a dynamic absorption line shape, the REP must also be
dynamic. As the absorption spectrum characterizing a vibra-
tionally hot species becomes broader, the Raman excitation
photons probe an electronic resonance that is more “washed
out”, leading to a relative diminution of the Raman scattering
intensity at short times.

There are two basic factors that contribute to the temperature

dependence of the resonance Raman scattering: the initial

population of the vibrational mode being probed and the N (b)
resonant absorption line shape of the molecule. For harmonic ?’ Anti-Stokes REP § <,

systems, these two factors can be explicitly decoupled: + Vi \;\
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and¢r(v) is the complex (and temperature dependent) line shape > [T
function (the+ and — superscripts denote Stokes and anti- '5,' 194 Mb* (435 nm) (©)
Stokes scattering, respectively). The quani{#’) can be found GC) i
from a Kramers-Kronig transform using the imaginary part, Y © 7,(t)/1,(0)
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vibrational temperatures using the Stokes and anti-Stokes
resonance Raman intensities. The BeB@stein factor obvi- Figure 11. (Panel a) Simulated dynamic absorption spectra of the
ously plays an important role, but the dynamics of the complex vibrationally excited myoglobin with time delays of 0, 0.3, 0.5, 1, 3,
resonance line shape function also leads to important time and 10 ps. (Panel b) The corresponding anti-Stokes resonance Raman
dependent changes in the Raman intensities. excitation line shapes for the, mode. For these calculations, the
has been used to monitor the vibrational relaxation of the heme t© Performing the KramersKronig transformt” Raman excitation line

- L . 6 - shapes are calculated using egs53and then reconvolved with the
upon photodissociation of the CO ligafftk® In these studies, inhomogeneous distribution. (Panel ¢) The experimentally mea®8ured

the anti-Stokes’, mode intensity was found to relax with @  anti-Stokes relaxation of the, mode Raman intensity,(t), which is
time constant of 1.9 ps, which was interpreted as a direct used to findfs(t) using the dynamic line shape function (and eq 3).
measure of vibrational population decay [i.d4 (t) was The quantitiegis(t)/ns(0) andna(t)ls~(3 ps)ha(3 ps) are plotted in the
implicitly assumed to be proportional t(#) in eq 3]. In these  figure to normalize the plots at= 0 and 3 ps.
studies®>27 the time-independent equilibrium line shape func-
tion was used and the effect of dynamics in the complex line calculated from eq 5 at discrete time points. The result is shown
shapegr(7,t), was neglected. To demonstrate the importance as a solid line in Figure 11. In addition to the time dependent
of such effects, we use the dynamic absorption spectra presentedRaman intensity and BoseEinstein factor, Figure 11 also
here and apply Kramer¥ronig transform theory to calculate  contains the simulated time dependent absorption and REP line
its effect on the dynamics of the REP. shapes that were used in the calculations. The difference between
For the purpose of demonstration, we implicity assume the time dependent decay of the anti-Stokes Raman intensity
Boltzmann statistics, even though this is probably unjustified (open circles|4~(t)) and the actual vibrational populatiom(t),
at the earliest times. Nevertheless, the present calculations cargiven by solid line) is most significant at the earliest times. To
potentially serve as a guide for a more precise extraction of show how the signal scales at the longer times we have also
vibrational temperatures using resonance Raman scatteringrenormalized the calculated values foft) to the data at 3ps
intensities. In Figure 11, we have taken the fit of Mizutani and (shown as a dashed line). The time constant for the decay of
Kitagaw&® for the anti-Stokes, intensity (open circles) and 1,7 (t) is ~2ps, while that forny(t) is ~300fs. This example
used it to determin@,(t) by explicitly taking into account the  shows how the simple use df (f) to measureny(t) may
dynamics of the complex line shape functiop(7,t), as significantly overestimate the true value of the thermal decay
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time when the laser excitation wavelength is resonant with a (9) Petrich, J. W.; Poyart, C.; Martin, J. Biochemistry1988 27,
thermally broadened dynamic lineshape. On the other hand, it40‘(‘i’6)4iios-ari A Dilorio. E. . Dlott. b. .. Frauenfelder. H. tber |
is difficult to obtain Raman data on time scales shqrter .than E. T.. Langer, P.. Roder, H.; Sauke, T. B.: ShyamsundeBi@chemistry
~1ps, so that the very rapid components of the cooling signal 1984 25, 3139-3146.
may be difficult to detect. This difficulty, along with the (11) Ogilvie, J. P.; Plazanet, M.; Dadusc, G.; Miller, R. J.IDPhys.
potentially non-Boltzmann nature of the process, leads to Chem. BZOOZI_lOG 104?‘*10;‘67- el s
additional ambiguity in extracting the correct timescales for 19&(3%2)16%0;'1%'_“152'8'3' A Hochstrasser, R. M.; Steele, A.JMol. Biol.
cooling. Finally, it is worth remembe_ring th_at the time ere_ndent (13) Austin, R. H.; Beeson, K.. Eisenstein, L.; Frauenfelder, H.;
decay ofnj(t) scales exponentially with the inverse of vibrational Gunsalus, I. CBiochemistryl975 14, 5355-5373.
temperature (e.g., see eq 4) so that fit${t) do not directly (14) Henry, E. R.; Sommer, J. H.; Hofrichter, J.; Eaton, W.JAMol.
give time constants for the decay of the Boltzmann temperature. Biol. 1983 166 443-451.

. | h | h . . | | (15) Walda, K. N.; Liu, X. Y.; Sharma, V. S.; Magde, Biochemistry
Most importantly, the results shown in Figure 11 clearly 1994 33 2198-2209.
demonstrate the need for properly considering the time depen-  (16) Tian, W. D.; Sage, J. T.; Srajer, V.; Champion, P.Ritys. Re.
dence of the resonant line shape function when attempting toLett. 1992 68, 408-411.

(18) Jongeward, K. A.; Magde, D.; Taube, D. J.; Marsters, J. C.; Traylor,
T. G.; Sharma, V. SJ. Am. Chem. S0d.988 110, 380—-387.

(19) Ye, X.; Demidov, A. A.; Champion, P. M. Am. Chem. So2002
124, 5914-5924.

(20) Miller, R. J. D.Annu. Re. Phys. Chem1991, 42, 581-614.

V. Summary

The present work investigates the flow of photoexcitation
energy in .bior'nolecule.s. The transient absorptipn speptra of (21) Li, P.. Champion, P. MBiophys. J1994 66, 430-436.
various oxidation and ligation states of myoglobin all display  (22) i p.; sage, J. T.; Champion, P. M1.Chem. Phy<.992 97, 3214
an initially broad and red-shifted photoproduct absorption 3227.
spectrum. The results show this to be a signature of the (23) Simpson, M. C.; Peterson, E. S.; Shannon, C. F.; Eads, D. D,;
relaxation of vibrationally hot species. The broadband continuum Eggdsrﬁgljs'll\lﬂ'?; Cheatum, C. M.; Ondrias, M.RAm. Chem. S0d997,
data support the vibrational relaxation model, which in conjunc- " >4) ‘sagnella, D. E.; Straub, J. E.Phys. Chem. 2001, 105, 7057
tion with femtosecond coherence studi#sndicates an almost  7063.
instantaneous<(30 fs) decay to the electronic ground state of ~ (25) Mizutani, Y.; Kitagawa, TSciencel997 278 443-446.
the photoproduct. The results are not consistent with the (26) Mizutani, Y.; Kitagawa, TChem. Rec2001 1, 258-275.
assignment of the relaxation to a multiple electronic state Ph(27) Lingle, R.; Xu, X. B.; Zhu, H. P.; Yu, S. C.; Hopkins, J. B.

- . . ys. Chem1991, 95, 9320-9331.

pathway unless additional electronic states, absorbing to the 58y Rosca, F.; Kumar, A. T. N.; Ye, X.: Sjodin, T.: Demidov, A. A.;
blue as well as to the red of the Soret band, are postulated. Thechampion, P. MJ. Phys. Chem200Q 104, 4280-4290.
photoexcitation energy appears to be initially deposited locally ~ (29) Franzen, S.; Kiger, L.; Poyart, C.; Martin, J.Biophys. J2001,
on the heme group. By using samples with modified local heme 80: 2372-2385. _ D
environments (e.g., the H93G mutant and the irporphine. Phg,?;%o}égo'z%dg?r}kﬁgj Volk, M:; Gooding, E.; Hochstrasser, R Ghem.
reconstituted myoglobin), we find that a vibrational relaxation  (31) Lim, M. H.; Jackson, T. A.; Anfinrud, P. Al. Phys. Chem1996
path through the van der Waals contacts at the heme peripheryL00, 12043-12051.
is more important than through the single-dis covalent bond (32) Shreve, A. P.; Franzen, S.; Simpson, M. C.; Dyer, RJ.B?hys.
between the heme and the protein matrix. Finally, we demon- Ch(esrg)' iloii?eizomggiwsihanz R Farstdinov. V. M. Hennig. H.
strate that a dynamically evolving absorption band leads directly gsting, N. PChem. Phys. Lete00q 323 312-322. g 1
to a time dependent complex line shape function and REP, (34) Elsaesser, T.; Kaiser, WAnnu. Re. Phys. Chem1991, 42, 83—

which must be considered along with the Beggnstein factor 107. _ o
when attempting to extract a time dependent vibrational 60§%§)6§2°9dr'guez' J.; Kirmaier, C.; Holten, DJ. Chem. Phys1991, 94,

temperature from picosecond resonance Raman data. (36) Rodriguez, J.; Holten, DI. Chem. Phys199Q 92, 5944-5950.

. . (37) Rodriguez, J.; Holten, D1. Chem. Phys1989 91, 3525-3531.
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