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ABSTRACT Ultrafast time-resolved resonance Raman spectra of carbonmonoxy hemoglobin (Hb), nitroxy Hb, and deoxy
Hb are compared to determine excited state decay mechanisms for both ligated and unligated hemes. Transient absorption
and Raman data provide evidence for a sequential photophysical relaxation pathway common to both ligated and unligated
forms of Hb* (photolyzed heme), in which the excited state 'Q decays sequentially: "Q—Hb>Hb;—Hb ground state.
Consistent with the observed kinetics, the lifetimes of these states are <50 fs, ~300 fs, and ~3 ps for 'Q, Hb;; and Hby,
respectively. The transient absorption data support the hypothesis that the Hb* state results from an ultrafast iron-to-
porphyrin ring charge transfer process. The Hby, state arises from porphyrin ring-to-iron back charge transfer to produce a
porphyrin ground state configuration a nonequilibrium iron d-orbital population. Equatorial d—7* back-bonding of the heme
iron to the porphyrin during the lifetime of the Hb,| state accounts for the time-resolved resonance Raman shifts on the ~3
ps time scale. The proposed photophysical pathway suggests that iron-to-ring charge transfer is the key event in the
mechanism of photolysis of diatomic ligands following a porphyrin ring =— = transition.

INTRODUCTION

The photolysis of diatomic ligands from heme iron has beercombination. However, there are important differences
used to study ligand rebinding kinetics and protein relax-among these ligands. NO geminate recombination is nearly
ation processes in a number of heme proteins. Extensivas rapid as heme photophysical relaxation and occurs es-
comparisons of the rebinding kinetics of CO and NO havesentially on the time scale of protein relaxation in buffered
been made in mutant myoglobin leading to insight into thesolutions at room temperature (Ahmed et al., 1991; Chance
steric constraints to the ligand rebinding process (Carlson &it al., 1990; Petrich et al., 1988). Diatomic oxygen has an
al., 1994; Petrich et al., 1994). Evidence for rapid proteinextremely rapid recombination process for a minority pop-
relaxation at ambient temperature has been presented (JagKation (25%). The origin of the differences in barriers to
son et al., 1994). Time-dependent x-ray structural studiegecombination for the diatomic ligands is still not under-
and low-temperature photoproduct structures of carbonstood. However, it is widely recognized that the CO and NO
monoxy myoglobin provide a structural picture that corre-serve as excellent probes of protein dynamics on time scales
lates with these spectroscopic observations (Hartmann et afrom picoseconds to seconds. Studies of heme photophysics
1996; Schlichting et al., 1994; Srajer et al., 1996; Teng e{Cormelius et al.; 1983, Martin et al., 1983b; Petrich et al.,
al., 1994). Studies of heme photophysics provide importani9g7) are key to understanding the nature of the barrier to
insight into the nature of photolysis as distinct from theligand rebinding (Franzen et al., 1995b; Walda et al., 1994)

physiological process of thermal ligand dissociation. It iS5 the mechanism of photolysis of diatommi@cid ligands
desirable to understand whether local heating may aﬁeC(IHoffman and Gibson, 1978).

ligand trajectories and protein dynamics on the picosecond Previous studies have demonstrated that heme photo-

.time scale. Absorption _band shifts_ in the heme that arephysics is similar in hemoglobin (Hb), heme proteins, and
important for interpretation of protein relaxation processes, ame model systems. All of these hemes exhibit two excited
may have contributions from intramolecular vibrational re-states designated Fland HH, (Baldwin and Chothia, 1979;

laxation and cooling (Gottfried and Kaiser, 1983; Kruglik et - > " "\ 199|5a b: Mélrtin et al. 1983a: Perutz. 1979:
al., 1997; Lian et al., 1994; Lim et al., 1996; Mizutani and Petrich et al. ”1988). "I'P;e data show.'thatTHBJ’formed'in '

o e 1 esstan 5 s and e cecays o forr 200 The
' P P 98N etime of the HHY; electronic state is roughly 3 ps followed

recombination processes (CO, NO, angr@combination) by recovery of the ground state. This electronic relaxation is

because protein relaxation is rapid compared to ligand re-° "~ . . L o
P P P g sufficiently rapid that intramolecular vibrational redistribu-

tion (IVR) and vibrational cooling occur on a similar (or
even slightly longer) time scale. Estimates for cooling and
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of longer than 10 ps can be attributed to conformationabn the different energies available following back electron
effects of protein relaxation. However, the interpretation oftransfer.

spectroscopic signals during the first 10 ps depends on the

ability to separate photophysical processes of the heme from

conformational effects. The first step in distinguishing pho-METHODs

tophysical processes from conformational contributions isthe Raman data described in this paper were obtained using a two-color
to compare spectra of ligated species to deoxy specie3RRR spectrometer with 700-fs Raman excitation pulse at 435 nm and a

However, differences in the photophysics of these specie%oo‘fs pump pulse at 570 nm. The apparatus has been described in detail
elsewhere (Petrich et al., 1987). The Raman beam, which is in resonance

may exist dljle tp the Iarger eXC?SS energy in deoxy Hb a\ﬁith the Soret band of hemoglobin at 435 nm, was generated by using the
compared with ligated hemoglobins. In photolyzed Hb*CO, frequency-doubled output of a chain of three amplifiers using laser dye
at least 20 kcal/mol*$6400 cm %) is needed to break the LDS867. The frequency bandwidth of the Raman beam was set by a 6-A
Fe—CO bond (Keyes et al., 1971; Mills et al., 1979). Thus bandpass filter centered at 870 nm. The amplifiers using laser dye LDS867

P : . were pumped by the output of a frequency-doubled injection-seeded YAG
a Slgnlflcant fraction of the energy of a phOton reqUIred forIaser at 30 Hz. After frequency doubling to 435 nm using a KDP crystal,

excitatiop at 570 nm (_171500 C_rﬁ) is lost quring the the bandwidth of the Raman probe pulse was 25 trand the pulse
photolysis event. In spite of this energy difference, theduration was 700 fs with energies of 500 nJ/pulse. A bandpass filter with
electronic relaxation pathways of heme-CO and deoxya sharp cutoff below 437 nm was used as a Rayleigh filter for the Stokes
heme are thought to be similar (Petrich et al., 1988). Bottaman spectra in the low frequency region.

. L . The pump pulse used in these experiments was a 100-fs pulse centered
the phOtOd'SSOC'at'On of CO and the heme-iron movemen&t 570 nm with an energy of 5@J/pulse. The pulses were made collinear

out of plane occur very rapidly<(50 fs) to create a Species using a dichroic mirror which had a high reflectivity at 570 nm at an angle
that resembles deoxy Hb. Also, Hipansient spectra appear of 45° and a high transmissivity at 435 nm. Experiments were done in
on the same time scale as photolysis in both Hb*CO andvhich the pump intensity was reduced by one-half and one-quarter and the
% . . signal size decreased proportionally with no detectable change in form. The
Hb*N_O and the mten_SIty and frequencz of Hb‘l dGO)’(Cy extent of photolysis £50%) and signal linearity indicate that the pump
Hb* is the_same as in ph(_)tolyzed _Hl? C_O and Hb*NO. pyise intensities are about twice those used extensively in femtosecond
Although different in intensity, the similarity between the transient absorption measurements. The timing between pump and Raman
Hb’l‘I transient absorption bands in Hb*CO and deoxy Hb*scatte_ring p_ulses_ was determine_d using a parallel transient absorption
indicates that photophysical decay in both occurs by mean%xpenment in which the photolysis of a sample HbCO or deoxy Hb was

f simil h monitored.
of similar pathways. Typical Raman samples consisted of HbNO, HbCO, or deoxy Hb,

Femtosecond transient absorption spectra and sub-piC@mich were 200—40@M in heme. Sample preparation has been described
second (sub-ps) time-resolved resonance Raman spectriaewhere (Petrich et al., 1987). Intensity changes were obtained relative to
presented here contribute to a new explanation of photolysia" internal Séat”dt";‘]fdlo“ 1Mt"é504 W"S ag’ea‘f( é‘t 983 IC’ZT_l' Wh'dCh Co;ﬁb'

. . € comparead to the largest Raman bands of hemoglobin and myo n

a”q of the phptophyspal processes that cpntrlbute to ,th§t 674 cm* and v, at 1355 (1370) cm® for deoxy and CO species,
rapid electronic relaxation of heme. Transient absorptionespectively.
data presented here identify the short-lived electronic state The data analysis procedure used to obtain relative intensities and
Hb’I‘ as an iron-to-porphyrin ring charge transfer (CT) state frequencies as a function of time consists of fitting the observed Raman
The CT character of Hamay explain the ultrafast decay of Pands to a Lorentzian model,
this state, but more importantly the charge transfer event ADT

; . ; : L _
provides a mechamsm for ph_otoly:ms. The mechanlsm proLs(w) Ao[ﬂ,[rz + (0 — wy— w9
posed here explains the origin of the ultrafast intersystem
crossing that has been proposed to cause photolysis (Greene a-o)r
et al., 1978; Waleh and Loew, 1982). The transition from + A%+ (0 — wp)?]|’ (1)
the m—o* state 'Q to the HYj charge transfer state has
precedence in spin cross-over reactions (Adams and Hepthich is constrained to have the same center frequangyand fwhm,T",

. . . . . at all time points. However, the model allows for a time dependence of the
drickson, 1996; Adams et al., 1997; Sorai and Seki, 1974)r'elative amplitudeAg due to photophysical processes and the time depen-

The CT process provides a d'r.iVin.g force for' the entropy-gence of the frequency shift relative to the center frequengyfor each
driven spin state change. Stabilization occurs in the CT stat@éme delay of the photoproduct Raman band. In Eqbis the photolysis

due to the stability of a high Spirf’d:e(|||) in the CT state. VYield andA, is the amplitude of the reactant Raman band at equilibriym.
Time-resolved resonance Raman data show that tﬁe Hbis equal to the relative intensity of the photoproduct Raman band because

. f a hiah in h . hich i inifi I' is the same for all time points.
state consists of a high-spin heme iron, which Is signifi- Single-wavelength transient-absorption kinetics were measured and

cantly displaced out of the heme plane in both Hb*CO andtombined to obtain a schematic representation of time-resolved spectra on
Hb*NO, even at 1 ps after photolysis. These data lead to théhe picosecond time scale. The time-resolved absorption spectrometer has
hypothesis that the difference between excited state dynanl?gen described elsewhere (Petrich et al., 1988). In addition to single-

wavelength kinetics, we have obtained time-dependent spectra using an

ics of ligated and unligated hemes is not principally due toEG&G cryogenic charge-couplied device (CCD) detector and a software

h.eme geom?try or iron spin multiplicity, but 'is likely due to controller of local origin. For both single-wavelength and CCD-detected
differences in the iron d-electron configuration that dependspectra, the probe beam was split into a sample probe beam that passed
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through the sample and a reference beam that had a parallel trajectory
through air. The variations in the probe beam intensity were corrected by
taking the ratio of the probe to reference beam. In addition, the intensity of
the reference beam was monitored on a shot-to-shot basis and those shots
that deviated by more than 60% from the average intensity were not
included in signal averaging.

Calculations of absorption spectra and resonance Raman (RR) excita-
tion profiles were done using the program TIMETHERM (Shreve and
Mathies, 1995). This program uses the time-correlator formalism to cal-
culate RR excitation profiles at a selected temperature. Calculations of
absorption and Raman spectra are greatly facilitated by the measurement of
absolute RR cross-sections of deoxy Mb (Bangcharoenpaurpong et al.,
1984). The calculation at a given temperature is performed with the intent
of modeling the instantaneous Raman spectrum at a given time, and hence
a given temperature in a hot molecule. Calculations of nonequilibrium
distributions were carried out using the sum-over-states formalism (Myers
and Mathies, 1987; Shreve and Mathies, 1995).

RESULTS
Time-resolved resonance Raman measurements

Time-resolved RR spectra comparing HbCO and HbNO are
shown in Fig. 1. The 505-ciit Fe—CO stretching mode
(Armstrong et al., 1982; Tsubaki et al., 1982) shows an
intensity decrease (negative feature in the difference spec-
trum) at all three delay times (1, 3, and 10 ps). The intensity
changes in this mode serve as an internal calibration of the
photolysis yield and the zero time of the pump-probe over-
lap. In the HbNO ground-state spectra, there is no observ-
able intense Hb—NO stretch or Hb—N-O bending mode. The
increase in intensity of two modes at 225 and 304 tim

both HbCO and HbNO is an indication that the heme iron
has moved out of the heme plane within 1 ps after the
photolysis flash (Argade et al., 1984; Findsen et al., 1985;
Nagai and Kitagawa, 1980). The equilibrium spectrum of
HbNO differs from that of HbCO in the low-frequency
region. The feature a¢265 cm *in the equilibrium HobNO
spectrum in Fig. B is similar to a feature seen in the
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FIGURE 1 Time-resolved RR spectra of the low-frequency region of
HbCO and HbNO.A) The top spectrum obtained at a delay-® ps is the

equilibrium MbCO spectrum (Choi and Spiro, 1983; equilibrium HbCO resonance Raman spectrum. Raman difference spectra
Tsubaki et al., 1982; Wells et al., 1991) and the Hb*NO A(HbCO atr ps— HbCO at—5 ps) are shown for delay times of 1, 3, and

difference spectra bears a resemblance to Mb*CO differ10ps. B) The top spectrum the equilibrium spectrum of HbNO obtained in

ence spectra (Franzen et al., 1995a). Usingithband at
674 cm * as an internal standard, there is no significant

frequency shift or reduction in the intensity of the Iow- raman band.

frequency modes in Hb*NO until NO geminate recombina-
tion begins to occur on the 10-ps time scale. The justifica-

the same way as that of HbCO. Raman difference spectra are shown below
obtained under identical conditions to those of HbCO at delay times of 1,
2, 3, and 10 ps. The spectra were normalized to the intensity of-the

tion for use ofv, as an internal standard for comparison of probe of the electrostatic environment of the heme iron. The
the intensities of low frequency modes has been presented, band shift in Hb*CO due to heme photophysics has a

in a previous paper (Franzen et al., 1995a).
A comparison of they, band shift in Hb*CO and Hb*NO

maximum value of~4 cm * at 1-2 ps after a photolysis
flash, and is significantly smaller than the deoxy Hb* band

is shown in Fig. 2. Several experiments have shown ahift of >7 cm *. The time constant for relaxation of the
time-dependent frequency shift of the electron densityfrequency shifts is=<3-4 ps. As seen in Fig. 2, similar

marker modey, (observed at 1355 cit in deoxy Hb) for

frequency shifts of they, band are seen in Hb*NO and

photoexcited deoxy Hb*, and photolyzed Hb*CO and Hb*CO at the 1, 2, and 10-ps time delays. Although the
Mb*CO within the first few picoseconds after photoexcita- rapid recombination of the NO ligand makes it difficult to
tion (Franzen et al., 1995b; Li et al., 1992; Petrich et al.,quantify the relaxation of thes, band beyond 1 ps in
1987). They, or electron-density marker band is a sensitiveHb*NO, it appears based on the 1- and 2-ps time points that

Biophysical Journal 80(5) 2372-2385
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intensity of the Raman beam used in the experiments re-
ported here was too low to allow ground-state equilibrium
anti-Stokes Raman bands to be observed.

Transient absorption spectra

Transient absorption spectra were studied by two methods.
First, kinetics at ten wavelengths were obtained for both
deoxy Hb* and Hb*CO. This method is most appropriate
for obtaining the time course at any given wavelength.
Time-dependent spectra were obtained using a CCD detec-
tor, which is most appropriate for obtaining the spectrum at
any given time. It is difficult to obtain a good ratio of the
probe and reference beam over a wide spectral range, and,
hence, the kinetics are slightly poorer with the CCD than
1200 1400 1600 with a diode.
. -1 In previous studies using single-wavelength kinetics, a

Raman Shift (cm ) shifted Soret feature with a 2.5-3.2-ps lifetime was ob-
, _ served at 450 nm, shifted by 15 nm with respect to the
FIGURE 2' Time-resolved resonance Raman spect'ra of the high fres-ground state Soret band of deoxy Hb (435 nm). The feature
guency region of HbCO and HbNO. The top spectrum in the left panel wa: . . _
obtained at a delay of-5 ps and is the equilibrium HbCO resonance was associated with the state called’{,Hlfhe proximity of
Raman spectrum. Raman difference speaiidbCO atr ps — Hbco at ~ HbJ; band to the ground state Soret band leads to the
—5 ps) are shown for delay times of 1, 2, and 10 ps. The top panel is thgquestion of whether this feature is attributable to an excited
Zﬁgngiangnfgscgir#g:;:czZCSC;‘ZC; rHebsﬁg V\?nbtl;'i;?(fwd ft:)?d:gédgfztica' ;Zﬂ-state or a hot ground state. The time-dependent shift in the
HbNOC - - -) at delay times ofpl, 2, and 10 ps. The spectra were normalize%soret abso_rpnon spectrum was studied to distinguish these
to the intensity of thes, WO scenarios. . .

The Soret band shifts were analyzed by two different
methods (Lambright et al., 1991). 1) The peak region was fit
to a polynomial to interpolate the 1-nm spectral resolution
of the CCD. The maximum of the polynomial was found to
accurately determine the time dependence of the band shift.

) Singular value decomposition (SVD) was used to deter-
ine whether components that resemble the first derivative

Raman Difference Intensity

both exhibit similar shifts in frequency of, during the
lifetime of the state.

There is nearly uniform reduction of Raman intensities
across the Raman spectrum, which recovers to the origin

intensity on the same time scale%-4 ps) as the decay of (a band shift) can be identified. The time course of such an

t_he s_h|_fted fr_eql_Jen_cy of the, mode. The maximurm red_uc- SVD spectral component gives the time dependence of the
tion in intensity in time-resolved Raman spectra=i80% in band shift

deoxy Hb*. Low-frequency Raman bands, such asithe
band and thev(Fe-His) band of Hb*CO have a similar
intensity reduction to that of deoxy Hb*. By contrast, the
Raman band of Hb*CO shows only about half as large a
intensity reduction (i.e., only 15%). The frequencyvpfaind
intensity of »(Fe-His) on the 3—4-ps time scale indicate that

The use of SVD in the analysis of CO recombination
kinetics and Soret band shifts on the nanosecond to micro-
second time scale in hemoglobin has been described (Hof-
ichter et al., 1983). Since an earlier study on;H{Petrich
et al., 1988), there have been a number of papers that have
A . analyzed Soret band shifts in Mb*CO due to conformational
the heme iron is significantly displaced from the heme plan%hanges on a range of time scales from picosecond to

in the HEj state_ in both Hl_)*CO and Hb*N_O' microsecond using SVD (Ansari et al., 1992; Lambright et
The observation of a uniform decrease in the RR scattery, 1991)

ing intensity with a 3—4-ps lifetime agrees with the obser-
vation of a decrease of scattering intensity between 2 and Rith a kinetic model because it allows efficient fitting of a

ps observed using 8".35 pulses (ngle_et al., 1991)' Th?arge data set to extract the spectra of kinetic components.
results agree further with Raman saturation experiments (H'he SVD procedure reduces the data matkcolumns

et al., 1992) in which a reduction in the Stokes scatteringmws) = A(A, 1) to n orthogonal basis components '
intensity is observed and a shift of thg band occurs in a ' '
bottleneck state with a reported lifetime-e2.0 = 0.7 ps in A\, ) = UWVT. 2)
hemoglobin. Saturation Raman spectroscopy has also been

interpreted elsewhere in terms of a 4-ps lifetime for IVR in The columns ofU are basis spectra as a function xf
heme (Alden et al., 1992, Schneebeck et al., 1993). ThéAssociated with each column tfis a weight or eigenvalue

Singular-value decomposition is useful when combined

Biophysical Journal 80(5) 2372-2385
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in the diagonal matrixV and a time course in a row o'.
Only the first few spectra typically need to be considered
because the weight W diminishes rapidly for higher
components. Those components whose weight in\the
eigenvalue matrix are greater than the noise are retained in
the fitting.

To extract information from the data, a selected number
of these time courses are fit simultaneously to sums of
exponentials or other appropriate kinetic model functions.
The firstN components o¥/! can be simultaneously fit to a
sum of M exponentials,

M

Vi) = X Cone ™, ©)

m=1

or, more appropriately, exponentials with pulse deconvolu-
tion (Naganuma et al., 1989; Yamaguchi and Hamaguchi,
1995). (The chirp artifact due to the second-order cross-
phase modulation of the femtosecond probe pulse [Na-
ganuma et al., 1989; Yamaguchi and Hamaguchi, 1995]
produces non-negligible autocorrelation values for basis g
spectra fom = 3-5 [i.e., there are spectral features not due
to the photoexcitation of myoglobin, but rather cross-phase L
modulation of the pump and probe in the solvent at zero
time]. The first-order dispersion was corrected by a pair of B
prisms resulting in a second-order [parabolic] dispersion in
the sample. The minimum in the parabolic dispersion was
centered at 450 nm and the chirp was less than 100 fs over 420 440 460 480 500
the spectral range 430—470 nm. The second-order [parabol- Wavelength (nm)
ic] chirp over the entire spectral range from 400 to 500 nm
was 800 fs. The time courses, which correspond to thesggure 3 Basis spectra from singular value decomposition of time-
basis spectra, are oscillatory and decay to witkih ps,  dependent spectra of Hb*CO and deoxy Hb*. The data set extended from
indicating that these chirp artifacts do not contribute to the#00 to 500 nm with time delays every 100 fs from O to 9 ps after the
kinetics of HY;. From the absence of oscillatory features in &xcitation flash. &) The U, and U, components from SVD analysis of

- . Hb*CO. (B) The first two U components from the SVD analysis of deoxy
components: - 1-2, it appears th_at the SVD ComponentsHb*. The eigenvalues of the 1hnd higher components were less than 1%
n = 3-5 have little or no spectral signature ofiHllthough  of those of U1 and were not considered in the analysis.
small distortions are possible due to the short lifetime of this
electronic state.) The fitting procedure used in Eq. 3 invokes
nonlinear simplex fitting for the exponential parameters
and linear least squares fitting for the coefficields,,
From the matrix of coefficients,,,, we generate the spec-
trum S,(A) of each of them exponential components,

460 and 500 nm that has been associated witlj idb
previous work (Petrich et al., 1988). The time coursgs,
which correspond to each of tig, basis spectra, are shown
in Figs. 4A and 3B for Hb*CO and deoxy Hb*, respec-

N tively. Although a biexponential model gives an inferior fit
S0 = S ColUsN). (4) tq these data, the pgrameters that correspond to the fit are
similar to those obtained from single-wavelength data (see
Table 1). Fits to the data using a three-exponential sequen-
The U basis spectra for photoexcited Hb*CO and deoxytial model represent the data well (Eg. 3) and are shown as
Hb* are shown in Figs. & and 2B. TheU, component of  solid lines. Rate constantk () and coefficients ¢, are
the deoxy Hb* species resembles the first derivative of thegiven in Table 2. The time constants of the decay of the
Soret absorption spectrum, which indicates the Soret banshifted Soret band in the three-exponential fit are 1.4 and
shift. TheU, component has the broad absorption band 056.5 ps instead of a single component of 2.5-3.2 ps observed
Hb} peaked near 478 nm. THe,; component of Hb*CO in the biexponential fit. The spectra that correspond to each
consists of an increase in absorbance at 418 nm, a shift iof the exponential decays (Eg. 4) are shown in Figs.and
the Hb*CO Soret band, and an absorbance increase betwedrB for HoCO and deoxy Hb, respectively. In both deoxy

n=1
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TABLE 2 Parameters for simultaneous fit of singular value
decomposition components to a three-exponential model

Component 250 fs 1.4 ps 5.5 ps Baseline
Error (+80 fs) (0.2 ps) (0.6 ps)
HbCO
V, —0.160 0.163 0.001 0.144
Vs, 0.113 —-0.019 0.052 0.000
Deoxy Hb
V, -0.139 0.062 0.173 —
Vs, 0.394 —0.057 0.054 —

five times smaller in Hb*CO than in deoxy Hb*, which is in
agreement with a previous assignment (Petrich et al., 1988).
SVD was applied to single-wavelength data sets consist-
ing of kinetics obtained at 10 different wavelengths as well.
As above, two basis spectra (and time courses) adequately

Time (ps)

FIGURE 4 Basis time courses for Hb*CO and deoxy Hb*. The time
courses V , correspond to the first two basis spectraUThe solid lines 5
drawn through the data are fits to a sum of three exponentials (Eqn. 2)
including pulse deconvolution for the 80-fs cross-correlation tilAgThe

V1, components for Hb*CO are shown. The data show an overall net
change from ligated HbCO to an unligated spectrum. There is negligible

CO recombination on the 9-ps time scale shov).The V] , components

for deoxy Hb* are shown. The overall decay corresponds to the relaxation

of deoxy heme to the ground state.

Hb* and Hb*CO, the 250-fs exponential component has a
broad absorption with peak at 478 nm that has been attrib-
uted to HE. There is an increase in absorbance at 418 nm in
Hb*CO that is not seen in deoxy Hb*. The 1.4-ps compo-
nents of both deoxy Hb* and Hb*CO are shifted Soret
bands. The 5.5-ps component of Hb*CO has roughly the
same shape as the 5.5-ps component in deoxy Hb*; how-
ever, it is shifted so that the zero crossing is at 430 nm
(rather than near the peak of the deoxy Soret band at 435
nm). Whether fit to two or three exponentials, the amplitude
of the shifted features in the 1.4 and 5.5-ps components is

— deoxy Hb - HbCO

B 55ps
O 14ps

T T T

A

420

480
Wavelength (nm)

500

FIGURE 5 Spectral components of the three exponentials required to fit

TABLE 1 Parameters for simultaneous fit of singular value
iti ts t i tial |
decomposition components to a biexponential mode the Hb*CO and deoxy Hb* data. The spectra were calculated from a linear
Component 430 fs 3.1ps Baseline combination of the basis spectra as described by EqAB.Spectral
components for the Hb*CO data. The solid line represents the difference
+ +
Ert:?:ro (=1101s) (0.4 ps) between the pre-flash HbCO equilibrium spectrum and the spectrum at 9
ps, which is essentially a deoxy Mb spectrum. The remaining components
vV, —0.163 0.017 0.148 ) . . o
represent relaxation processes that occur with single exponential time
V, 0.154 0.011 —0.008 - )
constants indicatedB} Spectral components for deoxy Hb*. Relaxation to
Deoxy Hb . ;
the deoxy Hb* ground state is essentially complete by 9 ps. Therefore, the
vV, 0.006 0.170 — - .
three components indicated represent phases of relaxation toward the
V, 0.375 -0.077 —
deoxy Hb ground state.
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represented the entire data set. The SVD time courses of pectrum. There is also a reduction in intensity in the TRRR
kinetic traces fit simultaneously were well fit by a biexpo- spectrum that decays with a time constant~ ps. Cal-
nential model for deoxy Hb*, and a biexponential including culations were performed to test whether picosecond time
a baseline for Hb*CO (data not shown) confirm previousdependence of the peak position of the Soret band and
results (Petrich et al., 1988). A component that decays witlthanges in intensity of the Raman bands arise from vibra-
a time constant=300 + 70 fs was assigned to Flband tjonal relaxation and cooling. The five strongest Franck—
second component that decays with a time constéh® =+  Condon active modes of the ground state deoxy Soret band
0.4 ps was designated fjbThe Hif component has,,at  were used for these model calculations (Bangcharoenpaur-
478 nm and is observed with approximately the same relapong et al., 1984). The five modes used in the calculation
tive magnitude in both Hb*CO and deoxy Hb*. By contrast, gre 150, 216, 370, 674, and 1355 chwhose electron—
the magnitude of the Hpcomponent, with,,,, at 450 nm,  phonon coupling constants, of 0.04—0.09, 0.06-0.16,
depends on the ligation state of the heme. The magnitude ¢f 02, 0.035, and 0.058, respectively, have been determined
the component due to Fjbin Hb*CO is at least a factor of py apsolute resonance Raman cross-section measurements
five smaller than that in deoxy Hb*, which is in agreemem(Bangcharoenpaurpong et al., 1984). The electron—phonon
with the spectra presented above and with previous megsoplingS = A%2. The nuclear displacement in the excited
surements (Petrich et al., 1988). _ state,A, is given in units of the root-mean-square displace-
We applied a polynomial fit to the peak region of the ant of the zero point motion [Myers and Mathies, 1987].
spectral data for the Soret band in both deoxy Hb* andsy,gies of spectral broadening in deoxy Mb have shown that
Hb*CO. The posm(_)n pf the peak, along with a flt_ to an homogeneous [300 ci] and inhomogeneous [400 cif
exponential with a lifetime of 2.2 ps are shown in Figh6, 5 yening is required to fit the Soret absorption lineshape

andIB, 1|‘or Hb*tChO S_ELnOd de?;:y Hk.)*’ respzcti\llelry:_.%%r; time (Srajer and Champion, 1991). These values were used for
scales longer than 10 ps, there is a residual shiftbfnm . " o1 o iculations.

: . A .
in Hb*CO to lower energy than deoxy Hb* that arises from The calculations as a function of temperature are intended

conformational strain. This shift is seen in Soret band shift .
. . . . 1o represent the instantaneous spectrum of the heme mole-
on the~50-ns and=1-us time scale associated with protein : ; . . .
cule at a given time during the cooling process. Calculations

structural relaxations before the—RT transition, which . .
; . of difference absorption spectra ad&(T,i;n — Tiow) SPEC-
occurs on the 2Qss time scale (Hofrichter et al., 1983). . 9 o
tra show spectral broadening of the Soret band with increas-
] ing temperature (calculation not shown). The magnitude of
Calculation of resonance Raman and AA(Trigh — Tiow) decreases as the inhomogeneous broaden-
absorption spectra ing increases and is quite small for the Soret band with an

Time-dependent spectral shifts appear in both the transiefffnomogeneous linewidth 6#400 cm™. Itis possible that

Soret band and in the position of thg band in the TRRR the change in broadening could appear as a shift in the low
energy lobe of a broadened absorption spectrum. However,

even for an initial temperature of 1200 K, which corre-

2272 sponds to a situation where all of the energy of an absorbed
Tg photon remains in the Franck—Condon active modes of the
o, 2271 absorptive transition, the largest possible apparent shift in
% the lobe of the Soret band is100 cmi . This shift is too

g 270 small by a factor of five when compared to the experimental

’ results for deoxy Hb* (Fig. 6). The asymmetric shape of the
2269= ] i ; — observed spectra in Fig. 5 does not appear to be that of an
e Aty equilibrated hot Soret absorption band. Calculations that
assume a nonthermalized distribution using a sum-over-
states formalism (Shreve and Mathies, 1995) can produce a
shifted (rather than broadened) Soret band, however large

deoxy Hb* B ] values of the nuclear displacementiip (A > 1) must be

1 ! ! \ used. These calculations suggest a nonequilibrium distribu-

2 4 6 8 tion in which v, is a bottleneck consistent with data ob-
Time (ps) tained elsewhere (Kholodenko et al., 2000; Schneebeck et

al. 1993).
FIGURE 6 Peak position of the deoxy Hb* Soret band in photoexcited The relative intensities in the time-resolved resonance

HbCO and deoxy Hb. The equilibrium position of the deoxy Hb Soret band S - .
is 22,980 cm™. (A) The shift of the photolyzed Hb*CO Soret band is Raman data indicate that the heme is not simply hot, but

shown along with a fit to a single exponential component with a 2.2-ps€Nergy i'S trapped in certai'n modes on the picosecond time
lifetime. (B) The shift of the photoexcited deoxy Hb* Soret band is shown. scale. Figure 7 shows a simulated 300-K RR spectrum for

22.78

22.77

22.76

AA (x10° cm)
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DISCUSSION

There are three experimental indicators of the photophysical
state of the heme relax on the 3—4-ps time scale: the Soret
absorption band shift, RR intensity reductions, and ithe
mode frequency shift. There are two possible sequential
schemes that explain these features. In sequential path 1, the
path proceeds frolQ— Hbf—Hb, where Hb is the vibra-

N 500 K - 300 K tionally hot ground state (Kholodenko et al., 2000). The

return to the heme ground state occurs vitB00-fs decay

J\LA A 800K-300K time of the HIj state (shown by the dashed arrow in Fig. 8).

B 300K

Raman Intensity

. : In this pathway, the=3—4-ps component is the result of a hot
400 800 1200 ground state. In sequential schemé@;—Hbf— Hb} —Hb,
Raman Shift (cm ") the ~3—4-ps phase is a heme excited state that may also be
hot (Alden et al., 1992; Li et al., 1992; Schneebeck et al.,
FIGURE 7 Calculated RR spectra for excitation at 435 nm as a function1 993). A further possibility consists of a branched or par-
of temperature. The RR spectrum, calculated using the 5-mode model angl||e| pathway involving decay from Hito both Hb and HE
pgrameters_ in th_e_ text, is shown, for a temperature of 300 K. Rama(;és shown in Fig. ) (Petrich et al. 1988). The following
difference intensities for spectra at 300 K subtracted from calculated,. . : -
Raman spectra at 500 K and 800 K, respectively, are shown as the bottoﬁ*ISCUSSIOH supports the hypothe5|s thatl b a Charge
two traces in the Figure. Similar results are obtained for other excitatiotransfer state and Hiconsists of an excited iron d-electron
wavelengths. configuration formed by a sequential pathway of scheme 2.
This model resolves the contradiction between the numer-
ous interpretations of the experimental data. (Kholodenko et
al., 2000; Lim et al., 1996; Schneebeck et al., 1993; Li et al.,

excitation at 435 nm (at the peak of the deoxy Hb Sorett992; Petrich et al., 1988) The apparent difference between

band) based on the same five-mode model used for thgeoxy and CO heme in the transient absorption spectra is

absorption spectrum calculation. Lorentzian lines with 17- ue to a difference in the'd-orbltlal populgtlorjs of the iron
em-1 linewidths were used to simulate the actual Ramandurmg picosecond relaxation during the kinetic phase asso-
. . ciated with HE;. This may be viewed as a ground state with

spectrum. A comparison of RR temperature difference spec-

. - incomplete intramolecular vibrational relaxation in the por-
tra at 500—-300 K and 800—-300 K is shown in FigB7and P P

) hyrin ring. However, the difference between deoxy and
C, respectwely.'AIth.ough only the Sltokes Raman. spec'Fr O spectra is explained by differences in the iron d-states
are presented in Fig. 7, the magnitude of the 'ntens'tyduring the picosecond relaxation.
changes at various temperatures is nearly the same on the
anti-Stokes and Stokes side. However, the intensity changes

have the opposite trend as a function of mode frequency. At

higher temperatures, the relative intensity of the high- a

frequency modes increases for anti-Stokes spectra, whereas £ <50 fs l .
it decreases for Stokes spectra. The calculated Stokes RR Photolysis
intensities of all of the modes below 1000 chincrease as 3\

Hb™, or |13
ki2

the temperature is increased in the ground state. By contrast,
the experimental observations indicate that the intensities of
all modes decrease uniformly in the excited state (Li et al.,
1992; Lingle et al., 1991). The relative intensities are indic-
ative of a relatively larger degree of energy trapped in 2
high-frequency Franck—Condon-active modesand v,
(Scheebeck et al., 1993). The question remains as to
whether the shift in/, band seen in time-resolved resonance .
Raman spectra arises from this nonequilibrium distribution iL
or from population of an excited state. In the following, it is

shown that the iron is trapped in a ligand field state on theFIGURE 8 Kinetic scheme for heme photophysical decay. Photoexcita-
time scale of these relaxation processes. This state has tHen to the'Q state is shown by the wavy arrow. Photolysis occurs on the
appearance of the ground state f the porphyrin ring 977 4 1 e UERclon o e s Toe oy
considered, (Kholodenko et al., 2000) but still has @& NoNeyperimentally observed. The decay fromitiack to the ground state can
equilibrium population of iron d-states. occur directly dashed arroy or by way of the HIj state 6olid arrows.

he %
Hb* or |2y

Hbor |0y
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Metalloporphyrin-excited states and these factors are present in metalloporhyrins (Ghosh et al.,
valence tautomerism 2000).

. | . h | There are a large number of excited d—d states in iron
Although the electronic relaxations of heme are extreme yporphyrins. Several iron configurations are thermally pop-

rapid, certain features in the transient absorption and Ram Nated at ambient temperature (Eicher et al., 1976). The
spectra bear a resemblance to spectra of metalloporphyring,qa| calculations presented in the section, Calculation of
that relax by electronic processes that are orders of magnkagonance Raman and Absorption Spectra, demonstrate
tude slower than heme. Specifically, the 450-nm absorptiogy, .+ temperature effects of the porphyrin-7* system do
band in HE can be compared to excited-state absorption,q gypjain the observed spectral intensities and frequency
bands of a large number of metalloporphyrins that appear alyfis |nstead, we suggest that nonequilibrium population in
shght_ly lower energy than the Soret band: L|I_<eW|se, theiron d, andd,2 orbitals may mix with the,m* LUMO and
transient redu'ctlon in the frequency of th‘eomda.tlo.n state thea,,,m HOMO, respectively, thus perturbing heme spectra
marker band in Hb can also be compared to similar shifts o the picosecond time scale. These factors may affect the
in excited states of other metalloporphyrins (Kre'szc.)wskl €5pectra in the Hp state in analogy with other open-shell
al.,, 1994). The states that have nanosecond lifetimes alGetalloporphyrins. In the following, we discuss the evi-
clearly S, porphyrin statesey(7*) states) as shown by the gence that the Hbstate is a short-lived CT state based on
transient Raman spectra of chlorophylls (Nishizawa et al.ine precedent of metalloporphyrins. We then turn to the

1989). In closed shell metalloporphyrins, these states decadossibility of parallel or sequential decay pathways of Hb
to the T, porphyrin triplet states on the nanosecond t0iq gjther the ground state or Kb

microsecond time scale (Gentemann et al., 1993), Closed

shell Ni appears to decay via d—d excited states that have

transient open shell character (Findsen et al., 1988; Kim anhiby'is the photolytic state: valence tautomerism
Holten, 1983). For Ni-porphyrins, both the transient Q-bandversus vibronic coupling mechanisms

spectrum and the,, Raman mode are shifted to lower The 1Q_Hp transition is the first process observed after
energy during the lifetime of the excited state. If an OPeNphotoexcitation or photolysis. The similarity of the Hb
shell metal, such as ruthenium (Ru) is the central metal in &psorption band between 460 and 500 nm for both unligated
porphyrin-excited state, decay occurs by a charge transfe{nq |igated forms of Hb* suggests that His the same
mechanism (Levine and Holten, 1988; Rodriguez et al.glectronic state in both ligated and unligated forms of Hb*.
1988) that also exhibits a shift i, to lower energy during  Because there is no evidence for ultrafast return to the
the excited-state lifetime (Vitols et al., 1995). However, ground state, and the fluorescence yield of heme is ex-
excited-state relaxation in Ru porphyrin is much slowerthaqremmy low, (Adar et al., 1976) we conclude that the
in heme. The 4d-orbital energies are more widely separateguantum yield of Hb is nearly one in both Hb*CO and

in energy by the Ru ligand field and are more weakly geoxy Hb*. The broad spectral features of’Hib the near-
coupled to the porphyriar system than are the 3d orbitals infrared region, (Lim et al., 1996) bleaching of the Soret and
of iron, thus reducing the electronic coupling in chargeappearance of a small band at 478 nm (see Figs. 3 and 5) are
transfer decay channels. Analogy with Ru porphyrin pho-consistent with formation of a porphyrin ring anion (Closs
tophysics suggests that filmay be a [d#*] CT state. I and Closs, 1963; Gentemann et al., 1993). The spectra do
contrast to Ru porphyrins, the [¢}] CT (Hb}) state in  not resemble a ring cation (Dolphin and Felton, 1974), nor
heme lies below thes, 7*] state in energy. Moreover, are they consistent with a triplet state.

coupling between the CT state and ligand field states of the There are several problems with a hypothesis thatisib
metal is significantly stronger in heme than in Ru porphy-a 3, 7*] porphyrin triplet state,’Q. Such a state would
rins, hence leading to the extremely rapid deexcitation of thgequire an ultrafast intersystem crossing, and it is also
heme macrocycle. CT states have been investigated as t@eubtful that the spin—orbit coupling alone is sufficiently
pathway for deactivation of Co porphyrins based on the ideatrong to account for such a mechanism. The change of spin
that a Co(l)P -excited state is formed from excitation of fromS= 0toS= 1 orS= 2 coupled with an ultrafast CT
Co(I)P (Tait et al., 1984). However, more recent studiesprocess implies a transition matrix elemefiQ|H|Hb}),
have shown that this is not the case, indicating possibly theshere H is a hamiltonian that may include spin—orbit,
Co(lP~ is formed instead (Loppnow et al., 1993). The vibronic, and exchange terms. The symmetry of kid the
driving force for the spin transitions in these metallopor-'Q [, 7*] excited state {E in C,,) are related such that the
phyrins is likely similar to that observed in valence tautom-direct product of"(*Q)I'(R,)['(Hb}) is A,. We consider only
erism in cobalt complexes (Adams et al., 1997). The largeR, (and notR, or R)) because the orbital angular momentum
entropic contribution to the coupling of charge transfer toof the electron in théQ state is in the, y plane. Mixing of
spin-state change is due to both the increase in the numbé® with *°Q is allowed because both states have E symme-
of spin states and a contribution of the vibrational entropytry and the EE direct product contains the irreducible rep-
(Sorai and Seki, 1974). Although not often noted, both ofresentation of the spin—orbit coupling operatdg, How-
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ever, because photolysis occurs during or before theule. This hypothesis provides an explanation for a common
formation of HY, this hypothesis would almost certainly intermediate for Hb*CO and deoxy Hb* consistent with the
require the’[r, 7*] porphyrin triplet state to be the photo- spectroscopic data (Figs. 3 and 5) and a mechanism for CO
lytic state. Because this state involves no change in d-orbitgdhotolysis.
occupancy, this seems unlikely. The hypothesis that Hbis a CT state suggests a mecha-
In Hb*CO, the d,,—a,,, &, transition results in an nism for photolysis that has not been considered previously.
electronic configuration [:(Xy)z(dxz, dyZ)B(dxzxziyz)o(dzz)o— Earlier proposals have suggested electron promotion from
(a1 a2u)4(e’;)1] producing a ring anion with the symmetry d_—d,z coupled to simultaneous deactivation of th@m*
of the direct product EE= A, + A, + B, + B,. If this charge  state to ther ground state as a mechanism for photolysis of
transfer were not coupled to a change in spin state, vibroni€O (Waleh and Loew, 1982; Zerner et al., 1966). Formation
coupling would be required. No vibronic coupling needs to beof Fe(lll) by charge transfer has also been mentioned as a
invoked if a valence tautomeric (VT) spin change involving mechanism for CO photolysis, however this hypothesis was
d.,d,,—d: or d,,d,—d... preserves the excited state E not developed for lack of experimental data (Vogler and
symmetry. The Hpis either [(;Ixz)l(dxy)z(dyz)1(dxz_yz)°(dxz)1- Kunkely, 1976). The data presented here and other recent
(A 30 (€D or [(d) (dy)*(dy) (D2 (d2) %Ay )™ data support the hypothesis thatiHba CT state. It follows
(eg)l]. that photolysis in Hb*CO may occur due to formation of an
A porphyrin cation would be formed by a ring-to-iron CT intermediate spin CT state. For Hb*CO and Hb*NO, the
[#*, d] transition. The two f*, d] processesgg—d,- and  d,—a;, &, CT state results in destabilization of the
€;5—ds2_,2) are both energetically impossible. Both of thesew-backbonding interaction between iron and the ligand.
CT transitions require changes in state symmetry that reThe destabilization of the Fe—CO bond is effected by re-
quires vibronic coupling. Thel—d,: transition would give moval of bonding electrons from the, orbitals (reduced
a [(dy)(dy,, d,)*(d2) (A ) %(d2) (B 320)%(€5)°] con-  m-backbonding). As the Fe-CO bond length increases, the
figuration, which has\, or A, symmetry inC,, and a ring  energy ofd,. orbital decreases due to the weakened ligand
cation. The operator responsible for mixing these states witfield. In a rapid subsequent step, a second electron promo-
the Er—7* excited-state configuration would have to be a tion occurs on the iron atom from tlig, orbital tod,z. This
vibronic coupling operatod/oQ with A, symmetry. Strong  step is promoted by stability of a half-filled shell faP
vibronic coupling is conceivable for the charge transferFe(lll), which has an electronic configuration of
transition that forms Hpbecause heme-doming mode and [(d,,)'(cyy)*(dy,)*(d,2) (dhe—y) (a1, B )* (€)' The VT
iron— histidine-stretching modes are two mode#gfym-  mechanism proposed here provides an explanation for the
metry that are strongly and coherently excited after photol+apid spin state change that must precede photolysis. The
ysis, as demonstrated by femtosecond transient absorptionechanism works for Hb*@as well. The charge transfer
spectroscopy of deoxy and Hb*NO (Zhu et al., 1996). d,—a,, 8y, is symmetry allowed similar to the CT pro-
In VT, the free energy required for the transition is posed in deoxy Hb* and leads to destabilization of the
derived primarily from the entropy change. The increase inm-backbonding interaction between iron and bept O
the entropy arises from both the spin state change and the
increase in the number of low frequency modes. The aps . . % %
pearance of low frequency Raman active modes in th(.ar he sequential decay hypothesis Hb—Hby—Hb
deoxy Hb* spectra is consistent with this type of mechanismThe hypothesis for a sequential decay pathway for deoxy
For deoxy Hb*, the fr, *] electronic configuration is Hb* builds on data presented here and in a previous study
[(d)*(Aey) (0, ) (A (A y2) (Br0r B20)*(€F) '], Which is @ (Petrich et al., 1988). Although the absorbance of the
°E configuration (Eaton et al., 1978). Here, VT cannot occur478-nm Hi band is nearly the same in Hb*CO and deoxy
because the heme is already high spin. However,dhe][ Hb*, the intensity of the absorption band associated with
transition d,.—a, , 8, is symmetry allowed. One conse- Hbj; for Hb*CO is ¥s as large as the corresponding band in
guence of the CT model is that the electronic configuratiordeoxy Hb*. This difference has been interpreted in terms of
of Hb} [(dy,)*(dhy)(dy)"(d,2) (A o) (ay 32)*(€F)"T @ sequential pathQ—Hbf—Hb, where Hb is a hot ground
is the same for both deoxy Hb* and Hb*CO, provided state (Kholodenko et al., 2000) and in terms of the parallel
that the d,,—d,2_,2 transition occurs in Hb*CO. The pathway shown in Fig. 8 (Petrich et al., 1988). Parallel and
hypothesis that VT occurs in Hb*CO does exclude vi-sequential pathways with one intermediate are shown in
bronic coupling to axial out-of-plane modes such as theFig. 8 with the identifications, H= 0), Hbf = 1), and
iron—histidine stretch that can promote the CT process iHb}, = 2), so that the rate constant for the process
both Hb*CO and deoxy Hb*. Furthermore, a spin re- Hb{—Hbj, is k,,. The experimental rate constant for the
arrangement to obtain a common configuration ofdecay of HEjis kyps = 3.3 = 0.8 X 10'?s . The same rate
[(de) M (dey) (0 ) (d2) (Ao y2) (B B0,) (%) ] for both  constant is observed for the rise time for the stat¢ kb
Hb*CO and deoxy Hb* will result in a reduction of elec- deoxy Hb*, Hb*CO, and Hb*NO (Petrich et al., 1988) i.e.,
tron—electron repulsion, which is consistent with Hund’sk,, ~ 3.3 X 10*? s . If a parallel decay pathway drains
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population from HE (i.e., HG—Hb}, and HF—Hb), the The hypothesis that Hbs a CT state (see “Hbis the
observed decay rate of Kk, J is the sum of the rates for Photolytic State: Valence Tautomerism versus Vibronic
the two processe,,s = K;o + ki, Wherek,, is the rate  Coupling Mechanisms”) leads to the idea that formation of
constant for Hh—Hb. If the parallel kinetic model is ap- Hb}, from Hb occurs by means of a back CT process on the
plied to explain the difference in the magnitude ofjHin ~300-fs time scale. The ring-to-iron CT transitions are
Hb*CO, the observed difference in the magnitude offHb ej—d,, and €;—d,,, which leads to configurations oE
can be interpreted in terms of yield® = kyJ/(k;, + ko).  symmetry, such as d(,)'(d,,)(d,,)(d,?) (dz_2)"(au,, 8x)™
Assuming that the extinction coefficient of Klis the same  (€5)°] and [(d,,)%(d,,) () (d,2) (de—2) " (ay., A0)*(€5)°), re-
for Hb*CO and deoxy Hb*, and given the smaller magni- spectively. The splitting of the orbitals intod,, andd,,
tude of the 450-nm band in Hb*CQb ~ 0.2, and the that has been observed in ground state spectra of charge
ground state Hb is formed with a rate constapt~ 4k,,in  transfer bands in deoxy Hb (Eaton et al., 1978) suggests that
a parallel model. However, as seen in the fits to the data, théhe population of these states will depend on the tempera-
decay of Hj is identical in both deoxy Hb* and Hb*CO. ture of the heme. The available spectroscopic evidence
Therefore k;, < k; /4 according to the kinetic data (given suggests that the heme is cooling on the same time scale (or
the estimated experimental error 6125% in the rate con- even a slightly longer time scale) as the decay of thg Hb
stantk,,d. There is a factor of 16 discrepancy between thestate (Lim et al., 1996; Mizutani and Kitagawa, 1997). The
kinetic model and the relative magnitude of the observedpectral shifts in the transient absorption spectra and.the
spectra if the parallel model is applied. vibrational mode on the=3-4-ps time scale are due to
The parallel decay pathway hypothesis is based on théme-dependent redistribution of the population of excited
idea that the yield of Hpis proportional to the observeXA  iron d—d states in Hpand vibrational energy redistribution.
at 450 nm and that the extinction coefficient of JHlat ~ Our description of Hf as a porphyrin ground state porphy-
~450 nm is the same for all species. It is possible that thein with an excited iron d-electron configuration is based on
difference in the transient spectra observed fof ldbpends  the equatorial back-bonding model (Antipas et al., 1978),
on the differences in temperature between the deoxy Hb*which states that the change in population of ttg,(d,,)
Hb*CO, and Hb*NO species. Often, differences in temper-orbitals affects porphyrin absorption and Raman spectra by
ature are interpreted only in terms of vibrational energy, bumeans of overlag porphyrin orbitals. This model explains
in hemes the population of excited iron d—d states may alswhy the Soret absorption maximum is affected and
depend on the effects of temperature during a time-deperfrequency changes, but th€Fe—His) frequency does not
dent relaxation process (Rodriguez and Holten, 1989). Achange because it is coupled to the porphyrin througl the
resolution for the discrepancies in rate and quantum yielarbital whose population does not change on the 3—4-ps
discussed above can be found if the nature of, Hand time scale (Stavrov, 1993).
hence the magnitude afA), which depends on the transient
effect of temperature on the population of excited iron d—d, , L
states. According to this hypothesis, the sequential pathwa%_'gand recgmblnatlon does not depend on the
'Q—Hbf—Hb},—Hb is used for both Hb*CO and deoxy ield of Hby,
Hb*. The apparent spectral differences in magnitude of theA previous hypothesis for the variable quantum yield of
450-nm band in the Hpstate depends on the population of Hb}, was linked to the observation of variable ligand re-
excited iron d—d states during the lifetime of JiBitis clear  combination yields. This hypothesis was based on an em-
from the time-resolved RR spectra that a similar relaxatiorpirical connection between the intensity of a transient fea-
is taking place with a 3—4-ps time constant in both Hb*COture in the HE}; absorption spectrum (at 450 nm) and the
and deoxy Hb* (Franzen et al., 1995b). magnitude of the rapid phase of ligand rebinding kinetics.
However, the intensity of the Fe—CO stretching mode mea-
sured by TRRR does not recover on t8-ps time scale,
providing evidence that CO does not recombine (Franzen et
al., 1995b). The TRRR data in Fig. 1 show that neither the
intensity nor frequency of the(Fe-His) mode is signifi-
Previous studies have shown that}His an electronic cantly altered in Hb*CO or Hb*NO on the picosecond time
excited state rather than a hot ground state (Petrich et alscale once it appears after photolysis when this mode is
1988). However, the differences in transient absorption andiormalized tov, (Franzen et al., 1994). The normalization
resonance Raman of deoxy Hb* and Hb*CO suggest thato v, accounts for the uniform change in intensity of all
there is an effect of temperature on jHibhat was not Raman modes as the kibtate decays and any other fluc-
detected in the early experiments. This effect has also bedmations in intensity resulting from experimental differ-
detected in anti-Stokes RR data and has been interpreted esces. The iron displacement out of the heme plane is nearly
incomplete IVR on the time scale of Rib(Alden et al., complete during the lifetime of the Fjbstate, showing that
1992; Lingle et al., 1991; Schneebeck et al., 1993). the heme iron position is not responsible for the fast phase

Hb;, is a temperature-dependent excited d-d
state of heme
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of geminate NO recombination in Hb*NO. These resultsligands such as imidazole (histidine),®l, or pyridine are
suggest that the yield of Fibis unity for all ligand photo- not. The first essential step in photolysis is metal-to-ring
products and (deoxy Hb*) and that the differences in ligandcharge transfer from d,, iron orbital to thea,, a,, HOMO
recombination rates arise from an intrinsic difference inon the porphyrin ring. The charge transfer process greatly
reactivity toward intermediate and high spin iron. weakensm-backbonding interactions, but has no effect on
o-donor ligands. The charge transfer mechanism provides a

CONCLUSION consistent explanation for photolysis in heme proteins.

Examination of both transient absorption and time-resolved
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photolysis occurs in less than 50 fs (Petrich et al., 1988) andansient absorption experiments.
depopulation ofQ in deoxy hemes occurson a similar ime s, Franzen was the recipient of a European Molecular Biology Organiza-
scale. We propose that Bis populated directly fromQ by tion fellowship that supported the experimental work reported here.
a photoinduced-CT process driven by the vacancy in the
a,,, 8, HOMO. In Hb*CO, the entropy change associated
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