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The photoexcitation dynamics of cyanate-ligated ferric myoglobin (MbNCO) and hemoglobin (HbNCO) in D,O
at 293 K after excitation with a visible pulse was investigated by probing the anti-symmetric stretching (v;) mode
of the NCO™ ion bound to Mb or Hb using femtosecond vibrational spectroscopy. The v; mode of NCO in
MbNCO or HbNCO in D,0 shows one absorption feature near 2158 cm™!, which is similar to that of the free
anion in D,0 (2160 cm™"). The absorption feature of MbNCO was described by two absorption bands, i.e.,
one major band (90%) peaked at 2157 cm™" with a full width at half maximum (FWHM)of 11 cm™! and a minor
band (10%) at 2143 cm™! with an FWHM of 12 cm™ .. In HBNCO, the major (82%) and minor (18%) bands are at
2159 (FWHM of 14 cmfl) and 2145 cm™! (FWHM of 14 cmﬁl), respectively. The major and minor bands were
attributed to the high- and low-spin heme complexes, respectively. The photoexcited MbNCO and HbNCO
undergo a rapid electronic relaxation with a time constant smaller than 0.4 ps, followed by thermal relaxation
with a time constant of 8 + 1 ps. No measurable absorption band for the photodeligated NCO™ was detected, indi-
cating that the photodeligation quantum yield of NCO™-bound ferric heme proteins is negligible. The character-
istics of the thermal and electronic relaxations are independent of both the excitation wavelengths used (575 and
400 nm) and heme proteins probed (Mb and Hb). Although the interaction between the cyanate and Fe** of the
heme in Mb and Hb may be weak as suggested by the negligible shift in the band position of the cyanate upon
ligand binding, the photodissociation of NCO™ by a visible pulse is not significant. This finding is consistent with
the negligible photodeligation observed for most of the other anion-ligated ferric heme proteins.
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Introduction

Myoglobin (Mb) and hemoglobin (Hb) are typical heme pro-
teins that contain a heme prosthetic group and are involved in
O, storage and transport, respectively. They have been widely
studied as model systems to investigate the relationship among
protein structure, function, and dynamics.1 The Fe atom in the
heme of these proteins is five-coordinated; the sixth coordina-
tion site is available for various exogenous ligands. For exam-
ple, ferrous heme proteins (with Fe**) bind neutral ligands,
such as O,, NO, and CO, whereas ferric heme proteins (with
Fe**) bind anionic ligands. The binding and releasing of these
ligands play a critical role in numerous biological functions; >
knowledge of the heme-binding characteristics of the ligands
is thus essential to understand fully the functioning mechan-
ism of these proteins. The binding characteristics of the
ligands are controlled by the protein conformation, which
can change on a picosecond time-scale; its binding time con-
stant can be faster than picoseconds. Thus, time-resolved spec-
troscopy has been utilized to investigate the binding dynamics
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and conformational changes initiated by the ligand release
after photodeligation of the ligated proteins.*'> When the
ligated ferrous heme proteins were excited by the Soret or Q
bands in the visible region, the photodeligation was found
to proceed on a femtosecond time-scale with a significant
quantum yield (QY).*'* Therefore, ligated ferrous heme pro-
teins have been widely studied using a diverse range of exper-
imental and theoretical methods to understand the ultrafast
dynamics of ligand binding as well as the structural changes
invoked in the ferrous protein by the ligand release.* "
Unlike the dynamics of ligand binding to ferrous hemes,
that to ferric hemes has been rarely reported.”'>'® Recently,
CN™-bound heme proteins have been investigated after photo-
excitation of the heme using transient visible and/or IR absorp-
tion spectroscopic methods.>'®'” According to these studies,
the CN™-ligated heme proteins are photostable and not photo-
deligated by a visible photon. A more recent study on N3-
ligated Mb (MbN3) has also shown that MbN3 is not photode-
ligated upon visible excitation.'> When photoexcited, MbN;
was found to undergo a rapid electronic relaxation and to be
thermally excited in the ground electronic state. The electronic
relaxation was found to increase the population in the energet-
ically higher high-spin (HS) state, which rapidly relaxes back
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to the lower-energy low-spin (LS) state.'” This finding sug-
gests that MbN; undergoes a rapid spin transition upon photo-
excitation. As anion-ligated heme proteins are considered to
be photostable, the ligand-binding dynamics may not be
probed by analyzing the transient spectra after photoexcitation
of the ligated protein. However, the transition between differ-
ent energy states, i.e., HS-to-LS transition, can be probed by
photoexcitation of the ligated protein.

Although anion-ligated heme proteins have been reported
to be photostable, the studies of Zeng et al., based on contin-
uous-wave Raman, have shown that that CN™-ligated ferric
Mb (MbCN) is photodeligated with a QY of 0.75, and that
most of the deligated CN™ rebinds geminately with a time con-
stant of 3.6 ps.'® The authors of the study concluded that aneg-
ligible amount of the deligated CN™ escapes into the solution,
because the escape rate is ca. 10" times slower than its gemi-
nate-rebinding (GR) rate, i.e., the detection of solvated CN™ is
practically impossible.'® In these circumstances, the deligated
ligand transiently builds up enough population in the heme
pocket, despite its small amount in solution. Therefore, pro-
vided that the deligated ligand in the heme pocket has a differ-
ent vibrational absorption, it can be readily probed by transient
IR spectroscopy. Indeed, a recent time-resolved IR (TRIR)
spectroscopic study on photoexcited MbCN showed a tran-
sient absorption appearing immediately after photoexcitation
and decay with a time constant of 3.6 ps.'® The transient
absorption was red-shifted by 30 cm™" from the absorption
band in equilibrium. The absorption was attributed to either
the deligated CN™ in the heme pocket or vibrationally excited
CNligand in MbCN. If the former is true, the GR time constant
is expected to be 3.6 ps; if the absorption arises from a vibra-
tionally excited CN ligand in MbCN, then its anharmonicity
and vibrational relaxation time (7;) are 30 cm™" and 3.6 ps,
respectively. It is thus critical to determine the anharmonicity
and 7' of CN in MbCN to properly assign the transient absorp-
tion."? However, these have not been measured due to the
extremely weak extinction coefficient of the CN stretching
mode. Instead, other anions, with favorable extinction coeffi-
cients, were investigated to characterize the photoexcitation
dynamics of anion-ligated ferric heme proteins.'** Accord-
ing to the recent measurements of the vibrational relaxation
of NCO™ and NCS™ bound to ferric heme proteins, the 7' value
and anharmonicity of the anti-symmetric stretching (v;) mode
of NCO in the NCO™-ligated Mb (MbNCO) and Hb (HbNCO)
are about the same, i.e., 2.5+ 0.3 psand 19+ 1 cm_l, respec-
tively; those of NCS in the NCS™-ligated Mb and Hb are 6.9 +
0.5and 23 + 1 cm™', respectively.'® Having determined these
vibrational spectroscopic parameters, we can properly analyze
the transient IR spectra of the photoexcited NCO™ or NCS™-
ligated heme proteins after excitation with a visible pulse.
The T, value and anharmonicity of NO bound to various heme
proteins have been thus measured to properly assign the tran-
sient IR signals of NO-ligated heme proteins after photoexci-
tation of the ligated proteins.''*!*?

In this study, we probed the photoexcitation dynamics of
MbNCO and HbNCO in D,O after excitation with an intense
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visible pulse at 575 or 400 nm using femtosecond IR spectros-
copy. The photoexcited MbNCO and HbNCO relax via arapid
electronic transition to the ground electronic state with a time
constant smaller than 0.4 ps, producing thermally excited low-
frequency vibrational modes that anharmonically couple with
the v; mode of the cyanate in MbNCO and HbNCO. The ther-
mal modes decay with a time constant of 8 + 1 ps. The photo-
excitation dynamics of the cyanate-ligated heme proteins was
found to be independent of the excitation wavelength (400 and
575 nm) or heme proteins (Mb and Hb) used. When excited in
the visible region, the cyanate-ligated heme proteins are
photostable, and the electronic relaxation is very efficient in
dumping the excess energy into thermal energy.

Experimental

Sample Preparation. Sample preparation was described pre-
viously." Briefly, reagent-grade NaNCO and Na,S,0, as
well as lyophilized horse-skeleton Mb and human Hb were
purchased from Sigma-Aldrich Co. (St.Louis, MO, USA)
and used as received. The heme protein was dissolved in
D,0 buffered with 0.1 M potassium phosphate (pD =7.4),
and the protein solution was centrifuged to remove any protein
aggregate and undissolved impurity. NCO™-stock solution
was also prepared in the phosphate D,O buffer solution.
A small amount of NCO™-stock solution was added to the fil-
tered protein solution to prepare MbNCO or HbNCO. Because
the binding constant of NCO™ to the heme protein is finite
(450-460 at 293 K), 19 the final solution is a mixture of ligated
protein, unligated protein, and free anion. The final concentra-
tions of the heme and anions were 10 and 20 mM, respectively,
resulting in that about 85% of the added protein was ligated. As
the heme concentration of Hb, which has four heme units, is
four times that of Hb, the concentration of heme was used
instead of that of Hb for the sake of comparison with Mb.
The sample was loaded in a gas-tight 27-pum path-length sam-
ple cell with two CaF, windows. The sample cell was rotated
sufficiently quickly so that each laser pulse excited a fresh vol-
ume of the sample. D,O was used to avoid the strong water
absorption in the spectral region of interest. Even with the deu-
terated solution, a short path length was required because of
the strong D,O absorption near 2160cm™, where the
Fe(III)NCO adduct also absorbs. The integrity of the sample
was checked by UV-Vis and FT-IR spectroscopy. The tem-
perature of the sample was maintained at 293 + 1 K.

Femtosecond Infrared Spectrometer. The femtosecond
infrared spectrometer used here was described previously. 10.22
Briefly, two optical-parametric amplifiers (OPAs), pumped by
a Ti:sapphire amplifier (110 fs pulses at 800 nm with a repeti-
tion rate of 1 kHz), were used to generate a visible-pump pulse
with 3 pJ of energy and a mid-IR probe pulse. The probe pulse
was generated by difference frequency mixing of the signal
and idler pulses of one OPA. The visible pulse at 575 nm
was produced by frequency doubling of the signal pulse from
the other OPA, and that at 400 nm by the second harmonic
generation of the amplifier output at 800 nm. The generated
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mid-IR pulse is sufficiently spectrally broad (~170 cm™) to
probe the spectral range of interest without tuning the spec-
trum to another wavelength. Only a small portion of the
intense IR pulse was used as a probe pulse not to perturb
the sample while probing. The isotropic-absorption spectrum
was obtained by setting the polarization of the pump pulse at
the magic angle (54.7°) to that of the probe pulse by rotating
the polarization of the pump pulse using a half waveplate. The
pumped and unpumped absorption signals were collected
quasi-simultaneously by blocking the pump beam at 0.5
kHz using a chopper.'®?* After passing through the sample,
the spectrally broad probe pulse was recorded by a Ny(I)-
cooled 64-element HgCdTe array detector attached in a
320-mm monochromator with a grating of 150 1/mm. The
spectral resolution of the probe pulse near 2160 cm™" was
1.54 cm™" per pixel. The pump-induced change in the absorb-
ance of the sample, AA, was obtained by subtracting the
unpumped absorbance from the pumped one and recorded
in mOD unit (1 mOD=1 x 1073 OD). The instrument
response function was ca. 0.3 ps.

Results and Discussion

Figure 1 shows the vibrational absorption bands of the v; mode
of NCO™ as a free ion in D,O buffer solution and as a bound
ligand in HbNCO and MbNCO in the same buffer solution at
293 K. As only part of the added anion is ligated, the absorp-
tion from the protein solution has a contribution from both the
free anion and the ligand bound to the protein. Therefore, the
absorption features for the NCO™ bound to the heme proteins
were obtained by carefully subtracting the absorption contri-
bution from the free anion in solution, which was calculated
from the known equilibrium constant.'>** While the absorp-
tion feature for the free anion was described by a single band,
that for the bound ion is characterized by two bands, which
were described by Gaussian functions. The major band
(90%) of MbNCO was peaked at 2057 cm™' with a full with
at half maximum (FWHM) of 11 cm™', and the minor band
(10%) peaked at 2043 cm™" with an FWHM of 12cm™". In
the case of HbNCO, the major band (82%) was centered at
2059 cm™! with an FWHM of 14 cm_l, and the minor one
(18%) was at 2045 cm™' with an FWHM of 14 cm™". The
minor (with 10-18% population) and major bands were red-
shifted by 15-17 and 1-3 em™, respectively, from the absorp-
tion band of the free anion in D,0 at 2160 cm™."” The absorp-
tion bands of the bound anion are narrower than those of the
free anion (FWHM of 16 cm™")," suggesting that the protein
environment near the ligand is slightly more homogeneous
than water solution. The narrower band in Mb compared to
that in Hb indicates that the tetrameric Hb structure increases
the inhomogeneity of the ligand environment. The recovered
absorption feature is consistent with the bleach in the transient
absorption, where only the bound anion contributes to the tran-
sient signal (vide infra). Although the protein solution is a mix-
ture of free anion, ligated protein, and unligated protein, the
free anion cannot be excited by the visible pulse, and thus only
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Figure 1. Equilibrium-absorption spectra of the v; mode of NCO™
(top panel, blue) in D,O buffer, NCO in HbNCO (middle panel,
green), and NCO in MbNCO (bottom panel, red) at 293 K. The
absorption bands for the heme complexes were obtained by subtract-
ing the free NCO™ contribution from the data obtained for the mixture
of protein and anion. The NCO band in the heme complexes was
decomposed into two absorption bands (thin lines), which can be
assigned to high-spin (main band) and low-spin (minor band) com-
plexes. The thick and black thin lines represent fit and back-
ground-subtracted data, respectively. For the sake of visualization,
the spectrum for NCO™ in D,O was scaled down to a half (x0.5).

the ligated heme protein shows the transient signal in the v,
mode of NCO™ after visible excitation. In contrast, the tran-
sient absorption signal in the IR pump-IR probe experiments
results from a contribution of both the free anion and that
bound to the heme.'? Consequently, the equilibrium spectrum
consistent with the transient signal from visible pump-IR
probe experiment is more reliable. The integrated extinction
coefficients for the v; mode of NCO in both MbNCO
and HbNCO were determined to be 22+2mM™ cm_l,
which is about half of that for the free NCO™ in D,O
(39 x2mM ' ecm™). These values are significantly smaller
than those reported in our previous study; however, we should
remark that an error was found in our previous calculations. '’

‘When an anion binds the heme iron, the iron forms an LS, an
HS, or a mixture of HS and LS complexes, depending on the
strength of the ligand field. For example, if ligated with the
strong field-ligand CN~, MbCN exists as an LS complex,
while MbF exists as an HS complex, if ligated with the weak
field-ligand F~.>*In the case of NCO™, the heme complex was
found to exist mainly in the HS form, but the LS form cannot
be neglected at room temperature, i.e., MbNCO and HbNCO
were reported to exist as an LS form with 10% and 18% pop-
ulation at 20 °C, respectively.>>’ These values are identical
to the magnitude of the red-shifted minor band in the
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absorption band of NCO in MbNCO and HbNCO. The inten-
sities of the vibrational bands for a ligand in a ligated-heme
protein have been used to account for the populations of the
corresponding species.* Thus, the intensity of the minor band
likely reflects the population of the minor species. Therefore,
we assigned the red-shifted minor and the major bands to the
LS and HS complexes of NCO™-ligated heme proteins, respec-
tively. An LS complex arises from the stronger interaction
between the ligand and the transition metal bound to the ligand
compared to those in an HS complex. The v; mode of NCO of
MbNCO and HbNCO in the LS and HS complexes are red-
shifted by 15-17 and 1-3 cm ™', respectively, compared to that
of the free anion. Clearly, stronger interaction leads to a more
significant red-shift in the v; mode. The bonding interaction in
the LS complex cannot be several times larger than that in the
HS complex. If the red-shift is roughly proportional to the
strength of the bonding interaction, the shift of the HS complex
from the free ligand should be larger than 3 cm™'. Thus, the
band position of NCO™ in the heme pocket is expected to be
blue-shifted from that in water solution.

Figure 2 shows representative TRIR spectra of the v, band
of NCO in MbNCO after excitation with a 575- or a 400-nm
pulse. Except the slightly smaller magnitude in the transient
signal obtained by pumping with 400 nm, the TRIR spectra
are virtually identical. We observed bleach signals similar to
those of the inverted equilibrium spectrum as well as a broad
red-shifted absorption, which narrows toward the blue wave-
length region as the pump—probe delay increases. Although
the minor band is not apparent in the bleach due to the overlap
with the new absorption, the bleach was assumed to have equal
contribution from minor and major bands. In addition to the

0
o
(e} Aoy =575 Nm
E 4 r 1.8 ps
B 3.2ps
8 + 5.6 ps
10 ps
32 ps
. ——
a |
% 4 Ay =400 Nm
<
<
-8
2200 2150 2100 2050
E/hc (cm™)

Figure 2. Representative transient absorption spectra near the v,
mode of NCO in MbNCO in D,O at 293 K after excitation by a
575- (top panel) or a 400-nm (bottom panel) pulse. The pump—probe
time delays (color-coded) are 0.6, 1.0, 1.8, 3.2, 5.6, 10, and 32 ps.
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bleach and absorption, the transient signals are on top of a
broad background, which is initially positive and becomes
negative as the pump—probe delay increases. The initial posi-
tive signal is known to arise from the cross-phase modulation
during the overlap of pump and probe pulses in the sample.®
The negative signal at the later time results from an increase in
the solvent temperature that weakens the hydrogen bonding of
D,0, which in turn causes the absorption band of D,O to shift
toward higher energies. Because the v; band of NCO is located
in a lower energy side of the D,O absorption, as the D,O
absorption band shifts to higher energies, the background
becomes negative. The increase of the background toward
the negative signal has been used as a measure of the ther-
mal-energy transfer. The background changed with a time
constant of 6-10 ps and sustained the negative value for tens
of picoseconds; this is consistent with previously determined
values in heme systems.zg’30 For the sake of analysis, the broad
background was subtracted from the data of the transient sig-
nal related to the v; mode. Figure 3(a) shows the background-
subtracted data pumped with a 575-nm pulse. As the pump
wavelength hardly affects the transient signal, hereafter we
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Figure 3. (a) Representative transient absorption spectra (pumped at
575 nm) of the v; mode of NCO™ in MbNCO in D,O buffer obtained
after subtracting the broad-background signal. The pump—probe time
delays (color-coded) are 0.6, 1.0, 1.8, 3.2, 5.6, 10, and 32 ps. Dotted
vertical lines mark the sampling position for the time-dependent
change in the transient signal (see text for further details). (b)
Time-dependent changes of the bleach at 2158 cm™" (open triangles),
absorption at 2140cm™' (open circles), and 2130cm™ (open
squares), and integrated area of the transient signal (filled circles,
right ordinate); also in the figure, bleach and absorption (left ordi-
nate). The time-dependent intensity changes are well described by
an exponential function with two time constants (solid lines).
Time-dependent area is well described by an exponential function
with a time constant of 0.4 ps (dotted line). Time-dependent changes
of the absorption were scaled (x2) for the sake of visualization.
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will discuss only the transient signal of MbNCO excited with a
575-nm pulse, unless stated otherwise. As displayed in
Figure 3(a), the transient signal shows a bleach similar to
the fundamental band due to the loss of population in the
ground vibrational state of the ground electronic state. The
new absorption in the transient signal typically arises from
the fundamental band anharmonically coupled to the low-
frequency mode, which is thermally excited due to a rapid
electronic relaxation of the photoexcited state.®’ If the elec-
tronic relaxation of the photoexcited state produced a vibra-
tionally excited v; mode of NCO in MbNCO in the ground
electronic state, a hot band at 2138 cm™"' would appear that
decays with a time constant of 2.6 ps.' However, no detecta-
ble hot band appears in the transient signal, indicating that the
energy flow to the v; mode of NCO in MbNCO during the
electronic relaxation is very inefficient. If the photoexcited
MbNCO were deligated, an absorption band corresponding
to NCO™ in the heme pocket would appear. The absorption
band for NCO™ in the heme pocket is not necessarily the same
as that for NCO™ in D,O. As mentioned above, because the
weaker interactions between the anion and the heme iron,
resulting in an HS complex, were less red-shifted from those
in the D,0 solution, the absorption band for NCO™ in the heme
pocket may be blue-shifted from the band in the D,O solution.
However, no absorption-like feature could be attributed to the
deligated NCO™ in the heme pocket. Therefore, we concluded
that the photodeligation QY after excitation with a visible
pulse is negligible.

The time-dependent behavior of the bleach and the absorp-
tion was obtained by sampling the magnitude change of the
corresponding signal.* When sampled at 2158 cm™ (the peak
of the bleach), the bleach decayed with two time constants,
e.g., 1.2 and 8.4 ps. When sampled at 2140 cm™", the absorp-
tion grows with a time constant of 0.5 ps and decays with a
time constant of 7.3 ps. The absorption sampled at 2130
cm™' grows with a time constant of 0.3 ps and decays with a
time constant of 5.2 ps. As shown in Figure 3(b), the time con-
stant for the transient absorption varied depending on the sam-
pling position. Both the growth and decay times are reduced as
the sampling position shifts toward the lower energy side. The
integrated area of the transient signal rapidly decays to zero
with a time constant of 0.4 ps (Figure 3(b)). As mentioned
above, as the transient absorption arises from the fundamental
band coupled with the low-frequency thermal mode, it has the
same extinction coefficient as the fundamental band. There-
fore, the negative value in the summed area shown in
Figure 3(b) represents the population that has not yet reached
the ground electronic state. Consequently, the decay with the
time constant equal to 0.4 ps can be attributed to the relaxation
time of the electronically excited state to the thermally excited
ground electronic state. To properly obtain time constants for
the thermal (t,) and electronic (t,) relaxation from these data,
the transient signal was described by a three-state scheme as
shown in Figure 4. Initially, a visible photon excites the mol-
ecule, and the excited molecule rapidly relaxes to the ground
electronic state, producing a thermally excited ground
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electronic state. The thermal state grows with 1. and decays
with .. Based on our data, no signal could be assigned to
the excited state, suggesting that the v; vibrational mode in
the excited electronic state is outside of the probed-spectral
window shown. As the thermal state cools down, its band nar-
rows and blue shifts toward the fundamental band. Our entire
set of data was globally fit to the three-state scheme. As shown
in Figure 5, the proposed scheme correctly reproduces the data
with the two time constants t. and t,. The recovered time

hv

G

Figure 4. A kinetic scheme that describes the transient absorption
spectra. G and E represent the ground and excited electronic states,
respectively; T, and T, represent the electronic and thermal relaxation
time, respectively.

AA (mOD)

2150 2100 2050

E/hc (cm™)

2200

Figure 5. Global fit (solid lines) of the transient spectra (open circles)
with the three-state model with a scaled-equilibrium spectrum (neg-
ative-going dotted line) and evolving absorption spectrum (positive-
going dotted line). The evolving absorption narrows and shifts toward
blue wavelength as the pump—probe delay increases. The pump—
probe time delays are 0.6, 1.8, 5.6, and 10 ps (bottom to top).
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constants are 0.5 and 8.2 ps, respectively, for the transient
spectra of MbNCO excited with 575 nm. When excited with
400 nm, these time constants are 0.4 and 9.1 ps, respectively.
The transient spectra of HbNCO excited with 575 nm showed
a very similar behavior to those of MbNCO. Using the same
approach, we determined the time constants to be 0.4 and
7.4 ps. Considering that the time resolution of our instrument
is ca. 0.3 ps, a T, value of 0.4-0.5 ps implies that the electronic
relaxation time is shorter than 0.4 ps. The thermal relaxation
time is thus likely to be 8 + 1 ps. The observed thermal relax-
ation time represents the relaxation of excess thermal energy
deposited into heme. It is consistent with the previously
reported relaxation time of 5—10 ps obtained for various heme
proteins observed after visible excitation.

According to the assignment of the electronic absorption
spectrum of ligated Hb,* the HS ferric Hb complex shows
the Soret and Qg bands at 405 and at 540 nm, respectively.
Both bands arise from the porphyrin m—m+ transitions.
A vibronic Q band (Q,) peaked at 500 nm in the HS complex
will be ignored hereafter, as it is not relevant to our discussion.
The HS ferric complex also absorbs at 580 nm; this was
assigned to the porphyrin (r)—Fe (dy, dy,) transitions.>* In
the case of the LS Hb ferric complex, the Soret and Q, bands
are peaked at 422 and 575 nm, respectively. The electronic
absorption spectrum of ferric Mb is virtually identical to that
of ferric Hb and it was assigned to the same transitions as those
of ferric Hb. According to this, both the 400- and 575-nm exci-
tations invoke only the porphyrin t—m* transitions in the LS
MbNCO. However, the 575-nm excitation can cause a ligand-
to-metal charge transfer as well as the porphyrin T— 7 transi-
tions in the HS complex. Clearly, for the majority of the
NCO™-ligated ferric-heme complexes, i.e., HS complexes,
the 575-nm pulse can cause a different transition from the
400-nm pulse. The characteristics of the transient absorption
signals, independent of pump wavelengths of 400 and 575
nm, indicate that the excited states, whether a porphyrin 7
or charge-transfer state, show similar electronic relaxation
behavior.

During the photoexcitation of heme proteins, the photon
energy is absorbed by the heme and can be rapidly converted
to heat, causing the vibrational temperature of the heme to rise
significantly. For example, the vibrational temperature was
calculated to increase by as much as 500 K, when cytochrome
¢ was pumped by a 420-nm photon.>® As the hot heme is sur-
rounded by the protein matrix, the dissipation of excess heat
was described by sequential transport; i.e., as the chromophore
cools down, the temperature of the protein matrix increases
and decays, and the protein cools down as the heat diffuses into
solvent. The temperature of the hot heme was found to decay
with a double exponential function at short times and to roll
over to a function /2 at the diffusion limit.>* Furthermore,
a biomolecule with a photoexcited chromophore was found
to reach the thermal steady-state on a picosecond time-scale.™*
The thermal band in our data arises from the thermally excited
low-frequency modes of the heme, and thus the magnitude of
the transient absorption reflects the heme temperature. In
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contrast, the change in the amide band after photoexciting
the heme proteins probes the protein temperature. Therefore,
the protein temperature can be followed by carefully measur-
ing the changes in the amide band. The temperature change of
the heme protein likely occurs on a time-scale ranging between
a few picoseconds and tens of picoseconds; this is consistent
with the thermal relaxation of 20—40 ps of the protein matrix
estimated from molecular dynamics simulations.”

Conclusion

We obtained the transient IR spectra of the v, bands of NCO in
MbNCO and HbNCO at 293 K after excitation witha 575- ora
400-nm pulse. The transient spectra show an instantaneous
bleach that decays with the pump—probe delay and an absorp-
tion that decays after initial growth. The absorption band, ini-
tially broad and red-shifted from the fundamental band, shifts
toward blue wavelength and narrows; this behavior is typical
of a fundamental band anharmonically coupled with thermally
excited low-frequency modes. The transient spectra showed
no signature for the absorptions arising from the deligated
NCO™ in the heme pocket or the vibrationally excited v; mode
of NCO in the ligated heme proteins; this suggests that, during
the electronic relaxation, the energy flow to the v; mode is inef-
ficient and that the photodeligation QY of the NCO™-ligated
heme protein by a visible pulse is negligible. The transient
spectra were well described by a three-state scheme, i.e., a
ground electronic state, an excited electronic state, and a ther-
mally excited ground electronic state. From a global fitting of
the transient spectra to this three-state scheme, we obtained a
value of <0.4 ps for the electronic relaxation time of the
excited electronic state of the NCO™-ligated heme protein after
visible excitation and a value of 8 + 1 ps for the relaxation time
of excess thermal energy deposited into heme. The NCO™-
ligated Mb and Hb appear to be photostable, and the excess
energy by a visible photon is efficiently dumped out as thermal
energy after a rapid electronic relaxation.
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