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Using broadband UV–vis femtosecond transient absorption and fluorescence up-conversion, we investi-
gate the interaction between the haem moiety of ferric and ferrous Horse heart Cytochrome c and its sin-
gle Tryptophan (Trp) residue and the energy dissipation mechanisms upon excitation at various
wavelengths in the visible and the UV. Varying the amount of energy deposited in the haem does not
affect the relaxation and cooling processes. Differences are observed between the cooling time-scales
of the two redox states, which are attributed to different haem–protein couplings. While energy transfer
from the Trp to the haem is observed in the decay of Trp and the response of the haem, excitation of the
latter does not induce a clear response of the former. This suggests that for Cytochrome c, Trp is not a
good marker of the protein response, probably due to its orientation with respect to the haem plane.

� 2011 Elsevier B.V. All rights reserved.
1. Introduction

Understanding the signaling through a protein is fundamental
for describing its functionality [1]. Among different possible long-
range interaction mechanisms, the redistribution of the localized
excess of energy generated by biological functions plays an impor-
tant role, as it induces conformational changes of the entire protein
[2].

Optical methods offer a clean way to deposit a controlled
amount of energy on a specific protein site and to monitor the fol-
lowing processes. The occurrence of global protein dynamics trig-
gered by localized excess of vibrational energy (EVE) was
invoked for haem proteins [2,3], where ligand photolysis by visible
light induces a sub-100 fs rise of the haem temperature by up to
300 K [4]. The issue of how, and how fast, energy is redistributed
and dissipated in this family of proteins has been widely addressed
by experiments [5–7] and molecular dynamics (MD) simulations
[4,8–10].

Horse heart Cytochrome c (hh Cyt c, Cyt c in the following) is a
relatively small membrane-bound haem protein which plays an
important role in many electron transfer processes. Its cofactor is
a 6-coordinated iron porphyrin, where the iron is axially bound
to a proximal Histidine (His18) and a distal Methionine (Met80).
The protein exists in both ferrous and ferric redox states. Upon
photoexcitation, the ferrous state undergoes Met80 detachment,
followed by a fast biphasic recombination on time scales of 5 and
16 ps. On the contrary, no signatures of photodissociation have
ll rights reserved.
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been observed in the ferric state [5]. Cyt c contains a single Trypto-
phan residue at 9 Å from the haem and its fluorescence is strongly
quenched by Fluorescence Resonance Energy Transfer (FRET) to the
haem group [11,12]. The center of mass of the Trp is located almost
in the plane of the porphyrin and its indole plane forms an angle of
�70�–80� with the latter.

Cyt c is a very promising system to investigate energy redistri-
bution in proteins, since molecular dynamics (MD) simulations
have pointed to a very weak influence of the solvent on the energy
relaxation [13]. In fact, in contrast to other hemoproteins such as
Myoglobin, where the cofactor is almost in contact with the sol-
vent, the haem-pocket of Cyt c is buried well inside the protein.
The thermal bath of the cofactor is therefore the protein itself.
MD simulations determined the Cyt c thermal relaxation to be
mono-exponential on a �7 ps time scale, independent of the redox
states [13]. Time-resolved resonance Raman (TR3) results showed
instead a two-phase peak position shift of the m�4 band in both com-
pounds, on a sub-2 ps and a �7 ps time scales [5]. These results
speak for a more complex temperature relaxation of the haem.
Moreover, the authors suggested that the time scales of the intra-
molecular vibrational energy redistribution are longer in the fer-
rous moiety, which they attributed to the haem doming induced
by Met80 photolysis. The 7 ps temperature relaxation does not ap-
pear in transient absorption measurements in the visible range,
while pump-probe studies on the two redox species reported dif-
ferent cooling time scales, generally longer for the ferric form
[3,5,14]. The extent to which the cooling time scales are affected
by the excess of vibrational energy is still not clarified.

The use of naturally occurring amino acids (Tryptophan, Tyro-
sine), which absorb below 300 nm, as probes of local protein
dynamics has been demonstrated both in ultrafast transient
absorption measurements of retinal [15,16] and haem proteins
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[3], as well as in ps UV-resonance Raman experiments on retinal
[17,18] and haem [19] proteins. Dartigalongue et al. [20] also per-
formed ultrafast transient absorption and circular dichroism (CD)
on Mb-CO in the 220–360 nm region, concluding that the time-re-
solved response is mainly due to the haem, while the amino-acids
do not contribute significantly. On the other hand, they reported a
strong CD change at 230 nm, which they suggested may be due to a
transient deformation of the a-helices in the protein. Zhong and
co-workers [3] also reported a possible global conformational
dynamics following dissociation of the ligand in ferrous Cyt c.

Here we report on UV–Vis pump/white-light probe transient
absorption measurements of ferric and ferrous Cyt c excited at
530 nm and 288 nm. In the former case the lowest haem optical
transition (the so-called Q band) is accessed, while the latter corre-
sponds to excitation of both the porphyrin and the Trp. The main
novelties of our approach are: (i) we use an ultra-broadband fs
probe covering the 670–270 nm range, thus accessing both the
Trp absorption [21] and the less exploited porphyrin related
absorption transitions [22–25]; (ii) by moving the excitation from
530 nm to 400 nm and to 288 nm, almost 1.2 and 2 eV, respec-
tively, of additional EVE are deposited impulsively in the haem
group [26] which, according to the MD simulations [4,13], corre-
spond to a temperature increase of up to �400 K; (iii) the compar-
ison of the two redox states allows us to disentangle cooling from
structural ligand detachment dynamics.
2. Experimental methods

2.1. Sample preparation

Horse heart Cyt c was purchased from Sigma Aldrich. The com-
pound was dissolved without any further purification in pH 7
phosphate buffer (30 mM/l KH2PO4 + NaOH). No oxidant was
added to the solution with ferric Cyt c. Ferrous Cyt c was prepared
by reduction of ferric Cyt c in pH 7 buffer by addiction of sodium
dithionite (Na2S2O4). The salt was then removed by means of gel-
filtration desalting columns. Static UV–visible absorption (see
Fig. 1) was used to estimate the content of the two redox states
and the quality of the sample before and after the measurements.
In this way we verified the almost unitary content of the desired
state and a negligible content of photo-damaged molecules after
laser exposure.

For TA measurements, the concentration of all the samples was
adjusted to 0.39 OD at 290 nm in a 0.5 mm cell when probing in
the UV, corresponding to a concentration of 0.41 mM. When
Fig. 1. Static electronic absorption spectra of ferrous and ferric forms of Cyt c. Arrows sho
ferrous form is shown as a dashed line. The panels on the right show a qualitative sketc
probing in the visible range, the concentration was reduced to
�0.29 mM. For the visible pump – visible probe experiments on
the ferric sample, the concentration was further reduced to
�0.10 mM.

2.2. Transient absorption setup

The experimental setup was already described elsewhere [27].
Briefly, the output of a Regenerative Amplifier (typically 650 lJ at
1 kHz) is used to pump two home-made NOPAs, which produce
tunable broadband visible pulses in the range 500–750 nm with
a typical length of 40 fs. One of the NOPAs is used to produce either
the 530 ± 20 nm broadband pump beam or the UV 288 nm pulse
after frequency doubling in a 250 lm b-BBO crystal. The other
NOPA is used to produce the broadband UV probe pulse through
achromatic doubling in a 150 lm b-BBO crystal. The visible probe
is obtained through continuum generation by focusing the 800 nm
pulse in a CaF2 crystal. The pump and probe beams are typically fo-
cused into 110 and 90 lm diameter spots, respectively, at the sam-
ple position. Typical pump energies are 130 nJ for UV excitation
and 160 nJ for visible excitation. The sample was circulated in a
0.5 mm thick UV-grade quartz cell to avoid photo-damage; the
flow speed was adjusted to have refresh the sample after each exci-
tation pulse, to avoid re-excitations of the same molecules or heat-
ing effects. The pump-probe cross-correlation time, estimated from
cross-phase modulation measurements in pure water, was
�160 fs.

The TA signal at each delay time are calculated accordingly to
the formula

DA ¼ 2 ln
Sp � Su

Sp þ Su

� �
ð1Þ

where Sp and Su are the spectra of the pumped and unpumped sam-
ple, respectively. The polarization of the pump with respect to the
probe pulse was controlled with a half-wave plate and was set at
magic angle (MA).

The TA signals in the spectral region between 400 and 420 nm
are distorted because of the high optical density (OD) of the sam-
ple. Indeed, when the sample content is adjusted to have a typical
value of 0.3–0.4 OD at the pump wavelength, the optical density in
the Soret band region (see Fig. 1 and next paragraph) is 1.5 or
more. This causes P95% of the probe photons to be absorbed
and the TA signal is thus calculated on a small number of counts
on the detector. In this situation, small unavoidable contamination
due to scattered light, usually negligible, increases the amplitude
w the pump wavelengths used here. The difference spectrum of the ferric minus the
h of the ground state orbitals and their occupancy for ferrous and ferric Cyt c.
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of the denominator in Eq. (1) and reduces the total amplitude of
the TA signal. A decrease of the sample concentration (i.e. the OD
in the Soret region) permits to partially recover the amplitude of
the Soret band bleaching, but decreases the amplitude of the signal
in all the other spectral regions, strongly degrading the signal-to-
noise ratio. The kinetic and spectral evolution of the Soret region
have been exhaustively studied by TA [3,5,14]. For the purposes
of this study we were interested in following the complete spectral
evolution of the sample on the entire UV–visible range, thus we
preferred to adjust the concentration to the best signal-to-noise ra-
tio in all the spectral regions, bearing in mind that the amplitude of
the bleaching signal between 400 and 420 nm is underestimated.
2.3. Data analysis

Data were corrected for the group velocity dispersion (GVD).
Since the cross-phase-modulation signal in the pure solvent is very
strong, especially in the UV region, the first 160–180 fs have been
removed from the analysis.

Data matrices have been analyzed by means of a singular value
decomposition (SVD) algorithm to obtain the characteristic time
scales of the global dynamics and their decay associated spectra
(DAS). The reliability of the analysis has been confirmed by a global
fit (GF) on 30 kinetic traces at different wavelengths over the entire
spectrum. For a more detailed discussion on SVD analysis, refer to
[28].

All the data sets we present here have been scaled with respect
to the concentration and the photon densities. The absolute values
correspond to the 0.41 mM sample excited by 120 ± 10 nJ pulse fo-
cused on a spot of �100 lm diameter.
3. Results

Fig. 1 shows the static electronic absorption spectra of the fer-
rous and ferric Cyt c. The main features of these spectra are the
bands at 500–550 nm (Q band), at 405–415 nm (B or Soret band),
at 310–370 nm (N band) and <290 nm (L band), which are all re-
lated to intra-porphyrin transitions of the haem group [29–31]. Be-
low 300 nm the absorption bands of Trp and of other aromatic
amino acids are also present and partially obscure the haem L band
[21]. From the known absorption coefficients [32,33], we estimate
that �30% of the absorption at 288 nm is due to tryptophan and
�70% to the haem [30].

Fig. 2 shows TA spectra at magic angle (MA) of ferrous and ferric
Cyt c in water in the range 270–700 nm, upon excitation at 288 nm
and 530 nm. In the latter case the broad spectral width of the
pump pulse prevented us from probing the Q band region. The data
in the Soret and Q-band region agree well with previous reports
(see also Supplementary Fig. SI.1) [5,14,34]. The negative signal
at 400–420 nm is due to a bleaching of the Soret band maximum
and should be the dominant contribution (see static absorption
spectra). However, as mentioned above (see Materials and meth-
ods), the high optical density of the sample in this region distorts
the amplitude of the difference signal. To our knowledge only
one study addressed early fs–ps dynamics in the UV range down
to 340 nm for ferric Cyt c [34]. Despite the very different experi-
mental conditions in that work (excitation wavelengths of 400
and 266 nm and much higher pump powers, typically 6–13 mJ/
cm2), our data show a good agreement with the reported spectra.

In spite of a complex overall behavior, we identify some general
trends: (i) regardless of the sample and the pump wavelength, all
the dynamics are over within a few tens of ps; (ii) important nar-
rowing and shifting of the transient bands are observed on a
ps time scale above 420 nm; (iii) the main spectral differences in
the TA spectra between the two redox forms lie in the
300–350 nm and in the Q band region, and correlate to the differ-
ent positions of the N-bands in the two redox forms [22] and to the
different shapes of the Q-bands; (iv) when changing the excitation
from visible to UV, the bands appear generally broader but no new
features appear.

In order to analyze the complex behavior in Fig. 2, we carried
out an SVD analysis. In Fig. 3 the dominant spectral components
for ferrous and ferric Cyt c under UV excitation are reported. The
long lived (�200 ps) component is omitted for the sake of clarity.
The complete set of DAS for all the samples is available in the SI
(Supplementary Fig. SI.2). The extracted time constants are re-
ported in Table 1 and their assignment is discussed below. The ma-
jor difference between the spectra obtained with visible and UV
excitation is observed in the ferrous sample below 290 nm. Here
the bleach observed upon visible excitation, which recovers with
5 ps and 12 ps time constants, is not observed when the sample
is excited in the UV. Conversely, upon UV excitation a positive (ex-
cited state absorption) signal decaying with �2 ps time constant is
obtained (Fig. 4). Fig. 5 compares the TA spectra of ferrous Cyt c
upon UV and visible excitation before the excess of vibrational en-
ergy localized on the haem is completely dissipated. A striking dif-
ference appears between the visible bands, strongly broader upon
UV excitation, and the negative band at 310 nm, which is almost
not affected by spectral evolution.
4. Assignments

We divided the observed dynamics in five groups:

4.1. Excited state decay (sESD)

According to our recent ultrafast fluorescence measurements,
the excited state lifetime of the haem in Cyt c is 150–200 fs for both
the ferric and ferrous forms [26]. For all the investigated samples
the respective DAS shapes present very similar common features
(see also the inset in Fig. 3b): (i) an excited state absorption band
(positive feature) below 360 nm; (ii) a negative band around
400 nm (where some spectral distortion is present, as discussed
in the experimental section); (iii) an excited state absorption band
at 455–465 nm. In addition, in the ferrous sample under visible
excitation, the DAS associated to the 150 fs time scale contains a
dominant spectral contribution that appears as a mirror image of
the 6 ps DAS. Both observations are discussed in more details in
the next section.

4.2. Trp related dynamics (sTrp, present only under UV pump)

The ultrafast fluorescence measurements upon UV excitation
show that Trp in Cyt c decays on a time constant of 350 fs and
700 fs for the Fe2+ and Fe3+ forms, respectively [26]. Therefore
the corresponding time scales reported in Table 1 are attributed
to the decay of excited Trp. As expected, these components are
obviously missing upon visible excitation.

4.3. Axial ligand recombination (sR, present in the ferrous form only)

The DAS at k > 400 nm agrees well with previous studies on
photo-dissociated ferrous Cyt c, where similar kinetics were ob-
served for 400 and 550 nm excitation and were assigned to the
transition from the 5-coordinated to the 6-coordinated haem
[3,5,14]. As confirmed by these studies and discussed in detail in
the next section, the static visible absorption spectra of the 5-coor-
dinated ferrous (5cFe2+) haem and 6-coordinated (6cFe3+) ferric
form are quite similar (Fig. 6). This similarity occurs also in the
UV region where the shape of the sR DAS in the 290–380 nm range
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Fig. 2. Selection of transient absorption spectra at different delay times for ferrous Cyt c under (a) UV (288 nm) and (b) visible (530 nm) excitation and for ferric Cyt c under
(c) UV and (d) visible excitation. In each data set, the dashed line represents the ground state absorption spectrum in arbitrary units. Data points close to the pump
wavelength are not shown due to distortion.
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agrees well with the difference spectrum of the ferrous and ferric
absorption in Fig. 1. In particular, the negative band at 310 nm
shows a rather simple decay with almost no spectral evolution
(Figs. 2 and 5). As it is almost insensitive to cooling phenomena,
this band is more suitable to probe recombination than the bands
in the visible. In the following we will refer to it as the recombina-
tion band.

The results under UV excitation are good enough to distinguish
a bimodal recombination with �5 and �12 ps time constants and
with amplitudes of 90% and 10%, respectively, of the total signal.
The assignment of this feature is straightforward as we observe
that the shape of the related DAS are very similar and do not show
cooling features (broadening or shifting of bands). The observation
of a biphasic recombination was already reported for Q-band exci-
tation [5]. The authors explained the presence of a longer recombi-
nation time in terms of a small percentage of proteins where the
methionine–haem mutual orientation after the detachment is
unfavorable for the rebinding, and some additional time is needed
to achieve a proper steric arrangement.

The most prominent features expected for a 5-coordinated fer-
ric Cyt c are the blue-shift of the Soret band from 409 nm to
398 nm and the appearance of two new bands at 500 and
625 nm, as reported previously at pH 0.3 [35]. Our measurements
on ferric Cyt c do not show any of these features. We thus exclude
photodissociation in ferric Cyt c on time scales longer than 200 fs,
confirming previous results [5].

4.4. Cooling (sC)

From a careful comparison of the time dependent spectra
(Fig. 2) and the DAS, we deduce that the spectral evolutions of
these components (Table 1) consists of mainly narrowing and
shifts of bands, which are typical manifestations of a cooling pro-
cess. From the previous sections, we know that after 220 fs ferric
Cyt c is in a hot ground state. The absorption bands observed in
Fig. 3 between 310–385 nm, 415–448 nm, 466–500 and
k > 587 nm are due to the broadening and shifting of the N-, B-
and Q-bands, respectively. The DAS corresponding to the 3 ps
and 11 ps components represent these spectral evolutions. The
700 fs component detected upon visible excitation originates from
cooling, which manifests itself mainly by a blue shift of the Soret
band. In ferrous Cyt c, the 1.8 ps time scale describes a blue shift,
as well as an important narrowing, of the Soret-band region
absorption, and a small blue shift of the photoproduct Q-band. A
minor blue-shift is also observed for the recombination band [36].

For both redox states, we observe sub-ps cooling upon visible
excitation. Despite the absence of clear signatures of such evolu-
tions for UV excitation, we cannot exclude a small contribution
mixed with the Trp-related signal, since they occur on almost the
same time scale.

Comparison with the literature yields good agreement with
previously reported cooling times [3,5,14]. In ferric Cyt c we find
an additional cooling time of 11 ps. A similar decay time at
530 nm was reported and was attributed to a final conforma-
tional relaxation of the protein [3]. Thanks to our broad detec-
tion window, we could monitor the entire spectral evolution
associated to this kinetics, observing that it does contain an
important contribution from narrowing and blue-shifting of the
Soret band.

4.5. Photoredox Fe(II) M Fe(III) conversion (sPRD)

It has been reported that irradiation by light induces a small
percentage of Fe2+

M Fe3+ conversion in Cyt c [34,37,38]. In all
the investigated samples we detect a small long-lived contribution.
The good agreement of its transient spectrum with the difference
spectrum between the static absorption of the two redox forms
in Fig. 1 (except in the Soret band region due to distortion) allows
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Fig. 3. Decay associated spectra (DAS) for ferrous (a) and ferric (b) Cyt c upon UV
excitation. For the ferrous sample, the DAS associated to the Met80 recombination
process (5 ps and 12 ps components) were combined, having the same spectral
shape. For the sake of clarity, the long lived component (�200 ps) was omitted in
both panels. The inset of panel (a) contains the DAS of ferrous Cyt c upon visible
excitation related to the Excited State Decay (ESD, 160 fs) and to the recombination
(5.9 ps) processes. The inset in panel (b) just compares the ESD contributions of the
ferrous and ferric Cyt c upon UV excitation.

Table 1
Time constants from the SVD analysis of the data in Fig. 2. The respective DAS are
shown in Fig. 3 and in Supplementary Fig. SI.2. Reported values are the average of SVD
and GF analysis; uncertainty corresponds to a standard deviation.

Ferrous Ferric

UV Visible UV Visible

sESD 155 ± 12 fs 160 ± 15 fs 210 ± 15 fs 220 ± 20 fs
sTRP 350 ± 40 fs – 770 ± 60 fs –
s0C – 600 ± 70 fs – 700 ± 90 fs
s00C 1.7 ± 0.1 ps 1.8 ± 0.5 ps 2.9 ± 0.3 ps 3.4 ± 0.3 ps
s000C – – 11 ± 2 ps 11 ± 2 ps
s0R 5.0 ± 0.3 ps 5.9 ± 0.1 psa – –
s00R 12 ± 2 ps – – –
sPRD 500 ps (fixed) 500 ps (fixed) 500 ps (fixed) 500 ps (fixed)

a The data can be fit with equivalent quality with two components of 5 and 12 ps.

Fig. 4. Transient kinetics in ferrous Cyt c at 280 nm upon UV (solid line) and visible
(dashed line) excitation. The bleach observed in the latter, a feature characteristic of
the photolysis, is not observed when the sample is excited in the UV.

Fig. 5. Comparison of TA spectra in ferrous Cyt c under UV and visible (VIS) pump at
different times. The traces at 2 ps time delay are vertically shifted for purpose of
clarity.
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us to assign it to a photo-induced conversion between the two
forms. The mechanism is not completely understood, but in a re-
cent work Kovalenko and co-workers [34] pointed out the thermal
origin of the electron transfer process, which takes place from the
electronic ground state. Our results, which show that the effect is
stronger upon UV excitation, support their conclusion. Due to the
limited range of investigated delay times, this is the ‘‘infinity’’ com-
ponent which describes all the processes occurring on ns or longer
time scales.
5. Discussion

In the following we discuss in detail the photophysics of the
two redox states after the fast electronic relaxation, and the differ-
ences in the cooling processes for the two redox states and for the
various excitation energies.
5.1. Excited state absorption features and ground state recovery

As stated in the previous section, we attribute the 150–200 fs
time scale to the recovery of the porphyrin ground state. In this re-
spect, the associated DAS contains two main contributions: the
ground state bleaching and the absorption from electronically ex-
cited states. The similarities for different pump energies in the en-
tire spectral range of the DAS in ferric Cyt c corroborate this
assignment.

The similarity of the sub-200 fs DAS of ferric Cyt c with that of
the ferrous UV excited sample, shown in the inset of Fig. 3b, is also
of interest in this context. The N and L transitions have the same
LUMO as the Q and Soret [22]. The following evolution is



Fig. 6. Photoproduct absorption spectrum reconstructed from the 6 ps spectra upon
UV (blue curve) and visible (red curve) excitation by subtraction of the bleaching
contribution. In the visible spectrum the region between 520 and 575 nm is
removed because of the pump scattering. The wavelength range between 400 and
422 nm is also removed because it is distorted by the high OD of the sample (see
also discussion in the text). The UV spectrum is generally broader than the visible
one, pointing to the increase of the haem temperature. Note the general similarity
of the photoproduct spectral shape with the static absorption of ferric Cyt c in the
entire spectral range, even if the main Q- and B- band result more red-shifted.

2 For interpretation of color in Fig. 3, the reader is referred to the web version o
this article.
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dominated by the Ligand-To-Metal-Charge-Transfer (LMCT) to Fe d
states. In the ferrous sample, the metal centered orbital involved in
the process is the anti-bonding dz2 , from which photolysis takes
place. Ferric Cyt c, instead, has a hole in the lower lying bonding
dP orbital [39]. We believe that the ultrafast LMCT in ferric Cyt c
occurs towards the dP orbital, thus explaining the lack of Met80
dissociation in this system [26]. Since the Fe excited configurations
for the two redox states are different, the striking similarities be-
tween the spectral shape of the excited state absorptions over such
a wide spectral range must originate from the hole in the HOMO of
the porphyrin. We recently showed that the LMCT occurs in paral-
lel with an ultrafast (<40 fs) internal conversion (IC) from the high
energy porphyrin singlet excited state Sn to S1 (the Q-band), and
that the excited states relax to the Fe d-orbital manifold with a
time constant shorter than the ground state recovery [26]. Thus
on a time scale of 150–200 fs, we do expect an analogous porphy-
rin electronic configuration for the two redox states regardless of
the excitation wavelength. We then associate this time scale to
the recovery of the porphyrin electronic ground state via back-
electron-transfer from the Fe d manifold.

The case of ferrous Cyt c under Q-band excitation is particularly
interesting. Indeed, as seen from the inset in Fig. 3a, its DAS is dom-
inated by a component that appears as a rise of the photoproduct
signal (sR), speaking for Met80 photodissociation on a 150 fs time
scale. On the contrary, when the sample is excited in the UV the
rise of the photoproduct signal is much less evident on this time
scale, confirming that the major channel for photodissociation oc-
curs from higher porphyrin excited states on a much faster time
scale [14]. These results are consistent with a substantially differ-
ent photolysis mechanism depending on the excited state. This to-
pic is further explored elsewhere [26].

5.2. Methionine photolysis in Cyt c and photoproduct absorption

Our measurements in the visible range are in good agreement
with previous studies [5,14] and confirm Met-80 photolysis in fer-
rous Cyt c, both upon UV and Q-band excitation. Interestingly, at
any wavelength in this spectral region we find an excellent agree-
ment between the late TA spectra in Fig. 2 (when the cooling is al-
ready completed), and the difference between the static absorption
spectra of the ferric and ferrous redox species depicted in Fig. 1
(the amplitude mismatch in the 400–420 nm region is due to the
spectral distortion previously described). As the observed optical
transitions involve several electronic states of the porphyrin ring
[31], such a good correspondence over such a broad region can
hardly be accidental. Rather, it speaks for a similar electronic struc-
ture of the 5-coordinated (5c) ferrous and the 6-coordinated (6c)
ferric Cyt c, both in terms of orbital occupancy and spatial charge
distribution.

On the other hand, the porphyrin orbital occupancy of the 6-
coordinated ferrous (6cFe2+) haem is the same as the 5cFe2+ and
of the 6cFe3+ one. Considering that the porphyrin optical bands,
Q and B bands in the first place, originate from accidentally degen-
erate orbitals, ground state wavefunction, as well the higher ex-
cited state ones, can dramatically change in shape and character
upon a minor perturbation, because of the break-down of the adi-
abatic approximation [40]. As a consequence, the strong profile
changes of the B and Q bands are more likely due to different
charge distributions on the porphyrin macrocycle that break the
degeneracy. This agrees with the donor character of the Met80
residual: since the sulfur atom shares a lone-pair with the haem–
iron, partially balanced by a back-donation, the net charge on the
porphyrin nitrogen atoms is increased with respect to the unbound
5cFe2+ haem [41]. In this respect the net charge on the ring in the
transient 5cFe2+ haem is expected to be close to the 6cFe3+, where
the electrostatic repulsion of the axial electron is balanced by the
higher oxidation state. The importance of the charge density on
the ring for the Q and B bands structure is also notable when com-
paring static absorption measurements on different metallopor-
phyrins, like e.g. octaethyl- and tetraphenyl-porphyrins, which
show a ferrous- and ferric-like nature, respectively, just by per-
turbing the charge distribution [42,43].

Strong similarities between the transient absorption spectrum
of 5cFe2+ and static absorption of 6cFe3+ are also expected in the
UV range. A comparison between the DAS associated to the li-
gand recombination and the difference between the static
absorption spectra of the ferric and the ferrous state show a
good agreement, confirming the occurrence of Met-80 photodis-
sociation. A reconstruction of the photoproduct spectrum, shown
in Fig. 6, confirms the similarities with the static absorption of
the ferric sample, with the main features slightly red-shifted.
In particular, in the photoproduct spectrum the N band shifts
from 310 nm to �360 nm, almost the same position it has in
the ferric ground state spectrum. This is the origin of the recom-
bination band.

5.3. Trp-haem energy transfer

Upon 288 nm excitation, both porphyrin and Trp are simulta-
neously excited in a ratio of 5:2. Fluorescence up-conversion mea-
surements on both oxidation states of Cyt c have unambiguously
assigned a 350 fs component in ferrous and a 700 fs component
in ferric Cyt c to Trp emission [26]. These decay times represent
a significant shortening of the hydrated Trp lifetime [44], which
has been attributed to resonance energy transfer to the haem
[11,12].

Indeed, as seen in Fig. 7, our results on ferrous Cyt c show that
UV excitation yields a rise time of the signal on a 350 fs time scale
at wavelengths representative of the recombination process. Fur-
thermore, the DAS corresponding to this time scale (blue2 curve
in Fig. 3a) shows clear signatures of a rise of the photoproduct signal
at almost all wavelengths (recombination band, Soret absorption,
typical bleach of the Q band peaks). In particular we observe that this
rise is 1/3–1/4 of the total signal in the recombination band.
f



Fig. 7. Comparison between the time traces of ferrous Cyt c upon UV and visible
excitation in the three characteristic spectral regions of the recombination band
(310 nm), low energy shoulder of Soret band (431 nm) and Q-band (520 nm). The
vertical solid lines show the maximum signal under the two pump conditions. For
UV excitation, the maximum is reached �350 fs later than for the visible pump.
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Since this rise time, which has the same time scale as the Trp
deexcitation, is completely missing when the protein is excited
in the visible, we conclude that Trp energy transfer to the haem
triggers Met-80 detachment. To estimate the quantum yield (QY)
for this process, we analyzed the amplitude of the rising compo-
nent with respect to the total signal of the recombination band.
The latter, being almost unaffected by cooling mechanisms, mainly
reflects the amount of photolyzed molecules. The ratio between
the amplitude of the 350 fs component and the sum of all the
slower components in the 300–350 nm region has an average va-
lue of �0.26, which correspond to a QY > 85%. A similar result is
found analyzing the Q-band region, while unphysical behaviors
(QY > 1 or <0) are observed in the Soret-band region, which we as-
cribe to different cooling mechanisms upon UV or visible excita-
tion: since Trp fluorescence is centered at 350 nm and the
internal conversion (IC) and vibrational redistribution (IVR) occur
in a few tens of fs [26,45], the haem photoproduct generated by
resonance energy transfer is less hot than that directly excited by
UV pulses. This is confirmed by the spectra in Fig. 2 and the anal-
ysis in Fig. 3: if the energy transfer from the Trp would deliver all
the EVE to the haem, haem states completely equivalent to those
produced by direct laser excitation would be generated. On the
one hand, we have shown that haem cooling occurs on time scales
longer than Trp quenching. Thus, the time evolution preceding the
cooling would appear as an overall amplitude increase of the
haem-related signal without any spectral evolution, which is not
the case. On the other hand, for both UV excited ferrous and ferric
systems we observe a spectral narrowing already on the Trp time
scale (particularly evident in the 450–500 nm range), which con-
firms the generation of less hot haems. Indeed, as will be discussed
in more detail in the next paragraph, an increase of the haem tem-
perature at time zero causes the TA bands to be much broader. This
effect is particularly dramatic around the Soret band, which is very
intense and narrow. Here a small shift or broadening can cause
large differences in the TA spectra, while the same effect is ex-
pected to be less pronounced below 350 nm and in the red part
of the Q band, where the bands are flatter (see also Supplementary
Fig. SI.2).
5.4. Energy dissipation and redistribution mechanisms in Cyt c

Absorption of a 530 nm photon deposits �54 kcal/mol (2.4 eV)
of EVE and �40 kcal/mol (1.7 eV) in ferric and ferrous Cyt c, respec-
tively. For the latter, the Fe-Met80 binding enthalpy has been taken
into account [13]. The almost instantaneous internal vibrational
redistribution (IVR) and internal conversion (IC) within the haem
group increase its temperature by �200 K [4,8,26]. Upon 288 nm
excitation, an additional EVE of 46 kcal/mol (2 eV) is given to the
system, causing a further temperature increase of about 200 K.

Comparing our TA results, we notice indeed a much more pro-
nounced band broadening upon UV excitation, while the time
scales of cooling are almost unaffected. However, a comparison be-
tween the two redox states shows longer cooling times for the fer-
ric system, contrary to previous reports [5,13]. The comparison
between visible and UV excitation permits us to exclude that the
longer cooling observed in ferric Cyt c is due to the larger amount
of EVE to dissipate, since the Met80 dissociation energy (�0.6 eV)
is significantly smaller than the �2 eV increase induced by UV
excitation. The observed times must be related to a structural dif-
ference that affects the haem–protein coupling. Therefore we can
definitely rule out the dependence of cooling time scales on the
EVE for this system; however, our data cannot distinguish between
a static effect due to the different oxidation states and a transient
effect caused by ligand detachment as, for instance, haem doming.

Another dissipation mechanism recently proposed for ferrous
Cyt c is via mechanical waves propagating from the haem group
through the protein edifice (protein-quake) due to the sudden iron
– Met-80 bond breaking [3]. The authors reported a 40 ps bleach-
ing component observed below 300 nm and attributed it to the
Trp response to the global deformation of the protein. We did
not find kinetic signatures longer than 12 ps, either in TA or anisot-
ropy traces, upon 530 nm and 280 nm excitation. To clarify this
discrepancy, we also carried out measurements pumping at
400 nm (see Supplementary Fig. SI.3), which still failed to show
such a component in the linear regime of pump powers. The sig-
nal-to-noise ratio of these measurements is excellent and leaves
no doubts as to the absence of this component. However, different
to 530 nm excitation, we observed that the linearity regime is lim-
ited to a pump fluence <1 mJ/cm2, corresponding to 200 nJ on a
typical spot of 160 lm diameter. Above this threshold, the TA sig-
nal is strongly non-linear and even changes sign at high fluences,
transforming from a bleach to an excited state absorption charac-
ter (see Supplementary Fig. SI.4). Under these conditions we also
observed the formation of aggregates on the flow cell windows,
even at high flow speed. We additionally performed the same mea-
surement as in Ref. [3] on a sample where the sodium dithionite
was not removed, and did not observed differences with respect
to the kinetics in the desalinated sample. Overall our results ques-
tion the occurrence of a 40 ps component in the kinetics [3].

We already pointed out the different character of the signal
below 290 nm upon UV and visible excitation in ferrous Cyt c
(Fig. 4). The excited state absorption contribution detected upon
UV excitation has a lifetime that exceeds the Trp energy transfer
time. In our fluorescence up-conversion study [26] we did not
detect time scales longer than 350 fs in the decay of the Trp,
therefore we exclude that this difference comes from the singlet
excited state of Trp. This signal, which dominates the bleaching
signals of haem and Trp, could be due to a small fraction of the
excited Trp’s in which an alternative deexcitation pathway takes
place, e.g. electron transfer from Trp to the backbone or to the
haem [46,47].

We also measured the time-dependent anisotropy of the
288 nm pump/UV–vis probe signals, and found relatively large
changes in the wavelength range between 280 nm and 350 nm,
which take place on a ps time scale. The anisotropy effect could
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indeed be due to the contribution from a transient oxidized Trp
specie with a lifetime of �7 ps. However, the congested nature of
this spectral region did not allow us to disentangle the different
signals.
6. Conclusions

This study aimed at investigating the coupling between the
haem functional center and the Trp residual in Cyt c, as well as
the energy dissipation mechanisms therein. The spectral range be-
low 360 nm contains indeed a typical feature of the photolysis,
which is, contrary to the much more studied Soret band, ideal to
disentangle recombination processes from other relaxation mech-
anisms, since it is scarcely influenced by cooling-related spectral
signatures. Monitoring the kinetic evolution in the UV region per-
mitted us to directly probe the Trp-haem resonance energy trans-
fer process, furthermore demonstrating that it induces the Met80
detachment with almost unity QY, just as the direct laser excita-
tion. Despite practically identical photocycles, the two excitation
routes are significantly different in the way the EVE is redistrib-
uted. In particular, with the excitation via Trp, part of the total
EVE (�0.8 eV) is left on the amino acid generating a somewhat
colder excited haem than direct excitation. The cooling time scales
are characteristic of the protein, and independent of the amount of
EVE initially deposited into the haem (in our experiment up to
�100 kcal/mol). This suggests a substantial role of the protein as
a cage, aimed at protecting the haem and its functionality. Since
the time scale of the relaxation processes is independent of the
magnitude of the perturbation, we see no deviation from the linear
regime [48].

Neither the photolysis mechanism in ferrous Cyt c nor the in-
crease of the EVE induces significant long-lived conformational
changes in this protein. The use of the Trp absorption as a local sen-
sor of protein dynamics was demonstrated in bacteriorhodopsin
[15,16] and reported also for the same Horse heart Cyt c [3] and
in several proteins [49–51]. However, in the present work we did
not detect a Trp response to haem excitation. Obviously, it could
be that Trp in Cyt c is not a sensitive probe of structural changes
of the protein after excitation. A somewhat similar finding was re-
ported by Dartigalongue et al. in their sub-ps UV transient absorp-
tion studies of MbCO [20], but they reported changes in the
transient UV CD spectra suggesting a conformational change of
the a -helices. However, Mizutani and co-workers reported signa-
tures of structural changes in the ps UV resonance Raman spectra
of Trp and Tyr in photoexcited MbCO. They attributed these
changes (in particular for Trp14) to the effect of the CO dissocia-
tion, as well as a change of environment due to conformational
changes in the helices. In MbCO, Trp14 is in the proximal side of
the haem and quite exposed to the dissociating ligand, in addition
to being in a hydrophobic environment. In Cyt c, the Trp amino-
acid is almost perpendicular to the haem plane, so that changes
affecting the ligand in ferrous Cyt c would not have a strong influ-
ence on it. In addition, different to MbCO, the relatively rigid link-
age of the haem to the protein backbone through the Met80 and
His18 residuals limits the effect of bond breaking on the protein
structure.
Appendix A. Supplementary data

Supplementary data associated with this article can be found, in
the online version, at doi:10.1016/j.chemphys.2011.09.002.
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