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Accepted ooth January 2012 The ultrafast response of cytochronbe; is investigated for the first time, via transient

absorption spectroscopy. The distinct redox po&sitboth ¢- and b-hemes allows for a clear

differentiation of their respective signals. We dirthat while the gheme photo-product

www.rsc.org/ exhibits the characteristics of a 5-coordinatedcg®e the b-hemes presumably undergo photo-
oxidation at a remarkably high quantum yield. Theheme iron-ligand recombination time is
5.4 ps, in agreement with previous reports on hagols cytochromes. The suggested photo-
oxidized state of the b-hemes has a life-time &f fis. From this short life-time we infer that
the electron acceptor must be within van der Wedlstact with the heme, which points to the
fact that the axial histidine residue is the eleotracceptor. The different heme-responses
illustrate the flexibility of the gheme ligation in contrast to the more rigid b-helmreding, as
well as the higher electronic reactivity of the énhes within theéoc; complex. This study also
demonstrates the remarkable connection betweehehe local environment and its dynamics
and, therefore, biological function.
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Introduction

Cytochrome (cytpbc, complex is a key player in mitochondrial A r— B
and bacterial respiratory chaihdt is the main actor in the

protonmotive Q cycle as it catalyzes the two-electron oxidati "™ —*:}—ﬁ‘v
of a quinol and the one-electron reduction of a c-tyj 'C'I‘:J';Z‘r‘"“'
cytochrome and a quinone while conjugating this electr Tﬁ,_,&t

transfer to the formation of a proton gradient across t ;

membrané* The generated potential gradient serves as t hemeb %—Q
driving force to the ATP synthesis, the universal ener heme by c
transporter in living organismisCyt bc; complex is a dimer

whose monomer comprises four key elements that are dire:
involved in the electronic pathway (Figure 1): (1) The heme
is located near the intermembrane-space side of the membr.
it is situated near the cyt ¢ docking interface and serves
electron donor for the reduction of cy¢’ (2) The Rieske

iron-sulfur cluster mediates electron transfer between the quipglire 1. (A) Structure of the bc, complex 7 with the protein
at the Q site and the heme, wia a series of conformationalpackbone being shaded for clear visualization of the key actors in
changes; (3) and (4) The hemes, band i that mediate the proton-coupled-electron mechanisms. Structure of the heme-c;
electron transfer between the two quinone binding site®n@ (B) and of the heme-b (C) with their axial amino acid ligands.

Q; sites? Depending on the reaction stage, the three iron center . .

of the hemes are found in either their ferric (Fe(lll)) ordas (Erystallographlc data reveals that theheme is covalently

forms (Fe(ll)) and are all characterized by a 6-coordihéBec) attached via the vinyl groups to two cysteine residues and has

. S L both methionine (Met) and histidine (His) residues as axial
low-spin state, therefore minimizing the reorganization ener%andS (Figure 1). The b-hemes however are not covalently
required to undergo the electron trangfer. )

attached to polypeptide and have two His residues as axial
ligands® Such differences in the structural environment confer
to each heme-type their particular redox properties and specific

o~ Histidine
Methionine

e
heme b

Histidine
4 Histidine
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functions!® The origins of the overall catalytic functions of th&'he pump and probe pulses are focused into spots of ~80 and
bc, complex remain however unknown. In this view, ultrafasts5 pm in diameter, respectively, at the sample position by
spectroscopy is able to give access to the early mechanismsmedns of reflective optics in order to avoid degradation of the
local structural and electronic modifications that confer thiestrument response function. The resulting pump-probe cross-
heme-protein its overall functions. The ultrafast behaviors, acafrelation is about 150 fs. The polarization of the pump and
more specifically, the relaxation of photo-excited hemes, ha®be beam are set at the magic angle. After passing through
indeed been the object of intense study since the late 188bs.the sample, the probe beam is focused onto thepiB@put
For example, the hemes in cyt ¢ and cyt twvhich are slit of the Triax 190 spectrometer, while using a 300
structurally comparable to the;-cand b-hemes of thédc grooves/mm, 550-nm blaze wavelength grating and focused
complex, respectivel}® ** are known to dissociate frotheir onto a 1024 pixel CMOS array. Such conformation allows for a
axial ligand within femtoseconds as a response to lightobing window from 340 to 750 nm with a spectral resolution
absorption:*® While the early steps of the heme photo-cyclef 2.5 nm.
still raises questions, it is generally accepted that photo-
excitation of the heme is followed by an electron transfer (E$ample handling: As an alternative to the common spinning
to the iron d-orbitald® which in turn is believed to trigger thecell with its moving parts and to the peristaltic pumping that
ligand dissociation in ferrous complexes. This photmecessitates large sample volumes, we use a home-made
dissociation seems to be a universal feature in cyt’s’’ but its closed-loop flow-cell that requires a total sample volume of
relation to the overall functionality of the protein is unclear. only ~250 pL;?? a volume therefore comparable to that of the
There is no previous study of the &g complex in the femto- spinning cell with the advantage of having a steady window at
picosecond regime, most probably due to the quantity athe laser focus. The flow is generated by a turbisc micro-pump
purity of sample required for such measurements. We therefsem the Swiss Center for Electronics and Microtechnology
aim to complete our knowledge by presenting the first su@SEMY?® and bubbles are removed from the circuit via a
study here. By means of ultrafast transient pump-probecantation chamber. The pump and probe pulses are focused
spectroscopy, we bring to light the short-lived local electrondmto a square quartz silica capillary of 0.5-mm path-length and
and nuclear modifications that are behind physiologicall-mm thick window. While connected to both, the
processes and confer to thbc, complex its overall decantation chamber and the capillary, the pump was
functionalities. generating a flow of ~0.1 mL/s that was sufficient to refresh the
Most workson cyt’s focus on the Soret band region (~430 nm) sample for each laser shot at 1 kHz repetition rate. Due to the
for both, excitation and detection, as it is the most intensaall amount of sample, the oxidation state of the hemes as
absorption band. In this worke focus on the weaker a-band well as the possible degradation of the complexes was verified
around 550-570 nm. The punigptuned at 523 nm in order toby recording their steady-state absorption using the probe
indifferently excite via thes-bands both heme-types while inrbeam. Each absorption spectrum consisted of an average of 40
their ferrous states (see Figure 1). The redsoprobing the a- consecutive images while flowing the solution. Note that by
bands rather than the Soret band is that in the presenceasfsing through the capillary, the probe beam contains an
multiple heme-types, the Soret band region inlkbecomplex additional broad and featureless scattering signal. Consequently
is spectrally congested, whitke a-band region allows a clearany adjustments of the beam path will confer each spectrum
distinction between the b- and c-hem@&sFurthermore, the - with a small, but specific background as shown in Figure 2
bands are sensitive to changes in the electronic states whde comparing the red and green curves.
coordination of the hemé$. Besides being spectrally
distinguishable, each heme type has a particular redox poterittaé bc, complexes: The sample is prepared as describetf in.
that is conferred by their specific environméhtwhile the Corresponding to a differential (reducedoxidized) c-heme
heme b and by have a redox potential of -90 mV and 50 mVgbsorption of ~0.16 OD for the a-band trough the 0.5-mm path
respectively, the heme, chas redox of 230 m¥’ These length capillary (Figure 2) and assuming the differential
specificities will allow us to selectively change the reducticextinction coefficient of 18.8 mMcm®, % the concentration of
state of certain hemes, which in turn brings a clear distinctibel monomer was about 170 pM. The fluence of the excitation
between the photo-induced mechanisms of each heme-type. pulses was kept low in order to avoid multiple excitation of a
single complex. From the comparison between theand b-
Material and methods heme contribution to the steady state absorption and to the
transient signal (as discussed later, Figure 8 A and B), only

The laser: The 800-nm output of a 1 kHz regeneratwgS% and ~3 % of the reduceg and b-heme, respectively, are

am!olifier is useo! to pump a home-made F\gsible non'c_omneiﬂ(/olved in the major ps-long signal. The absorption of the
optlcgl parametnc r_:lmphfler (NOPA, see reffor a dgtaned reduced c-heme band was virtually identical before (addition of
description) producing the 523-nm pump pulses with a fu ithionite) and after the experiment (after oxidation of the b-

W|dth-half-maX|mum of 8 nm ar?d a tlme. QUratlon Of,~50 fs. ﬁ‘emes), which confirms the stability of the complexes over the
small fraction of the regenerative amplifier output is focus%%urse of the experiment

onto a 5-mm thick Cafcrystal to provide a wide visible probe.
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Data treatment: Since the probe pulses are temporally chirpedhvironment of ferrous heme, Iis unaffected by the redox state

by some hundreds of fs, a Group Velocity Dispersion (GVDf heme b.?® Consequently we can assume that the partial
correction is performed in post data acquisition analysis. Froeduction of the complexes, as opposed to a complete
the corrected data, several kinetics are extracted at wavelengtdsiction, does not affect the individual behaviours of the
corresponding to the major transient features. This set of kindtemes.The pump wavelength at 523 nm excites equally the -
traces is globally fitted as a sum of exponential decays. Tiend of both ferrous b- andi-bemes. The resulting time-
same exponential components are then used to fit the Eigeavelength plot of the signal is shown in Figure 3 A. The
kinetics that results from a Singular Value Decompositiaesponse of both heme-types is seen by their respective bleach
(SVD) of the data-séf Along with the Eigen-spectra, thesignals at 553 and 562 nm (horizontal dotted lines), as well as
corresponding Decay Associated Spectra (DAS) are generapaatf of the mixed Soret-band signal from both hemand b at

which will be presented later. wavelengths < 470 nm. From the expected bi-phasic Soret-
signal, as monitored for cyt’¢ *® and cyt lp,** only the positive
Results lobe is observed. The resolution of the anticipated negative lobe

. . » L is hindered due to the high optical density of the sample. Over
Due to its low redox potential, the addition of dithionite to thfﬁe course of the experiment, the successive scans weredmarke

cyt ba solution, effectively reduces all the c-hemes while, '153/ the oxidation of the b-hemes resulting in the loss of their

our preparation, it only reduces about 70% of the b'hemescgﬁesponding signal at ~562 nm. Since the data do not show
shown in Figure 2. Note that in dilute samples, dithioni

fectivel ih hi : ts f h E?ny long lived signal (>ns), we confirm that the oxidation of the
effectively reduces all hemes. This estimate results from t eb-'hemes is not induced by the excitation pulses. If it weze

of the absorptlon spectrum, desc_:rlbed_ later (Figure 8 A). Tlagse, we would expect the first scans to be characterized by a
partial reduction of the b-hemes is attributed to the presenc%%-decaying transient signal representative of the

oxygen in solution as well as the high protein Concentn"‘tiB‘Hotochemical processes leading to the oxidation of the b-
(~170pM of cyt bcl monomer; see Sl for calculations). Partlarkemes. The later oxidation is thus solely ascribed to the

reduction of the b-heme pool could raise questions concerng;gdative properties of dissolved oxygen molecules. Thus we
the presence of different reduction states of the bc1l complex

téjrce advantage of the properties of oxygen to fully oxidize the

2, 3 or 4 reduced b-heme per dimer). Indeed, the reduction S@Fﬁames while keeping intact the ferrous state of tHeeme.
of one heme affects its local environnférend could influence The resulting transient signal (Figure 3 B) as well as the final

other nearby.ht_emes as in the c_ase Of_ the tightly padf’ﬁ%orption spectrum (Figure 2) shows clearly that only the 553-
chlorophylls within the photosynthetic reaction centérs. nm signal persists, corresponding solely to the ferrous c

1.0 hemes. It is important to note that, while only théhemes are
4 a-band reduced, the absence of a sharp feature around 562 nm confirms
that the ferric state of the b-heme is unresponsive to light
0.8 = BB i excitation and that the yield of photo-reduction, if any, is
negligible while exciting the heme’s B-bands (523 nm). Indeed,
changes of the electronic state of the heme iron center are not
expected while exciting above 400 rifrit is also necessary to
mention that further (post-experiment) addition of dithionite
partially recovers the ferrous state of the b-hemes (data not
shown), which proves that the b-hemes remains functional. The
absorbance of the;-tieme a-band remains virtually identical
before and after the experiment, as shown in Figure 2; and the
subsequent data analysis of theneme alone gives, within the
error margin of the fit, the same spectral features and
exponential decay values prior to the first addition of dithionite
and after full oxidation of the b-hemes by oxygen (as shown in
500 520 540 560 580 600 Sl). The temporal and spectral correspondence of the transient
Wavelength, nm signal proves that the-tiemes remain functional. We therefore
conclude that neither dithionite, nor the presence of oxygen
Figure 2: Static absorption spectrum of the sequential reduction gffects the protein complex and that its functionality remains
and oxidation of the cyt bc; dimer complex: at the beginning of the  jhiact in the course of the experiment.
experiment, after pre-reduction by ubiquinol and before (red) and
right after (blue) the addition of dithionite, and at the end, after
oxidation of the complexes by oxygen (green). The 523-nm
excitation pump is indicated as reference.
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It was however shown via Raman studies that hemés c
structurally isolated from the b-hemes, and that the local
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650 both b-hemes. Since the present sigpnatoise ratio does not
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Figure 3: (A) Transient data taken right after addition of dithionite,
while both b- and c;-hemes are reduced. (B) Transient data taken
after oxidation of the b-hemes by oxygen, while the c¢;-hemes are
left reduced. (C) Difference (A-B) corresponding solely to the signal
of the ferrous b-heme, as discussed in text. The scattering region
around the 523-nm excitation is set to zero. The horizontal dotted
lines represent an eye-guide at 553 and 562 nm.

Figure 4: (A) Spectra at selected time delays while both b- and c;-
hemes are reduced. (B) Spectra at selected time delays while only
the c;-hemes are left reduced. (C) Difference (A-B) corresponding
solely to the signal of the ferrous b-heme, as discussed in the text.
Note that the vertical scales below and above 515 nm differs by a
factor of two.

. . L . From these data sets, Figure 5 shows the globally fitted kinetic
Since the selective oxidation of the b-hemes is done yia . .
races taken at selected wavelengths corresponding to the major

solva.ted_atmqspherlc oxygen molecgleg, tog concentration Sﬁgctral features. Satisfactory fits result in a minimum of three
remains identical before and after oxidation of the b-hemes a

d two exponential decay components for theuad b-hemes,
direct comparison of the two sets of data is therefore possigp P y P n

e . '

. . . ___respectively. The values of the decay constants used for the fits
(Figure 3 A and B). This would not have been possible without = . : .

are given in Table 1. These exponential decay components

some renormalization of the data, had we proceeded via

ree with the components resulting from the Singular Value

successive reductions by adding solutions of ascorbate and egomposition (SVD) of the transient time-wavelength plots

dlthlo.mte' Thus, 'the dlﬁgrence spectrum (A-B) corresponds igure 3). The generated Decay Associated Difference Spectra
the signal associated with the ferrous b-hemes alone, as sh

in Fi 3¢ 0 that th ltina dat ¢ (Fi ) S) ae presented in Figure 6. Because of the high protein
In Higure - One can see that the resulting data set ( Igur(:eoncentration, the Soret band could not be monitored entirely.

C) lacks any sharp features or any bleach signal that wouldé)ne the other hand, since the spectral changes in the a-band

specific of the 553-nm band of the ferrousheme a-band, . . . S
- . i region are better fingerprints of the redox and coordination state
which consequetyt, validates the data handling. To better

. of the hemes, we will focus on the spectral region from 540 to
illustrate the results of such a treatment of the data setsllas

as the spectral evolution of each heme type we present In
Figure 4 A, B and C, the transient spectra recorded at selected
time delays, corresponding to the two-dimensional ddta o
Figure 3 A, B and C, respectively. Note that we do not
differentiate between hemes land bk, since dithionite and
oxygen are able to reduce and oxidize both, respectively.
Moreover, even if heme khas a distinct split a-band, it only
appears as a shoulder at 554-nm in yeastdmplexe¥ with a
differential extinction coefficient (reduced-oxidized) that is ~10
times weaker compared to that of the combined 562-nm band of

4| J. Name., 2012, 00, 1-3 This journal is © The Royal Society of Chemistry 2012
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Figure 5: Kinetics traces of the hemes c; (A) and b (B) respectively,
at selected wavelengths and their global fit with a satisfactory
minimum of three and two exponential decay components
respectively.

Table 1: Exponential decay components resulting from
the global fit presented in Figure 5.

electron transfer between the porphyrin macrocycle to the d

antibonding orbital of the irof: *> ¢

5 { "dip" A
M
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il [ 190 fs
4 1 1.6 ps
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Figure 6: Decay Associated Difference Spectra of the a-band
spectral region corresponding to the c;-hemes (A) and to the b-
hemes (B). The oxidized minus reduced spectrum of each heme,
normalized at the maximum bleach amplitude, is superimposed as
reference only (black dotted line). The arrow points to a spectral

feature that is specific of the photo-dissociated heme, as discussed

heme ¢, heme b in the text.
T 190fs 300fs In the light of the subsequent b-heme spectral analysis, we can
T 1.6 ps - infer that part of the 540 to 580-nm region of the 190-fs DADS
T 5.4 ps 6.8 ps could also consists of a sharp Stimulated Emission (SE) similar

to the 300-fs DADS component monitored for the b-heme
(Figure 6 B). In order to differentiate the other concomitant
processes from this expected SE, we subtract, from the c
heme’s 190-fs DADS, the expected SE contribution by using
Heme c;: Because this work is the first ultrafast study on cyfie bheme’s 300-fs DADS that is blue-shifted by 9 nm (Figure
bc,, we base our analysis of hemegie the bc, complex by 7, green curve). This shift is supposed to account for the
comparing it with the cyt ¢ whose heme and heme-environméitference in absorption and expected SE betweentrend b-
are known to be structurally simil4t. Because of their hemes. Note that such straightforward subtraction is valid as
correspondence with the cyt c signals, the 190-fs is assocides@ as the extinction coefficients, overall reactivity and
with an “intramolecular vibrational energy redistributioremission Stokes-shift of both heme-types are similar. Variation
resulting in an equilibrated hot ground-state heme a@+/- 50% in the subtracted SE amplitude however does not
possibly with a tail of the electronic relaxation”, 3! while the significantly affect the overall shape of the resulting diffeeenc
1.69s components is mostly ascribed to an “intermolecular ~SPectrum. The blue curve in Figure Shows the resulting
vibrational energy transfer from the hot heme to trdifference spectrum, which resembles that of the (reduced
surroundings”.®® We would like to emphasize that thes@xidized) heme ¢ slightly red shifted by ~0.5 nm. Because the
components cannot be representative of a single spedifand resembles that of the ferrous hemerd is positive, it
mechanism as the cooling processes are non-exporéntial. corresponds to the formation of a 6-c reduced species (decrease
Indeed, both of these components show a broad positdfean initial bleach signal). The small shift also suggests that it
anplitude to the red of thex-band static absorption that isis a hot state.The features above 560 nm are ascribed tad bro
typical for the heme Excited State Absorption (ESA). It hd&sSA signal (positive featureless band), that is decaying in 190
been argued in the case of cyt ¢ and met-myoglobin that tisis(decay of an initially positive signal). Similar short-lived
ESA partially stems from a pulse-limited electron and ba&Bi6A signal (500 fs) have been reported for different
myoglobin (Mb) samples and have been specifically assigned to

the resulting charge transfer (CT) state (from the porphyrin ring

Disscussion

This journal is © The Royal Society of Chemistry 2012 J. Name., 2012, 00, 1-3 | 5



to its metal center) that triggers ligand dissociafibr®® features, including even the small “dip” at ~555 nm. This “dip”
Correspondingly, we conclude that the short-lived broad E$ also present in our spectrum and is represented by the
monitored for the heme, are also indicative of the heme’s CT  oxidized minus reduced heme c¢ spectrum being abovb.fhe
state. ps DADS near 560-565 nm (arrow in Figure 6 A). It was
concluded that the generated cyt ¢ photo-product corresponds to
the photo-dissociated hefie based on the similarity of its
transient signal with the 5-coordinatéd-c) MP-8 spectrum
that is structurally analogous to the 5-c cyt c. Assuming that the
broad and red-shifted spectrum, in respect to the oxidized
spedges, along with the “dip” on the red-side of thea-band are
signatures of the 5-c photo-product, we conclude that the c
hemes in thébg complex also undergo photo-dissociation of
one of their axial ligand.
The life time matches the 5-7 ps reported for the photo-cycle of
" a variety of 6-c hemes proteins, including cy¢> " 19 All
1 T I * 1 & I T T & T =& these reports are unanimous in assigning this time constant to
540 560 580 600 620 640 the rebinding of the photo-dissociated ligand. It should be
Wavelength, nm mentioned that the 5.4-ps DADS might not be entirely free
from other processes as vibrational cooling has previously been
Figure 7 : The adjusted 300-fs Decay Associated Difference Spectra Monitored with a life-time of ~4.6 p§.However, since the
(DADS) of the b-heme signal (green) is subtracted from the 190-fs position and width of the transient bleach is identical to that of
DADS of the c;-hemes (red). The resulting difference spectrum the static a-band absorption, any contribution to the 5.4-ps
(blue) is superimposed with the 5.4-ps DADS of the (reduced - DADS from vibrational cooling has to be minimal. Based on
oxidized) heme ¢, (black dots) used for comparison only. the correspondence of the overall monitored spectral features

Since the SE. ESA and the formation of a 6-c ferrous c-heﬁﬁg life times with the literature, we conclude that the 5.4-ps
are concomitant, we suggest that an initially excited c-herf@MPONent most probably corresponds to the rebinding of the
having lost its reduced 6-c character via an impulsive CT frdffioto-dissociated heme. A537|n cyt ¢, we suggest the
the heme macrocycle to the metal ceffagives rise to the SE dissociation of the Met residue:

and ESA, and relaxes within 190 fs into its hot ground state ) ) ]
through a non-dissociative pathway. Heme b: The corresponding data set could be satisfactorily

The bleach of the 1.6-ps DADS is slightly broader and reffted with only two exponential decays, which points to the
shifted compared to the statig-leme o-band. Since it is fact that cooling dynamics differ from those monitored for the

representative of the cooling of a hot 6-c species, it could ggemes. The 300-fs DADS is in fact singular as it does not

ascribed to the non-dissociative relaxation channel as propoSa@W any significant positive signal expected from the ESA. It

in the case of cyt ¥ X Note that the 190-fs and 1.6-ps DADSS however characterized by a sharp bleach to the red of the a-
only illustrate a mixture of the different non-exponenti&?and' and is of similar width. This feature is particular to the

cooling mechanisms. Consequently, our assignment cgpected SE from the excited a-band of the 6-c ferrous heme,
particular processes to specific DADS features ‘Eerefore associated to a non-dissociative relaxation pathway.

approximative. The absence of ESA signal in thehdme’s 300-fs DADS

The 5.4-ps DADS, corresponding to the longest lived signal iq;gicates that CT states, similar to the ones discussed in the
comparable to any transient spectrum taken after completiorf8f€ ©f the hemes;, care not generated. Consequently we do
the electronic and vibrational relaxation (from ~2 to 10 ps). It i9t €xpect the axial ligands of the b-hemes to dissociate.

for example comparable to the different transient absorptibR® @bsence aicomponent similar to the 1.6 ps monitored for
spectra reported for cyt & 1°. Following similar analysis, we the heme cas well as for cyt ¢ indicates that the relaxation of

can distinguish in the 5.4-ps DADS, the bleach of therge o- the excited b-hemes, which do not contribute to the longer 6.8-

bands from the absorption spectrum of the photo-produ%%, signal, occurs mainly within the first 300 fs. This ultrafast
characterized by the broader ESA. While superimposed wjifiiéxation to the ground state has tecbnferred to the b-heme
the c-heme (oxidized - reduced) spectrum, as shown in Figuro§" its environment.

A, the photo-product exhibits clearly a broad red-shiftddf @ matter of fact, the longer 6.8-ps DADS component (Figure
absorption that extends beyond 700 nm. The same contra§ B) compares remarkably well to the oxidized minus reduced
present in cyt ¢ while comparing its oxidized spectrum (FiguFitic spectrum of the b-hemes (ascorbate - dithionite). The
2 of ref®) with the corresponding generated photo-produgfi@ll extra positive ~580-nm signal present in the 6.8-ps
spectrunt® i.e. the cyt ¢ photproduct’s absorption spectrum is DADS might probably result from a small fraction of hot

broader and red-shifted. Similarly, the cyt c photo-prole'E‘Oto'prOdUCt with corresponding cooling life-time. However
represented in Figure 6 of r&f.shows exactly the Samesince the width and bleach position are identical and we can
expect that vibrational cooling, if any, has a negligible
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contribution in the 6.8-ps DADS. The spectral features of tt¥) The photo-oxidation properties of the THC are commonly
positive red-wing differ from that of the previousleme (5.4- used in light-induced electron transfer reacti$h4®> The
ps DADS of Figure 6 A); namely, a shifted red-wing, while transient study of these THCs are however limited to the
compared to its corresponding oxidized minus reduced static micro-seconds to minutes time range. Nevertheless, we note
spectrum; a broad positive ESA signal that extends beyond 700that the photo-oxidation reactions involve primarily the
nm; and the “dip” to the red of the alpha band. By assuming THC’s low potential c-type hemes that have redox
that these “discrepancies” are a signature of the 5-c state of the properties corresponding to those of the b-hemes ibd¢he
hemes, their absence in the 6.8-ps DADS are also indicativecomplex.
that the b-heme behaves differently compared to tHeeme, (5) Interestingly, it was shown that oxidation of the b-heme by
and most probably does not photo-dissociate with its axial oxygen in cytbc, happens without the need of a ligand
ligand. Together with its particular spectral features that mimic dissociatior®® It consequently presupposes that the electron
the oxidized minus reduced spectrum, we propose that the b-transfer occurs via molecular intermediates rather than by
hemes undergo photo-oxidation. Photo-oxidation in cyt is well- direct contact with the iron center that would necessitate
known but typically implies the formation of a photo-induced dissociation of the His ligand. Our results indeed coincide
electron acceptor. For example the tetra-heme cytochromewith the fact that electron transfer can be readily initiated
(THC) oxidizes as a result of the light-induced oxidation of from the b-heme without the need for close contact with an
nearby reaction centet$Similarly, the cyt P450-BM3 oxidizes  external electron acceptor such as quinones or molecular
after photo-excitation of its covalently attached ruthenium oxygen.
complex® The suggested heme’s photo-oxidation differs as (6) It was also reported that the axial histidylimidazole ligands
it results from direct excitation of the heme. In this respect, of the h heme has a distinct ionic charact®which would
photo-oxidation by means of visible-light excitation is unusual favour electron transfer processes. This electronegative
among cyt’s®® and it requires further evaluation. character of at least one of the two His ligands was
The different binding environments of the- and b-hemes explained by the presence of nearby arginine residues.
(Figure 1) may explain their different behaviours, because thed@ When compared to the compilation of the optimal rate-
environmental differences confer to each heme a particulardistances from Moser et “Alwe see that an electron
spectrum and redox potentfal.’® Cyt b, structurally tunnelling life-time of 6.8 ps would correspond to donor-
homologous to the b-hemes in dyt;,'® is known to behave acceptor distances smaller than 6 A. Such short distances
similarly to cyt c°. However the difference in Raman signal matche with the His being the electron acceptor as it lies at
between the cytdand the b-hemes in cht; ** shows that we an average minimal distance of 2.0 A from the heme’s iron
can also expect a different behavior for the b-heme with respectcenter (according to the crystallographic data, PDB-file
to cyt by and cyt c. Hereafter, we present different arguments 3CX5').
supporting the possibility of photo-oxidation of the b-hemes {8) Finally, it is known that His residues actively participate in
cytbcg: charge transfer processes and more specifically it was
(1) Stronger physical constraints are exerted by the protein demonstrated that they can serve as electron accéptors.
backbone onto the b-heme, resulting in the loss of planaritythe light of these arguments, we infer that the 6.8-ps DADS
of the b heme® The higher protein constraint that iscorresponds to the photo-oxidation of the b-hemes. Furthermore
exerted on the hemes certainly stiffens the His-heme-his expect heme bto predominantly contribute to our signal
ligation and impedes the possible dissociation of these axiaih the His residue playing the role of the electron acceptor.
ligands. Since photo-dissociation is hindered, other
processes are expected to prevail. Quantum yield: The goal of this section is to evaluate the
(2) Similar photo-oxidation reactions have been reported fi@activity of each heme-type, i.e. the photo-dissociation and the
both cyt ¢ and cyt 4y however, with excitation above 400-photo-oxidation of the heme and b, respectively. In order to
nm and the yield was judged negligiffeThe same study do so, we deconvoluted both the initial absorption spectrum
shows however that the photo-oxidation cross section of ¢gfter addition of dithionite, Figure 8A) and the 5.4-ps DADS
bs is about 18 times higher than that of cyt ¢ which, Kgenerated from the first data set after addition of dithionite,
analogy, shows that the b-heme is much more proneRigure 8B) in terms of the ;€ and bhemes’s (reduced-
photo-oxidation than the-tieme. oxidized) spectrum. From the comparison of each heme’s
(3) Photo-oxidation mechanisms were previously used r@ative contributions to both spectra, we see that ~5 % and ~4
interpret signals from the 6-c heme-based oxygen sen%eopof the g- and b-hemes, respectively, contributed to the signal
Dos excited with a ~30-fs, 563-nm low energy pdlse,as described in Table 2. Alternatively, deconvolution of the
therefore similar to our ~50-fs, 523-nm pulse. Th#énal absorption spectrum (after oxidation of the b-hemes,
corresponding signals were long-lived (>ns) and contributedyure 8C) gives the sameg-ltemes contribution as did the
only to 4-8 % but, keeping in mind that the proteimitial absorption spectrum (Figure 8A). The conservation of
complexes are different, this study indicates that photire G-heme’s absorption amplitude during the experiment
oxidation is feasible while exciting the heme Q-bands. proves that its ferrous state was not affected by oxygen. The

This journal is © The Royal Society of Chemistry 2012 J. Name., 2012, 00, 1-3 | 7



fitting results are given in Table 2, while the details of thia soluble cytochromes as they would less efficiently keep their
fitting procedure and calculations are to be found in the SI. electrons from being scavenged by other solutes. In purified
Considering the fit of Figure 8B, weighing the coefficientseaction centers, it was in fact shown that the electron resulting
obtained for each heme type by its respective extinctimom charge separation, while at the periphery of the complex
coefficient, i.e. 18.8 and 28.5 milMm? for the g- and b- could readily be “lost” to the solutiorf®*® The hydrophilic
hemes, respectivefy,and taking into account that we can onlgnvironment of thésc, core on the other hand preserves the b-
expect signal from the ~70% ferrous b-hemes, it results that bieenes from unwanted solvated electron carrier anid tigh
reactivity of the b-hemes is ~50% that of the c-heme&ectronic reactivity in then an advantage.
(assuming that we are equally exciting both heme-types).  The fact that efficient electron migration is initiated via visible
light also indicates that the protein might behave differently
under dark and light conditions. We can further speculate that
the overall catalytic efficiency of cydc; is light-dependent. We
can then contemplate the protein complex as an active element
in phototherapy for exampf&.It is also of interest to compare
the light-responses of the jpaomplex with that of its
s i o i i on photosynthetic homologue, the cyif 5°. Being an essential
0 g component of the photosynthetic electron transport chain and
being therefore exposed to direct sun-light, the foreseen
Figure 8: The black curves represent (A) the static absorption specificity of the heme responses to light excitation could taffec
spectrum after addition of dithionite, (B) the DADS corresponding  the photosynthetic’s Q-cycle.
to the longest ps component resulting from the combined analysis | contrast to the high electronic reactivity of the b-hemes, the
of the b- and c;-heme Fransient §igna|s (see SI); while bqth f]re high photo-dissociation quantum vyield of thehemes can be
reduced and (C) the static absorptlgn spectrum after full oxidation understood asding an efficient “heat sink” that protects the
of the b-hemes via oxygen. Superimposed are the fits (red) and . . L
their components: the (reduced — oxidized) heme ¢, (green) and reduced state of the heme.agamst light excnatlons._ Tht_e fact that
heme b (blue) spectrum. The background-component used in each the ferrous state of heme is stable and protected implies the
fit, not shown here for clarity, is described in Sl. need for a change in local environment in order for the electron
to proceed from heme; do the cyt c. Such conformational
changes could readily be induced by the motions of the adjacent
Rieske iron-sulfur complek. Speculations put aside, it is
remarkable that, even though the b-hemes inbzytand in
other cyt b have similar ligation to their protein backbone;

Asborption, 0.0,

Table 2 : Amplitude of the heme ¢, and b components
resulting from the fitting of each plot in Figure 8.

Figure 8A Figure 8B Figure 8C specific structural constraints and amino-acid arrangements

0189 result in clearly different responses, and therefore functions.

heme ¢,* | Apemec=3.88 o 3.93 While cytochromes were known to serve only as electron
Aneme ¢ X 4.9% carriers, this study demonstrates that with the appropriate

heme b* Apemes = 2.8 0.103 = . fer_l\_/ironme.nt,. Iig.ht-induced charge separ_atio_n can readily be
Anemeb X 3.7% initiated within single heme structures. This singular behaviour

consequently illustrates the importance of the local heme-
bonding and structural environment in initiating larger chemical
If we assume that the photo-dissociation quantum yield of tteactions.
c,-heme in cybc, is comparable to the >0.8 in cyt% because
of their correspondence in structure, transient spectra d&dnclusion
exponential decays, then the photo-oxidation quantum yield_of. )
P -2y P q nm y chus study reveals the clear differences between the b and ¢
the b-hemes is expected to exceed 0.4. This is to our . "y . .
. . .?\%mes behaviours within the, protein complex: While the;€
knowledge, the highest reported photo-oxidation quantum vyi . - . o
. . . .. hemes undergo photo-dissociation of their axial ligand as a
for cytochromes, while the hemes are directly excited by visible . .
. . . . . result of ultrafast laser excitation, the b-hemes most likely
light. The physiological consequences of such high reactivit
are discussed subsequently.

* (reduced-oxidized) spectrum amplitude

u%dergo photo-oxidation with a high (> 0.4) quantum yield that
is beyond all expectations. The recombination of the photo-
dissociated ligand with the-teme occurs in 5.4 ps, which is
. . . . comparable to the value reported for a large range of
reactivity makes perfect sense in the light of logf having to . L .

4 P 9 9 9 cytochromes! The efficient photo-oxidation of the b-heme is

efficiently fulfil its role in the Q-cycle: in order to mediatee ) . .

. . L .. presumably linked to the stronger physical constraints exerced
reduction and oxidization of the ubiquinone and ublqumcg, the orotein backbone onto the b-hefhave s est that
respectively. The Iremes have to efficiently “process” the y P u9g

. . . these constraints hinder the flexibility of the adjacent His
electrons, which demand them to easily loose or gain electron.. . ) .

o . L . . residues, and along with the induced ionic character of these
Similar electronic-reactivity would in fact be counterproductive

Mechanistic consequences: The bheme’s high electronic
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same His ligand? favor the electron transfer process. Thgo.
subsequent charge recombination takes place in 6.8nps, i

agreement with our estimate of the electron residing on the

axial His residue. It is to keep in mind that not all ferrous ci1.

and b-hemes take part in these photo-reactions, and that, while

the remaining excited;hemes exibit relaxation mechanismsz2.
that are mainly illustrated by broad ESA signals, the cooling-
down of the remaining excited b-hemes do not show any.
significant ESA. Besides pointing to the fact that theand b-
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