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Apart a role in electron trafer, mitochondrial cytochromeacts in apoptosis and is subject
to nitrosylation. The cleavage of the Fe—Betbond plays a role in several processes
including release of Cyt from mitochondria or increas of its peroxydase activity.
Nitrosylation of Cytc precludes the reformation ofstupted Fe—Met80 bond and was shown
to occur during apoptosis. These physiological properi@ge associated with a
conformational change dhe heme center of Cyt Here, we demonstrate that NO binding
induces pronounced heme conformatioctznges in the sicoordinate Cyt—NO complex.
Equilibrium and time-resolved Raman data reveal that the heme structural conformation
depends on both the nature of the distal iron ligand (NO or Met80) and on?ther fres*
heme redox state. Upon nitrosylation, the hewnndling distortion is greatly enhanced for
ferrous Cytc. Contrastingly, the initial strong heme distortion in native ferric €gtmost
disappears after NO binding. Wieeasured the heme coordinatidynamics in picosecond to
second time range and identified Met80 &@ rebinding phases by time-resolved Raman
and absorption spectroscopiess®iciation of NO instantly produces 5-adioate heme with
domed structure which continugsrearrange within 15 ps, while the initial ruffling distortion
disappears. The rates of G#NO complex formation measuréy transient absorption are
kon = 1.81 x 16 M. for ferric and 83 M"s™ for ferrous Cyt. After NO dissociation and
exit from the heme pocket, the rebinding of Bfeto the heme iron takes place 6 orders of
magnitude slower (3 — 5 ps) than Met80 rebmgdin the absence of NO (5 ps). Altogether,
these data reveal structuaid dynamic properties of Cygtin interaction with nitric oxide

relevant for molecular mechanism of apoptosis.



Introduction

Mitochondrial cytochrome (Cyt ¢ acts as an universal electroarrier associated with an
oxidase in mitochondria for the enetigeprocess leading to ATP synthésibut this small
heme protein possesses also other functidngarticular, it ismvolved in the mitochondrial
apoptosis pathway initiated by the transmembrane FAS receptor acti/atimilowing
caspases activation, the BAK prateiriggers the release of Cgtfrom mitochondria to
cytoplasm through the outer mitochondrion membrane permeabiliZafioen Cyt cbinds to
Apaf-1 (Apoptotis protease actiting factor) to form the functional apoptosome complex
with caspase-8° Within this apoptotic cascade, ma structural mechanisms remain
unknown at molecular level. It Bdeen demonstrated that @yteleased from mitochondria
during apoptosis is nitrosylatédhe only case of nitric oxide (NO) binding to Gytn cell.
Indeed, the activation of mitochondrial NO-synthase (NOS) triggers the releasecir@wt
mitochondria’, wheareas its inhibition of NOS by L-NMinduces an inhibition of apoptosis
but the addition of exogenous nitrosylated Eyticreases caspase activatfohhis signaling
event in the apoptotic pattay may be linked to the @sence of NO-synthase in
mitochondrig®® Thus, the diatomic ligand binding property of the heme is also involved in
cell death, besides its redproperties involved in its ubiquitis role in eletton transfer. NO
appears as a messenger which activapegptosis through its binding to Ggtin contrast to

its role in inhibiting apoptosis thugh different signaling pathways*'*

The nitrosylation of Cyt during apoptosis leads to the hypegis that protein's structural
changes, induced by the replacement of Met80 with NO bound to the heme, promote Cyt
binding to Apaf-1. The redox state of nitrosylated Cykeleased in apoptic cells is not
known? but Cytc may undergo conformational changes in both redox states. Conformational
changes of Cyt were evidenced through a differenttpaay involving the interaction with
cardiolipin interndly to mitochondria>****In apoptotic cells, aanformational change of
Cyt ¢ associated with mitochoridr membrane was detect&dwhereas the binding of
cardiolipin to Cytc induces a strain leading to the cleavage of Met80 bond’ and
furthermore, shifts the dishution of conformers population wah is linked toits peroxydase
activity ***®

Nitric oxide is the sole gaseougdnd that readily bds to native Cyt. A structural
change in nitrosylated Cyt is reminiscent of gas-sensoexperiencing a conformational



change as a consequence of the cleavagieea$tabilizing iron-miionine bond induced by
NO binding®® In order to bind NO, the thermally deim cleavage of the iron-methionine bond
must take place transiently in native @ytan effect which was probed by absorptfoand
EPR measurements.Thus, an equilibrium exists betweéhe six-coordinated (6c-His-Met)
and five-coordinated (5c-His) forms tfie heme. Indeed, the breaking ofiMet bond is
induced by a small pH increase with pk the range 8.7i 8.5 and with transition
temperatures in the range 455 °C for ferric Cytc from mammal specie€d,corresponding
to low dissociation energy of 4.184.85 kJ-mol&, which is slightly larger for the ferrous
state of the heme (> 10 kJ-mB)e?* These properties rationadizhe binding of NO to both
redox states of Cyt. We must also note that in corteal conditions (especially the pH),
ferric Cytc may catalyze the nitrite production from N€ut the reverse reaction also takes
place from the ferrous nitrosylated foffh.

Conformational changes are associatétl physiological properties of Cyt depend on
redox state of the heme ameére demonstrated for Cgtinteracting with anionic lipids, with
membrane, and upon precisely limad chemical modification&' Particularly, it experiences
the so-called alkalinednsition (pKa = 9.3), the heme remam six-coordinate from His-Fe-
Met to His-Fe-Lys:** Of particular importance, the binding of NO to horse €iytduces the
decrease of the rate of electromnsfer to thiols by factors of 4Go 10" due to both
conformational reorganization atmichange in electron pathway.

Hence, besides its ubiquitousle in electon transfer, Cytc can be considered as an
endogenous heme-binding NO-receptor. In thiassical® NO-receptor soluble guanylate
cyclase (sGC), the coordination state of the irarusial since the bindg of NO triggers the
enzymatic activity through the cleavage oé tRe-His bond. Contrary to five-coordinated
sGC, the heme of Cyt 15 six-coordinated in the resf state, with a proximal histidine
(His18) and a distal methionine (Met80) betm@ axial internal ligands for the heme irbn.
The latter is crucial to maintain Cytredox potentiaf® The reactivity of these enzymes
depends upon the properties of the heme iroictwéire modulated by coordination with side-
chains and by the surrounding protein architecture. NO binding tocQyas several
consequences: firstly, it lockihe distal heme pocket in @nfiguration imposed by the
FeiMet80 bond cleavage, preclndi the Met80 rebinding; esondly, it imibits the
peroxydase activity’ Furthermore, structural differencesist between the ferric and ferrous
states’®

Here we investigate the conformationabobes and the coordination dynamics of the
heme of mitochondrial horse heart @yupon interaction with NOboth in its ferrous and



ferric states. First we compared the equilim nitrosylated structures by Raman
spectroscopy, then we probed the heme dynamics and reactivity upon NO photo-detachment
by time-resolved resonae Raman spectroscopy (JRvith subpicosecond resolution and by
transient absorption spectroscopy in a timgeafrom picosecond to second. The appearance

of the photoinduced 5-coordinagpecies is followed by ultrafaBlO geminate rebinding (ps),

then by the rebinding of distMet80 after the exit of remaining NO molecules from the heme
pocket (us) and then by NO bimolecular rebimgdims to s). We found that the ferrous and
ferric states of nitrosylated Cyt have different dynamicsnd reactivity reflecting their
structural differences within the heme anddtssironment. The hemstructural distortions

(first of all ruffling) appear as a major paraerecontrolling the propesds of the nitrosylated

Cytc, in line with its role in te interaction with anionic lipids**and in apoptosiS.

Experimental procedures

Samples preparation

Mitochondrial Cytc (horse heart) was purchasednfr Sigma-Aldrich. Its purity was
verified by HPLC and it was used without further purification fansient absorption and
non-resonance Raman measurements. For resonance Raman studiesw&@ytfurther
purified by gel filtration (isoatic elution with 100 mM TEA buffer, pH 7.4 on Sephadex G25
and Akta Purifier, GE-Healthcare). The fracti@mighe main eluted peak absorbing at 410 nm
were concentrated by ultra-filtratigh kDa cut-off membrane, Millipore).

For transient absorption stedi the solution of ferric Cyt (100 pL, ~50 puM in 10 mM
TEA buffer, pH 7.4) was put ia 1-mm optical path length quartz cell (Hellma) sealed with a
rubber stopper and degassed by means ofsiatressive cycles of vacuum and purging with
pure argon. The ferrous heme was obtainedadgition of 10 yL of degassed sodium
ascorbate solution (2 mM final concentrabdioFor preparing ferrous NO-liganded @ytgas
phase 100% NO (Air Liquide) wadirectly introduced into # spectroscopic cell (total
pressure of 1.2 bar, yielding 2.4 mM of NOtive aqueous phase). For preparing both ferric
NO-liganded Cytc, gas phase 100% NO or 10% NO diluted in puse(ANr Liquide) was
used, yielding 2.4 mM and 0.24 mM of NO iretAqueous phase, respectively. Equilibrium
spectra were recorded at each step foritnong the evolution of heme iron coordination
state via the Soret-band shift. The absorbance of the sampbsured with a UV-1700



Shimadzu spectrometer, was in the rafge-0.8 at the Soret miamum for 1-mm path
length.

For steady-state Raman and*TReasurements, the solution of Cywas prepared with
350-500 uM concentration in TEA buffer (10 mMH 7.5). The concentration was verified
by measuring the absorbance at 530 mM (IR 000 mole-L-cn™) in a 1-mm optical path
length quartz cell (OD of ~0.38.5). The sample (1.2 mL) weplaced in a large-volume
cylindrical quartz cell (Hellma 540-135-Q$Josed with a rubber stopper and degassed.
Ferrous Cyftc was prepared by injecting the degassedium ascorbate (60 pL, 5 mM final
concentration) directly into the cell. Nitrosygd complexes of both ferric and ferrous €yt
were prepared by injection after vacuumiaf100% NO (at 1.3 bar) ia the cell through the
stopper, vyielding 2.4 mM NO in solutio For steady-state non-resonance Raman
measurements, sample preparation procedure was the same, however the samples were placed
in a standard rectangular 1-cm quartz cathva magnetic stirrer for solution mixing. All

experiments were performed at room temperature.

Steady-state resonance Raman spectra

Resonance Raman spectra with continuougevexcitation (CW-RR) were recorded using
a He-Cd laser and the same Raman setup as foistlilie$® (see below). The excitation
wavelength of 441.6 nm has been chosen dpeliyf to closely match the probe beam
wavelength (435 nm) in TRexperiments. During the measurements, samples were contained
in a spinning cylindrical quartz cell whosetation speed was adjest to produce a thin
sample layer at the inner wA&lnd to assure the absenceoficeable photoinduced changes
in the spectra of nitrosylated complexese&ral resolution was estimated better than 5'cm

Steady-state non-resonance Raman spectra

CW Raman spectra in non-resonant conditions were measured using a specially
constructed NIR-Raman spectrom&tewith the 780-nm excitation provided by a cw
Ti:Sapphire laser (Spectrahysics, model 3900S) pumped by argon ion laser (Spectra
Physics, model 2017) working in all-lines mogeimp power 4 W). Samples were contained
in a spectrophotometric 1x1x4 tmuartz cell with a small magnetic stirrer for fast solution
mixing. Raman signal was collected in backscaitegeometry with respect to the excitation
beam using a 10x objective (Olympus MANA 0.25) and directed through a spectrometer
(Acton SpectraPro 2500i) int liquid-nitrogen cooled backiiminated NIR-sensitive CCD

detector (Princeton Instruments SPEC4@OBR/LN). Raman frequency calibration was



performed using toluene lines with an absolute accuracy of +2amm relative accuracy of

+1 cm'™. Spectral resolution was 5 ¢n

Time-resolved resonance Raman spectra

Time-resolved sub-picosecond Raman apparaas been described in detail elsewfere.
Briefly, it is based on a femtosecond Ti:Sapphire oscillator and a regenerative amplifier
(output beam parameters are: wavelength r@hQ pulse energy ~0.6 mJ, pulse duration 100
fs, repetition rate 1 kHz) and h@s7-ps temporal resolution and 25-¢rapectral resolution.
An optical parametric generator and two optical parametric amplifiers allowed to generate the
photodissociating pump pulse (560-570 nm; 2 uJ; ~100 fs), whose delay was controlled by a
translation stage, and the Raman probe pulse (435 nm; 25 nJ; 0.7 ps duratior;ectral
width). Both beams were collinearly overlagpley a dichroic mirror. Sample illumination
and signal detection was performed in 90° getwyn with excitation coming from the bottom
of the spinning cylindrical quartz cell. Thetdetion was performedith a liquid-nitrogen
cooled back-illuminated deep-depleted CCD (Princeton Instruments SPEC-10 100BR/LN) at
the output of a 1-m focal mgth spectrometer (Jobinvgn HR1000). Raman frequency
calibration was performed using knd Xe spectral lamps (Onielith an absolute accuracy
of +2 cm® and relative acaacy of +1 cri'. Raman intensity normalization was made using
the 980 cit line of ammonium sulfate added a reference to buffer solution.

The procedure for obtaining tipeire photoproduct spectra from raw *Tdata has already
been described in detail elsewh&te\ll Raman spectra presented in Fig 1-8 were corrected
on slowly changing background due to Raylesglattering and residual fluorescence using a

cubic spline interpolation in Igor Pro software.

Picosecond transient absorption

Ultrafast transient absorption (TA) measments were performed with the pump-probe
laser system previously describ@dThe photo-dissociation of NO was achieved by an
excitation pulse centered at 564 nm, in the maximum of theb@nd absorption, with
duration of ~40 fs and a repetition rate of 30 Hz. The broad-spectrum probe pulse was
generated from a #-cell continuum and was used toonitor the transient absorption
changes within the Soret-band in the raB@e—500 nm as a function of delay between pump
and probe pulses. The optical path lengtthefcell was 1 mm. The isgple was continuously
moved perpendicularly to the laser beam tedtemperature was 18 °C. Successive transient

spectra as a function of time were recoragth a cooled CCD dector (EGG Princeton



Applied Research), forming a time-wavelength data matrix. Analysis of the data was
performed by singular value decomposition (S¥5j of the time-wavelength matrix such
that all transient spectral components weretifled in the time window 0.5 ps-5 ns. Up to

40 scans were recorded and averaged with eélldimne of 1 s at each individual transient
spectrum. The SVD kinetic components assediatith SVD spectral coponents were fitted

to the sum of a minimum number of expoti@ncomponents. Alte@tively, kinetics were

also extracted at particular wavelengths from the raw data matrix.

Nanosecond to millisecond transient absorption

For this extended time-range we have used a home-built spectrophotometer comprising
two lasers which were electraaily synchronized and delay&tThe dissociating pulse of ~6
ns duration was provided by the second harm@®2 nm) of a Camuum Nd:YAG laser.
The probing pulses (6 msvHM) were provided by a tunable agal parametric oscillator
(Panther, Continuum) pumped by the third harraafia Nd:YAG laser (Brilliant, Quantel)
with a repetition rate of 10 Hz. The spectrometer was working in dual-channel mode, with
both reference and probe channels equiped eptital fibers for light illumination/collection
and diodes as detectors. Thenp#e cell compartments and light collection design allowed
recording signal variationsOD/OD as low as 1I0. The kinetics of differential absorption
changes were probed at particular wavelend#isorption bands maxima and isosbestic
points) by tuning the OPO. Up to twelve scansensveraged for each kinetics at a particular
wavelength. Time delay afterdtdissociating pulse was changed linearly from 1 to 30 ns; it
then was changed with a logarithmic progres&iom 30 ns to 1 s. The kinetics were globally
fitted by using the same time constants for all probe wavelengths.

Results and discussion

Equilibrium structures

Resonance Raman spectra of equilibrium Cyt ¢ speci€ke continuous wave
resonance Raman (CW-RR) spectra of Cyh doth ferrous and ferric redox states were
measured with excitation at 441.6 nm and thievagHis—Fe—Met) specsewere compared to
their respective nitrosylated forms (His-N®) (Fig. 1 and 2). The assignment of Raman

34
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bands was made according to Eual’™ and is given in Table 1. These spectra disclose

numerous bands which are séins to the coordination, oxidan and spin states of the



hemé* and some of them are also indicativé the heme non-planarity and structural
distortions®®

The CW-RR spectrum of native ferrous QyfFig. 1a) agrees well with published
spectra>**3® within the accuracy of absoluteavenumber calibration (+2 ¢ty and we
focus here on the changes indudsd NO binding (Fig. 1b). Fitsof all, for nitrosylated
ferrous Cytc we note the appearance of photoindusgectral changes caused even by very
weak CW excitation of a few hundred of micratte at 442 nm. Therefore the extreme care
has been taken in both using microwatt lagewers and subtracting the minor residual
photoinduced contribution of His—Fe(Il)-Met spexcirom the overall experimental spectrum,
in order to characterize the purigrosylated His—Fe(Il)-NO species.

For both native and nitrosylated ferrous €ythe prominent (Fe—His) stretching band
around 220 cit is not visible, since this mode istnesonantly enhancedr 6-coordinate
hemes with the Fe atom located in the heme Yldine low intensity (..s)stretching mode
has been detected at 351 Crfor the oxidized cytochrome P480and at 347 cnt for
chloroperoxidas@’ For the native ferrous Cyt (His—Fe(l)-Met) a sarp band centered at
345 cm* is present (Fig. 1a) while it transformsa®houlder for the nitrosylated (His—Fe(l1)—
NO) species (Fig. 1b). Normally this band is attributed to the porphyrimode. Its
disappearance or shifting upon NO binding may be partially related to the Fe-S bond
disruption; this assignment must however Merified in future isotopic substitution
experiment.

Next, the complex multiband contour within 350-430cdpes not change much its
shape upon Cwyt interaction with NO, within the accacy of our measurements. The most
prominent change in the low-frequency range éwsv is a substantial intensity increase of
out-of-plane (oop) symmetripyrrole folding mode »; at ~567 cit with respect to other
adjacent modes and to this mode in the spectrum of native ferroas Tyt band is known
to be a ruffling distortion marker fartype hemé? its intensity is refeed to the complex non-
planar heme distortions, with rufflj deformation being the dominant oié°due to specific
thioether linkages with Cys residues of tgoprotein structure. Hence, our Raman data
indicate that sustantial heme ruffling is pregarthe native protein, being further enhanced in
the nitrosylated ferrous Cyt Interestingly, the conformation of His—Fe(Il)-Met80 species is
partially determined by the distal link betwelee(ll) and the protein via the methionine, so
that the heme is expected to become tiBs®rted upon the replacement of Met80 by NO,
decoupling the heme from its distal constraint. However, thi®ighe case: our data reveal

the increase of ruffling distortiompon nitrosylation of ferrous Cyt



Heme ruffling is a pyrrole-ring torsion with respect to the g-bbnd axis. It changes
the electron density in molecular orbitals and modulatesi¢hee redox potential, as shown
for Cyt ¢*® and bacterial heme-sensétsn line with a direct measurement of the change of
redox potential of the heme upon NO bindfign ferrous Cytc the change of heme
distortion after NO binding is correlated withe ease of Fe—Met8ibnd breaking which is

facilitated by simultaneous binding of NO and anionic lipids such as carditliffin.
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Fig. 1. CW-RR spectra of mitochondrial horse heart ferrous €{traces a) and its nitrosylated
complex (traces b). Excitation wavelength 441.6 nm. Laser power was 2 mW for native Cyt
(accumulation time 5 min), and 50400 pW for nitrosylated complex (accumulation time 20 min).
Small photoinduced contribution of His—Fe(ll)-Met species in the spectrum of His-Fe(ll)-NO
complex has been removed by weighted subtraction. Asterisks denote the residual ascorbate
contribution. Assignments are given in Table 1.

In the high-frequency range (Figib), the prominent oxidation state angkléEiron
density marker band, experiences large frequency upshift from 1361 to 137% epon NO
binding indicating rather large change in eledtatistribution for a lav-spin six-coordinate
heme (His—F€—NO). The frequencies of other marker bdfds, 3 11 and 1o correspond
well to a small core size and low-spin statehe 6¢c heme iron, whatever the nature of the
distal ligand, Met80 or NO. We note, however, that the bagds;i, and 10 experience
variable upshifts upon Met80lO exchange (1491:1497 cm™, 1546 :1564 cnmi’, and
1621 :1631 cmi* respectively), while the band experiences small downshift (159590
cm™). A complicated interplay of electronic andustural perturbationsf the ferrous heme
upon NO binding could be a possible reason sach a contrasting behavior of high-

frequency Raman markers.



Table 1. Assignment and band frequencies (9nin Raman spectra of ferrous and ferric €yand
their nitrosylated complexes reded with excitation at 441.6 nm (data from Fig. 1

Mode Ferrous Ferrous Ferric Ferric
assignment Cytc Cytc—NO Cytc Cytc—NO
24 - - 230 238
9 265 269 268 268
51 305 306 303 (vw)
8 345 351 347 343- 349
50 356 (merged) 358 -
l(c-c-C) 379 380 380 378
/(c-C-S) 391-399 390 396 395
/(c-c-C) 412 411 412 416
22 444 445 444 444
33 (vw) (vw) 479 (vw)
12 520 520 522 519
” 568 567 566 553+ 567
48 641 640 653 642
20 666 667 (sh) 666
(C-S) 691 690 690 695
; 700 702 700 (merged)
11 722 725 711 (sh)
5 729 (bc) 729 (vw)
15 749 755 744 751
6 (vw) 800 798 800
4 - ™) 823 (vw)
10 835 833 837 -
19 - - 855 -
5 1117 1121 1124 1123
14 1132 1137 1129 1136
30 1172 1177 1168 1171
- 1177 (merged) 1178 1179
13 1229 1226 1232 1229
[(C-H) 1300 (vw) : 1302 1303
21+ [C-H) 1312 1317 1316 1317
4 1361 1375 1371 1376
29 (sh) (sh) 1410 (sh)
28 (vw) - 1466 (bc,vw)
3 1491 1497 1501 1505
11 1546 1564 1560 1566
2 1592 1590 1583 1587
10 1621 1631 1635 1638

vw: very weak band; sh: shouldéc: broad contour; (*): overlapped with ascorbate band.
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In the CW-RR spectrum of native ferric Cyt(Fig. 2a), the intense and sharp band
located at 347 cm, assigned tog, is also present but wealehafter NO binding (Fig. 2b),
again suggesting a possible contribution of tiags) stretching modé&>*° The triplet pattern
at 380 — 412 ci, assigned to dcc) and (c.c.s) deformations is not influenced by NO
binding. Remarkably, the oop rufling marker modeat 566 crmi' appears sharp and intense
for native ferric Cytc but becomes very weak upon bindiofgNO, in stark contrast to the
case of ferrous heme. The behavior gfimplies very strong non-ghar heme distortion in
native ferric Cytc, larger than in the native ferrous stan agreement with the heme ruffling
deduced from low vibrational modes (40 — 30079r7** Such a stronger heme distortion in
the native ferric form with respect to the ferrous one was also revealed in the is@hyCyt

their compared-ray structure?

Fig. 2. The same as in Fig. 1, but for ferric @ytLLaser power was 2 mW for all spectra, photoinduced
changes have not been observed. Accumulatioe twas 5 min in the high-frequency range and 10
min in the low-frequency range. Agsiments are given in Table 1.

Concerning the nitrosylated ferric Cyt c, the mogigat 479 cm', which corresponds to
in-plane pyrrole rotations, vanishes in firesence of NO, while many weak non-planar low-
frequency Raman modesyf, 12, 21, 20) are still discernible in Fig. 2b. These findings
suggest that the heme macrocycle in HigHGeNO configuration is much less distorted
although still not planar as compared to the \syorted native His—Fe(Ill)-Met80 structure.
The conclusion is further supported bynn bands transformation in 650 — 900 tregion
(Fig. 2). Indeed, we obsene down-shift of the band; from 700 to 695 cit after NO
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binding (becoming merged with the.sy mode from the thioether heme-protein bond at 690

cm™), which is also sensitive to heme distortf8furthermore, the binding of NO induces an
intensity increase of the bands (751 cm?) together with its upshift and the remarkable

disappearance of the triplet at 823 — 855 crassigned to the &£H out-of-plane modes;,
10and 19 in the spectrum of native ferric Cygt

In the high-frequency range, the marker bandxperiences a small upshift from 1371
to 1376 cm' upon NO binding (Fig. 2) agaiindicative of a low-spiréc-NO nature of the
ferric heme. This conclusion is further supported by the behavior of other marker bands,

3, 11and 1, all experiencing rather small reency upshifts upon NO replacing Met80.

Non-resonance Raman spectra of equilibrium Cyt ¢ speciesan attempt to probe the
effects of NO binding on the overall protein structure, we have also recorded the non-resonant
Raman spectra of native and nitrosylated €with near-infrared excitation at 780 nm (Fig. 3
and 4; Table 2).

We first note that many heme modes dwate the spectra despite the non-resonant
excitation conditions, which therefore can better characterized as "pre-resonant”. Non-
totally symmetric By modes (10— 15) are predominantly enhanced, while totally symmetric
A1y modes are generally absent, with the exoeptf the mode , which is however rather
weak. The positions and shifts of the porphyrin Raman bands observed with resonance
excitation (Fig. 1 and 2) areell reproduced in non-resant conditions, for both Cgtredox
states. Most conspicuously, the modes(1621 — 1638 cil), 11 (1546 — 1566 cil), and

15 (744 — 756 cil) behave exactly as in resonannditions. Concerning the heme ruffling
distortion, the intensitghanges of the oop marker in 565 — 568 cit range, occurring in
opposite directions for ferrous and ferric heme seffrig. 1 and 2), amso detected with a
780-nm excitation (Fig. 3 and 4), confirmingethdifference in structural impact of NO
binding to the heme iron.

Several characteristic Ram#éands of the protein stiwre are observed. The doublet
822/828-851 cntt (Fig 3 and 4) is assigned the four Tyr side-chaifi§*® being hidden in
resonance conditions. Indeed, in the RR spectrum of ferric,Glie triplet at 823—837-855
cmtdue to 4, 10and 19, close to the Tyr bands, vanishes after NO binding and is absent in
the resonant spectra of its ferrous form independently of NO (Fig 1 and 2). Contrastingly, the
823-850 crt doublet from Tyr is present in non-oemnce Raman spectra of both native and
nitrosylated Cyt, in both redox states without any change, indicating that nitrosylation does
not perturb neither the environment thfe Tyr phenol, nor # hydrophilic/hydrophobic
character of interactions in which Tyr are involV&&’ In both oxidation sttes there is no
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change for the Phe (1003 € the protein bendingc.n2) (1447 cm?) and the Amide |
(1656 cm®) bands assigned to helical structure withotgheet. In the ferric state, the
intensity of tle band at 1284 cthdue to mode (C:H). 4 increases after NO binding, showing
some localized conformational changes of tlie-®hains. The frequency of Amide | in our
steady-state Raman data very well matchesnieatsured by transient IR spectroscopy which

revealed a slight increase of iisensity upon NO dissociation but no shfft.

Fig. 3. CW non-resonance Raman spectra with etioitaat 780 nm of mitochondrial horse heart
ferrous Cyt (trace a) and its nitrosylated complex (trace b). Laser power 100 mW, total accumulation
time 20 min for native Cyt and 50 min for its nitrosylated coheg. Photoinduced changes were not
observed. Water buffer contribution is saloted. Assignments are given in Table 2.

Fig. 4. The same as in Fig. 3, but for ferric @ytLaser power 100 mW, total accumulation time 15
min for both spectra. Water buffer contributiorsisotracted. Assignments are given in Table 2.
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Overall, the non-resonance Raman spedivanot provide evience of substantial
changes of the secondary or tertiary apopmnostructure induced by heme nitrosylation in
both oxidation states, while some rather weak changes localized to the heme and heme pocket
have been observed. In the atxseof NO, the native ferricnd ferrous forms also differ only
by the changes localized in the heme andpitsket, in agreement with the compared

structures in both dox states of hors&tuna>! and yeasf Cytc.

Table 2. Assignment and band frequencies {Yrin Raman spectra of ferrous and ferric €gind
their nitrosylated complexesaorded with excitation at 780 nm (data from Fig 3, 4 and 6).

Mode Ferrous Ferrous Ferric Ferric
assignment Cytc Cytc—-NO Cytc Cytc—-NO
21 568 565 (bC) 568 -

Tyr+ 4 642 643 641 643
(Té‘:’gﬂe; (bc) (be) 701 (bc) 690 (bc)

15 750 756 744 751

6 (vw) 800 798 (sh)

Tyr 828 827 823 822

Tyr 851 851 851 851

46 937 (bc) 928 (bc) 932 (bc) 937 (bc)
B"’(‘gkfg;‘e 968 973 (bc) 973 973

Phe 1003 1003 1003 1003
sym(NOs) - 1048 - 1048

5 1118 - - -

14 1131 1125 (bc) 1128 1125 (bc)
Tyr+ 30 1172 1175 1169 1173
Phe + Tyr 1206 (vw, sh) 1206 1208

13 1229 1229 1233 1229

/(CaH), 4 - (vw, bc) - 1284
/(CaH), 4 1316 1319 1316 1319 (bc)

12 1362 1368 1368 1368
/(cF:)LZ,ti‘Tg) 1448 1448 1448 1448

11 1546 1564 1560 1566

2 1592 1591 1583 1587

37 (sh) 1600 (sh) 1600

10 1621 1631 1635 1638
Amide | 1657 1657 1656 1656

vw: very weak band; sh: ehlder; bc: broad contour.
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Electronic and structural similarities and differencedetween redox states of
nitrosylated Cyt cComparison of the porphyrin marker bands in the high frequency range for
nitrosylated Cyt (Fig. 5 right panel and Fig. 6) illustes the consequences of NO binding as
a function of the redox state. Several fastorfluence the intenseés and the frequency
positions of these markers: porphyrin core size, Fe spin state, Fe coordination state, heme
structure distortions, andelectron density distribution. Renkably, the frequencies of the
modes 4 and 1; are very close for both redox states of nitrosylatedcCwithile the mode ;
and especially the modes and 1o exhibit frequency differeses beyond the accuracy of
measurements (3 ' " 8 cm?Y). These frequency differences are however much less
pronounced than in the case oé thvo redox states of native Gy(' " 14 cm™) (Table 1,
columns 2 and 4). Such a behavior, esplrcial the electron dasity marker mode 4,
indicates similar @lectron configurations of the paryrin macrocycle for the heme—NO

complex in both redox states.

Fig. 5. Comparison of CW-RR spectra in characteristic frequency ranges of ferrous (b, red curves)
versus ferric (a, green curves) forms of nitrosylated Cwiith excitation at 442 nm. The spectra were
normalized and arbitrary shifted along the Ranraensity axis for visual convenience of bands
comparison. Bands assignmensii®wn on top of both panels.

The frequency of the mode, is also the same for Fe(ll)-NO and Fe(Il)-NO in
myoglobirr?>* (Mb) and horse radish peroxydasgHRP) and close to thaf native proteins
with ferric heme. We may conclude that tl@&lectron density othe porphyrin core is
generally similar for ferric and feous nitrosylated hemes, bdbh andc-types. However for
Cyt c the pattern of modess — 1 retains its relative intensity ratios, contrary to Mb and
HRP?>? pointing out a much closer electronic configuration for thersmx states of Cyt.
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The shift of 4 frequency of the Fe(ll)-NO Cyt species (1375 ctf) toward the value
characteristic for Fe(lll) is explained by the irogetectron withdrawal from the porphyri@E
orbitals® mimicking the Fe(lll) d-electron configuration, in the process of competitive
bonding with NO Eorbitals (so-called@ackbondingf*>° At the same time, th&bonding
between E orbital of NO and ¢ orbital of low-spin Fe(ll) which is orthogonal to the
macrocycle plane, doe®t perturb the porphyrir@lectronic system and consequently does
not change the, frequency. The exact electrorgbarge distribution for Fe(ll)-N®@ersus
Fe(ll)-NO bonds in Cyt cannot be infered from our datdowever, the direct measurement
of the (NO) stretching frequency (1922 tifor nitrosylated ferric M revealed slightly
electron deficient NO ligand resultj in a resonant species Fef@ and not the NO
anion’’ The true electronic configuration hasisequences on NO dissatibn: as noted by
Hunt and Lehnert’ there could be an apparentntmdiction between the very high
dissociation energy baer (~30 kcal-mot')>® and the fast rate of NO dissociatidg] which
is larger than that for the ferrous species. Hmwgein ferric heme iwdel the resonant species
Fe(Il)-NO" was shown to cross (within ~0.2 A tife Fe—NO elongation) the two potential
energy surfaces of the LS and HS Fe(INP-states, the latter ofeing dissociative®

Fig. 6. Comparison of CW Raman spectra of ferrdusd curve) versus ferric (green curve) of
nitrosylated Cytc, with non-resonance excitation at 780.nfme spectra weraormalized for the
convenience of bands comparison.

Another remarkable feature is the prominehange in the heme structure induced by
NO binding, namely the drastic intensitjecrease of the ruffling marker b&hd »

(symmetric pyrroles folding, 565-567 cht* which almost vanishes for ferric Cgtwhile
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being strongly enhanced for the ferrous forng(M, left panel, and Fidg). The intensity of
this band is directly proportional to thegree of ruffling distortion of the herfiéNoticeably,
this band disappears for the membrane-boundcCitaving more planar heme structtite,
suggesting a role in electron transfer for tosmformational feature. This is exemplified by
the peroxydase #uity of Cyt c in the presence of anionic s correlated with the breaking
of the Fe(l)-Met80 bond, in ¢habsence or presence of NOThe conclusion that the
nitrosylated ferrous Cyt possesses much more ruffled stame than its ferric analogue is
corroborated by the frequency downshifts of the marker bagndsd ;0 which are also
sensitive to ruffling distortiod?

Importantly, several other oop Raman bands, namgly(anti-symmetric pyrroles
folding, 666 — 667 cim)®* and 2, (pyrroles swivel, 444 — 445 ¢i** remain the same for
both redox states (Fig. 5, left &) suggesting that the hemsacrocycle distortions other
than ruffling are still preserffior the nitrosylated ferric Cyd. On the other hand, the relaxation
of heme distortion induced by NO binding to the ferric @ytis sustained by the
disappearance of the oop, 10, 10 (823 — 855 crif) modes, a behavior not observed for
nitrosylated ferrous Cyt. We thus infer a decrease of the heme ruffling distottiand a
more relaxed heme conformation upon NO binding to ferricdCy contrast with ferrous
Cyt ¢, which exhibits very strongon-planar ruffled heme distortion, in spite of simild
electron density distribution fdboth redox states. We conclutleat the heme macrocycle
ruffling distortion evolves in opposite ways in ferric and ferrous@ypon binding of NO to
the heme iron at the distal location, replgcMet80, but these conformational changes are
not driven by the Met80 detachment.

Ultrafast structural changes

TR® spectra of nitrosylated ferrous Cyt @he TR study of vibrational relaxation of
native horse heart Cygtin both oxidations statdsave already reportéd Structural dynamics
of nitrosylated ferrous Cyt has also been reported witle emphasis on retardation of the
iron motion following NO geminateebinding, via the picosecondtensity evolution of Fe-
His Raman stretching bafiiHere we report an extended ¥éata set for nitrosylated Cygt
with the main focus on ultrafast heme struatwhanges after the ent of NO dissociation.

TR® spectra of nitrosylated ferrous Qyin the first 25 ps after NO photo-detachment
are presented in Fig. 7 andetltorresponding bands assignmeniiven in Table 3. We
emphasize that the transient difference Ramattsp at positive time delays represent the
pure photo-product species since the cbaotion of the non-excited molecules was
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subtracted, as already describ&@hese spectra disclose broader bands compared to CW-RR

spectra due to the lower spectral resolution (25)caf the 0.7-ps probing pulse.

Fig. 7. TR® Raman spectra of nitrosylated ferrous €yat different time delays between pump and
probe pulses. Traces &t = —5 ps correspond to measured spectra; traces at positive time delays are
difference spectra representing the photoindudezhsient species. The position of several
characteristic Raman bands is outlined by vertieshed lines. The assignments are given in Table 3.

In the high frequency range thgband appears shifted at time delé&y= +2 ps, from
1373 to 1354 cit, which is not its position for theative His—Fe(ll)-Met 6-coordinate
species (1361 crh Fig. 1a) but corresponds to thatafsc-HS transient species after NO
dissociation. The subsequeupshift of the mode, to 1364 cm' at +10 ps is due to heme
vibrational and structural relaxatiofisThe mode 3, very sensitive to the heme out-of-plane
distortions, is located at 1497 €hin the ground state His—Fe({NO (-5 ps) and experiences
an immediate downshift to 1462 tha value corresponding to a 5c-HS ferrous heme, as
observed after the dissociation of NO from myogl8band hemoglobitt whereas it appears
at 1491 cnt for the native 6¢-LS His—Fe(I)-Met80 (Fig. 1a). Similar frequency downshifts
of the mode 5 were also observed for other 5¢c-HS species like microperoXidase
fragment of ferrous Cyt.®? Similarly, the mode , at 1590 cm shifts to 1578 cit and
simultaneously decreases in imséty as observed for myoglobifi.Lastly, the band 1, at

1631 cm® disappears, in agreement with the high spin nature of the heme after NO
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dissociation. Thus, the photaualuct spectra in Figl correspond to theansient 5¢c-HS His—
Fe(ll) Cytc and their overall decrease in intensitthwime is due to the reformation of the
ground-state 6c¢c-LS species His—Fe(ll)-NQpinoseconds, through NO geminate rebinding,
and not Met80 rebinding, for the major p&t98%, see below) of the photo-dissociated
molecules.

In the low frequency range, the spectral evolution of the ferrous §hydws remarkable
features (Fig. 7A). The appearance of tllee—His) stretching mode at 234 ¢mwhich is
resonantly enhanced onllgr a non-planar ferrous hefi&®and appears transiently in Qyt
reveals the heme doming induced by NO dissoci&fidie ruffling marker », at 567 crnt
vanishes immediately after N@issociation, indicating a relatkan of ruffling distortion in
the transient His-Fe(ll). The in-plane modedownshifts from 345 to 335 ¢t which is not
its frequency neither for His—Fe(ll)-Met (fila) nor for His—Fe(Il)-NO (Fig. 1b) species.
The modes/c.c.cyand /c.c.s) within the pattern at 360—420 chand more notably the out-
of-plane pyrrols swivel mode 2, at 446 crit change their relative intensities with the laps of
time from 1.5 to 25 ps. All together, thespectral changes reflect complicated heme

macrocycle structural rearrangement after NO dissociation.

Table 3. Assignment and bands frequencies @1im TR® spectra
of nitrosylated ferrous Cyt, presented in Fig 7 and 8.

Ferrous Ferrous
Mode Cytc—-NO Cytc (b)
assignment
Ground statd Photoproduct Photoproduc
at2 ps at 2 ps
(Fe—His) - 234 216
8 345 335 333
50 (merged) | (merged) | (merged)
/([C-C-C) 370 374
372
Kc-C-s) 400 _
[(C-C-C) 412 414 411
22 450 446 (bc) _
21 567 (vw) _
CS)+ 7 694 688 685
15 750 751 (bc) | 764 (bc)
4 1373 1354 1345
3 1497 1462 1454
2 1591 1578 1571
10 1631 - _

(a) vw: very weak band; skhoulder; bc: broad contour.
(b) from Ref. 31 and 64.
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In the case of ferric nitrosylated Cgt the 5-coordinate spexs produced after NO
photodissociation exhibits a Soret transiabhsorption maximum around 390 — 400 nm (see
TA data below) and cannot be efficiently probed by’ Wiikh excitation at 435 nm. Indeed,
the resulting transient Ramaresgrum (data not showi dominated by Varationally excited
6-coordinated nitrosylated ferric Cyt, while the contribution from the five-coordinate
species is impossible to separate due to ¢tdecksonance enhancement. The photodissociation
of NO from the ferric hemeras nevertheless confirmeddaprobed by TA (see below).

Ultrafast dynamics of 5-coordinateheme structure after NO dissociation. The
transient 5¢c-HS species can be produbgdphotodissociation oéither NO or Met8G*
First we note one important similarity betweenithrespective transient spectra (Fig. 8): the
disappearance of the ruffling marker band at 567 cm’. This is an evidence of the
immediate structural rearrangement of thetb& species following the detachment of the
sixth distal ligand, which iglominated by the heme domingdaresults in suppression of
ruffling distortion for both NO ad Met80, the heme being decoupfeaim distal constraints,
but not from cysteine linkwith apoprotein structure.

We discuss now the following interestiagd unexpected finding concerning transient
5c ferrous Cyt species. Despite the general similarity of BRectra at(t = +2 ps, several
porphyrin marker band frequdas, together with the(Fe—His) band posiih and intensity of
the 5¢-HS His-Fe(ll) species after NO photodissitien differ substantially from those of the
same 5c-HS species but produced after Met80 photodissotid&mn 8, Table 3).

Fig. 8. Comparison of TRdifference spectra at time delay= 2 ps between pump and probe pulses,
for transient five-coordinate species obtained &f@rphoto-detachment from nitrosylated ferrous Cyt
c (red curves), and Met80 photo-dehment from native ferrous Cg{blue curves, from Ref. 31).
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Since at a few picosecond time delay the heme structure is not fully relaxed yet, we infer
the following origins of the observed phenaomg. The initial equilibrium heme structures,
nitrosylated His—Fe(ll)-NQversus native His—Fe(ll)-Met80, are subject to different non-
planar distortions, theitrosylated heme being more raffl one (Fig. 1). Consequently, the
non-equilibrium transient species produced idrately after the distal ligand detachment
must also start from and evolve intoffeient conformations. Moreover, the nearest
environment in the heme pocket is also differlemtthese two distdigands. Thus, spectral
differences are expected for Ramaands sensitive to oop hem@crocycle distortions in the
range 300 — 650 cth Time evolution (Fig. 7A) of the mode;, at ~446 crit, present only
for the nitrosylated Cyt, is especially revealing, as it directly demonstrates the macrocycle
structural rearrangement with time for 5C-H8me. Supporting the equilibrium data, these
transient spectra prove that the 6-coordisgiecies His—Fe(I1)-NOnal His—Fe(ll)-Met80 do
not possess similar heme conformation.

It is known that the frequency of iron-histidine stretqlfre—His) decreases upon
increase of the iron oop displacemé&hitience, a large difference iFe—His), which is 234
cmt after NO dissociation and 216 chafter Met80 dissociation (Fig. 8), reveals that the
central iron is displaced much further awagnfr the heme plane towards proximal histidine
in the case of methionine detachment. Sitiee total excitation energy is provided by the
same photodissociative ~100-fs pulse at 565 niwoih cases, the effect may originate from
the difference in energy required to break thstal Fe—Met80 bond as compared to Fe—NO
bond. From the proximal side, thé~e—His) position may also be influenced by the initial Fe-
His bond strength of the edjbrium 6C-LS heme. Large(Fe—His) upshift of 18 cm is
indicative of a weaker Fe-His boridr nitrosylated ferrous Cyt as compared to the native
protein.

An analogous effect was reported for soluble guanylate cyclase and its iselatde
domain, which exhibit (Fe—His) at 204 and 213 chrespectively, immediately after CO
photodissociatiofi’ the latter structure of, heme domain being less constrairfted.

In the high-frequency range (Fig. 8, rigbdéinel), all Raman markers for the 5C-HS
species of native protein dit = 2 ps are systematically downshifted with respect to the
nitrosylated complex, a behavidue to structural differences the initial equilibrium 6C

structures (Fig. 1).

Heme coordination dynamicsafter NO dissociation.
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We studied the complete picture of heswordination dynamicsfter the triggering
event of NO photodissociation, from picosecdodecond by time-resolved absorption. The
structural events which occur in the picosed to nanosecond time range differ from those
occurring in the microsecond to second time range, we will describe successively the heme
dynamics in these two time ranges, as they wecerded with two different TA techniques,
for both redox states of nitrosylated @yt

Ultrafast heme coordination dynamsgcin the picosecond time rang€&errous Cyt c—

NO. The binding of NO to ferrous Cygtinduces only a small shift (-3.5 nm) of the Soret
maximum (Fig. 9A). The event of NO photodissociation is identifiedhgyintense Soret-
band bleaching which apprs immediately at 412 nm accompanied by two induced
absorption bands on each side (Fig. 9B). Trepmetral features decrease rapidly within the
500-ps time range. Theme x wavelengthmatrix of induced absorptions (containing all
transient spectra) was analyzed by singmalue decomposition (SVD) yielding a main
spectral transient component which is conspistodifferent from the equilibrium difference
between the spectra of native and nitrosylateddQyaig. 9C). The induced absorption band
centered at 432 nm is charactecistf a ferrous five-coordinate heme and the induced band at
375 nm corresponds to the change of thmnd. Consequently, the dease of this transient
spectrum with time is due to geminate rebindafgohotodissociated NO, with the kinetics
being fitted by a multiexponential functidifrig. 9D). The fast initial phase2( = 2.5 ps)
corresponds to the relai@n of vibrational exded states of the herteand will not be further
discussed. The geminate rebinding of NO to the 5c-His heme occurs in two phases having
well separated time constantdi(= 9.2 ps ands2= 55 ps) and contrasted relative amplitudes
(A1 = 92.7% andA; = 5.7%). The time constant of Ng@eminate rebinding measured by IR
transient spectroscopy(7 ps) appears slightly faster than our valg similarly to what is
observed in the case of myogloBirf° The difference between the time constants from IR and
TA experiments is explained by delay between the Fe—NO interaction (probed by the NO
stretch) and the subsequent stabilizatiomhef electronic orbitalsf the heme following NO
binding (probed by transient absorptiGh).

Importantly, fitting over the entire 0.5-time range yielded a constant compondat<
1.5%) which reveals the proportion of NO exitingm the heme pocket and the protein core.
After 0.5 ns the induced absorption spectrugegs the same shape and no other process is
detected up to 5 ns. (previou§fya shorter recorded time randiel not allow to observe the

55-ps component with small amplitude).
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Fig. 9. (A) Equilibrium spectra of ferrous Cyt with and without NO. (B) Differential transient
spectra of ferrous Cyt at various time delays after photssibciation of NO. (C) The main SVD
spectral component globally extracted from all siant spectra is comparetith the steady-state
difference. The coordination states of the heme are indicated. (D) Fitted kinetics of the SVD spectral
component with the position of time-constants displayed on a log scale.

Ferric Cyt c—NO The Soret-band maximum of native ferric €\#08.5 nm) is characteristic
of 6-coordinate ferric hemes and shiftg46.5 nm upon the binding of NO (Fig. 10A) to give
a 6¢-NO heme. The photodissociation of NOidentified by the intense istantaneous
bleaching at 416 nm, accompanied by a broaliced absorption band centered at 385 nm
(Fig. 10B) characteristic oé ferric 5-coordinate hent&.0n the other side, only a largely
spread absorption with very low intensappeared, in contrast to ferrous CyfThetime x
wavelengthmatrix of induced absorptions anadg by SVD yielded a main spectral SVD
transient component which is conspicuouslifferent from the equilibrium difference

spectrum (Fig. 10C).
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Fig. 10. (A) Equilibrium spectra of ferric Cytwith and without NO. (B) Differential transient spectra

of ferric Cyt c at various time delays after photodissociation of NO. (C) The main SVD spectral
component extracted from transient data igngared with the steady-state difference. The
coordination states of the heme are indicated. (D) Fitted kinetics associated with the SVD spectral
component. The position of time-constants are displayed on a log scale.

The kinetics of main spectral SVD roponent (Fig. 10D), due to geminate NO
rebinding, were fitted with a multiexponéidtfunction. The fast initial phasec( 2 5.5 ps)
corresponds to the vibratidnelaxation of the hem&. The geminate rebinding of NO to the
5c¢c-His ferric heme occurs in two plegshaving well separated time constangs €2.0.3 ps
and 2, = 54 ps) the first one having a relative amplitude £A88%) 10-fold larger than the
second one (A= 8.5%). Fitting the kinetics over tlamtire 500-ps range yielded a constant
component (& = 3.5%) corresponding to the proportiof NO exiting from the heme pocket
and the protein core. Whengtred by IR transient absorpti®hthe NO geminate rebinding
was fitted with a stretclieexponential function [exp(t/7 ps§] which should include the

second component that we measured.

24



Subsequent heme coordination dynamics in the nanosecond to second time.range
The yield of photodissociated N@olecules that do not geminbteebind to the heme and
are going out of the heme pocket was fountbdovery low: 1.5% for ferrous and 3.5% for
ferric Cytc. Therefore, studying the subsequent slostages of heme coordination dynamics
requires a different approach. remately, it is possible tincrease the proportion of NO
molecules exiting from the heme pocket and tiousnhance the TA signal at nanosecond and
longer time delays by using a 6-ns purpplse, which induces many cycles of NO
photodissociation followed by geminate rebmgli hence increasing thygeld of NO release
per pulse.

Ferrous Cyt c—NOThe subsequent slower dynamics of heme coordination in ferrous
Cyt c after NO photodissociation was probed at five particular wavelengths (Fig. 11) and the
transitions were identified by global analysis of the simeltaus evolution of the induced
absorption and bleaching at the five wavelengths. First we note that the kinetics at 411 and
415 nm should start with a bleaching signal, according to the transient spectrum measured at
0.5 ns (Fig. 9). However all five kinetics start with a sharpesess of the transient absorption
with two successive time constangs= 6 ns and2 = 0.5 us that can neither be assigned to
Met80 nor to NO geminate rebinding becausthefdecrease of positive amplitude at 411 and
415 nm instead of an increase from bleachig therefore interpret this signal as a
photoreaction of the 5Elis-Fe(ll) heme repeatedly exaitdy the intense 6-ns dissociating
pulse with a possible charge tragrsivith relaxation time constans= 6 ns and,2 0.5 pus.

This hypothesis originates from the absencsuwh phenomenon in the case of ferric €yt
(see below). Thus, for ferrous Cgitthe heme coordination dunamics was analyzed starting
from ~1 ps after NO photo-dissociation.

Two transitions present the same evolufieiy. 11): an absorbance increase at 411, 415
and 418 nm (formation of the 6¢ His-keMet80) with a simultaneous absorbance decrease
at 425 — 430 nm (disapprance of the 5c—His—£® This behavior ighe signature of the
Met80 rebinding which thusccurs with two phases with time constang&= 5 us and 42=
200 ps. Indeed, these transitions cannot bébated to NO rebinding which would instead
lead to a decrease at 415 and 418 nm, as\@abéor the slow 5-s transition, unambiguously
assigned to NO bimolecular rebinding frone tholution. The amplitude is veryy low at 430
nm, this wavelength being very close to thesksestic point for Me® rebinding. The two
constants suggest the presencénaf conformations for the Serrous state having different

energy barriers for Met80 recombination.
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After the Met80 rebinding, the observed ditapde of NO bimolecular rebinding is low
due to the very close Soret maxima of mat(411l nm) and nitrosylated (415 nm) forms,
yielding a very small absorptiodifference. It occurs with &#ime constant of 5 s in the
presence of [NO] = 2.4 mM, yieldingn association rate constapt = 83 M*-s™. This slow
association rate is due to the need for MeatB@issociate before NO can approach the heme
iron in the distal pocket and ghains the accumulation of some dissociated ferrous species

during the steady-state Raman measurement, even at low power.
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Fig. 11. Kinetics of the heme coordination in ferrous €gfter photodissociation of NO recorded at
five particular wavelengths fromris to 5 s with concentration [NO] = 2.4 mM. For the choice of the
wavelegnths, see the differential spectrum at equilibrin Fig. 8A. The kinetics are not normalized
and the amplitude represents the differential albsorpThe curves are fits to a function of five
exponential components whose time constants areaitedi by the red vertical lines. The transitipn 2
is not observed at 411 nm, whereas the transi@ewithin the noise at 430 nm

Ferric Cyt c—NO The TA kinetics after NO photodissation from ferric nitrosylated
Cyt c was similarly recorded at eight particuleavelengths (Fig. 12). The Met80 rebinding is
identified by an absorbance decrease at 39&vhioh corresponds to the disappearance of 5¢
His—F€* (Fig. 12A), accompanied by an absorptinorease at 406 — 408 nm, wavelengths
close to the maximum of ¢hSoret band of 6¢ His—EeMet80 species (Fig. 12B). There are
two such transitions, occurring with successive time constartl0 ns and, 2 3.3 ps, the
latter one having a larger amplite. The rebinding of the distisllet80 with two different time
constants again suggests the existence otitfferent configurations of the ferric Cygt

The bimolecular NO rebinding correspontis a simultaneous decrease of the
differential amplitude, absorption or bleachingalitwavelengths. It iseadily identified by
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changing the NO concentration by a factor of 10, which shifted the observed transition by one
decade, from 0.23 ms to 2.2 ms, for respetyi2.4 mM and 0.24 mM of NO (Fig. 12C and

D). This yields an association rate constigt= 1.8 x 16 M™s™. A second transition
occurred at,2 88 ms ([NO] = 2.4 mM)rad ~300 ms ([NO] = 0.24 mM) with similar spectral
signature, which is thus also assigrtedbimolecular rebinding (the transition dbes not
appear shifted by a decade probably becauisine loosely defined baseline after 0.3 s).
Again, the presence of two transitions, baisigned to bimolecular rebinding, suggests the
existence of two different conformations of ferric Cyta hypothesis suppodédy the fact

that after the first NO rebindingg) the differential amplitude kinetics at 407—-408 nm became
positive (at ~0.5 ms) implying that the two conformations of ferricdyo not have exactly

the same Soret maximum. No transitions othan Met80 and NO rebinding were identified.
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Fig. 12.Kinetics of the heme coordination in ferric Qyafter photodissociation of NO recorded from
1 ns to 1 s at two different NO concentratiofs) Kinetics at eight particular wavelengths, not
normalized, for [NO] = 2.4 mM. (B) The kinetics at wedengths close to the isobestic point of Met80
rebinding (see Fig. 7) are enlarged for [NO] = &Ml. (C) Kinetics at six particular wavelengths for
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[NO] = 0.24 mM. (D) Enlarged kinetics close taetisobestic point of M80 rebinding for [NO] =
0.24 mM. The curves are fits of the data points to a function comprising four exponential components
whose time constants are indicated by the red vertical lines.

These observations imply that thieterconversion between both ferric Cyt
conformations must be slower. We cannotiuie the interconversion rate from our data.
However, since the association r&gis strongly influenced, the conformations at the heme
level should be markedly different betweenhbpbpulations, consistentith a rather high
energy barrier which should favor a slow interconversion.

Dynamics of NO rebinding The main component of NO geminate rebinding to both
ferrous and ferric Cyt is very fast (9.2 and 10.3 ps) with large amplitude. It is the faster
rebinding measured among 5c-Hieme proteins (Tables 4 S1) being however slightly
slower than that observed for NO rebinding to the 4-coordinate heme proteins (7.5 ps) whose
bond between iron and the proxintik is cleaved after NO ligatidti.’®>"*In the latter case,
the very fast NO back ligation is due to thghreactivity of the 4c-heme whereas for 5¢c-His
Cyt c the very fast NO rebinding is due to steric factors which increase the energy barrier
preventing the exit of NO from the heme pocketst probably due to the distal methionine
which did not yet rebind to the iron after MS. Although the geminate yield is as large as
that measured for 4c-hemes (98.5%) it differentiates from these proteins by the presence of
two geminate components, as observed for myogidkind for the L16A mutant of the
bacterial NO-carrier cytochrone from Alcaligenes xylosoxidars In both redox states NO
geminate rebinding occurs with a second phase having same time constant (55 ps) and a small
proportion of NO exiting the heme pockétq — 3.5%). Thus the second compongatdoes
not depend on the redox statdled heme and we assign it tp@tein structural feature.

Since the transitiorg depends upon [NO] we calculatégh = 1.8 x 16 M™s™ for
ferric Cytc—NO formation, based on 20.23 ms in the preseno&2.4 mM NO (at 20 °C).

This is much larger than the estimated value (7.2%M®s™) from an early flash-photolysis
study* which assigned the transition at 0.2 ms &ractural rearrangemersther than to NO
bimolecular rebinding? The ferric Cytc—NO association rate thus appears of the same order
of magnitude as other ferric heme proté&imd especially is the same as in ferric nitrophorin
but ten times faster than in ferric Mb. In the presence of cardiolipin bound to the ferdc Cyt
two bimolecular rebinding components were obsef¢ashe yielding exactly the same,k
(1.8 x 16 M™s™ as we measured (the otheomponent yielded 0.55 x A017™"sY). This
suggests that one of these spemédbe presence of cardiolipkeeps the native conformation

of ferric Cyt c
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Table 4. Time constants and amplitudes of the $iaons in the time range 1 ps — 5 s.

- Ferric Cyt c Ferric Cyt c Ferrous Cyt c
LI 2.4 mM NO 0.24 mM NO 2.4 mM NO
- 21 10.3+ 0.5 ps (88)| 9.2+ 0.5 ps (92.7)
NO geminate
reginding 2, - 54+7ps(85) | 55¢%8ps(5.7)
constant (3.5) (1.5)
Met80 A 40 * 20 ns (30) 55 + 20 ns (40) 5+ 1 ps (70)

rebinding 2 | 33+£05ps(70) | 3.220.7 us (60) | 200 + 100 ps (30)
2 |023+0.02ms (95 2.2+0.1ms(85) -
NO

bimolecular | 2 88+20ms(5) | 300250 ms (15) 5+1s

rebinding Kon 1.8 x 16 1.8 x 16
(b) M s M~s™
(a) Relative amplitudes (%) of the components. The vibrational relaxation is not included, only the
heme coordination changes.

(b) For the ferric formk,, corresponds to the major transiti@ but to the unique2measured for the
ferrous form.

83 Mts?

The fasterk,, for ferric compared to ferrous Cygtoriginates from the low energy of
thermal breaking of the Fe—Met bomdhich is already broken at 59 “€(but this bond
cannot be photolyzed ithe ferric staté* and the cleavage occurrs through a different
process). Contrastingly, the Fe—Met in ferrous €yiond is stable even at 80 ‘Cand
should break only transiently atryeslow rate so that it deeases the NO association riaje
as low as 83 M-s™,

Comparison with other Heme Protein$he interaction of NO and other diatomics with
various heme proteins sensavhich are 5-coordinated in na¢istate has been rationalized
using a "sliding scale rulé® The behavior of Cyt (which does not bind CO and)appears
clearly determined by its"6heme ligand Met80 and cannotdescribed by thisule, likewise
the sensor Dos which discloses simjldow association rates (1.1 — 2.6 x*107’s%)"° and
does not discriminate the three diatomics N@aad CO.

Dynamics of methionine rebindingThe cleavage of the Fe—Met80 bond plays a role in
processes such as the cardiolipin-@yinteractiori* and Cyt crelease from mitochondria
during apoptosi&’ Here, we identified and separatiag Met80 and NO rebinding based on
their spectral signatures. The kinetics in thas — 1 s time range demonstrate that for both
ferric and ferrous nitrosylated Cgthe distal ligand Met80 recombines much slower than NO
geminate rebinding, but much faster than Ri@holecular rebinding. Two distinct rates of
Met80 recombination are observed (Tablerdyealing two conformations: the major (70%)

conformation has same rate both oxidation states (3.3 — 5 ps), whereas the minor
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conformations (30%), have very different a{@d0 — 55 ns and 200 ps for ferric and ferrous
forms) but there is no possibility to infer thetructural particularitie and the features which
determine the corresponding enelmrriers. Remarkably, the same rate as that for the major
conformation (0.2 — 0.3 x £&™) was measured for Met80 rekiing during the folding of
ferrous Cytc induced either by photodissiation of CO (0.5 x 10s%)® or by reduction of

the ferric form (0.4 x 10s7).82% The fact that the Met80 rebinding occurs with same time
constant during folding process or after NO exjtthe heme pocket suggests that the protein
structure, not the redox state, governs the dynamics of Met80 and its encounter with the heme
iron. In this sensethe reformation of the distal e coordination Fe—Met80 in Cgt(3 — 5

us) plays a totally different role than reformation of the pr@tifre—His bond in the bacterial
cytochromec' (100 ps), which acts as a ligand tf3fhe rate of Fe—Met bond reformation is
faster than that in the.&ensor DOS which occurs with a 100-ps time constanit which

is accompanied by a conformatal change of the whole protein structure, but in Cifte
structural change is limited to the heme packée major part of Met80 rebinding (3 — 5 ps)

is 1 times slower than aftéts photodissociation in thabsence of NO (~5 p¥)jmplying

that the heme pocket structural conformatios kabstantially changed after replacement of
Met80 with NO.

We found from Raman data that thed®inate His—Fe(I1)-NO and His—Fe(Il)-Met80
Cyt c species possess very different heme stratttonformations with respect to ruffling
distortion; this fact may explain large diffee of energy barriers for Met80 recombination
between the minor conformation§the two redox states.

The existence of two geminate rebinding pkasedue to structural constraints on NO
movement in the heme pocket, probably coreelatith two conformations of Met80 in the 5c¢
transient species after NO dissociation. In ohthe conformations, Met80 rebinding has the
same time constant in the ferri@ € 3.3 us) and ferrous{25 us) redox states. Remarkably,
even for native Cytc after the photo-detaofent of Met80 (in the absence of NO) the
reformation of the Fe(Il)-Met80 bond also tak@ace in two phases (terconstants of 5 and
16 ps§* but much faster than after NO release (3.3 ps and 200 ps). In the naticeh@ge
two phases probably relate toawdifferent rotational positionsf the detached Met80 side-
chain® which can also be the case for nitrosylatedCyt

Conclusions
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All the present results demonstrate the diffeesnof structural and dynamic properties of
nitrosylated compared to native Gytand also between the feas and ferric redox states.
The Raman data reveal thaitrosylation of ferrous Cytc increases the heme ruffling
distortion, while for ferric Cytc—NO the dominant ruffling @&tortion largey disappears,
resulting in more relaxed heme structure. In ferrous &;ythe sixth distal ligand, NO or
Met80, can be photodissocidteshereas in ferric Cyt only NO can be photodissociated and
Met80 cannot. Another proof difie difference of heme carimation between the native and
the nitrosylated complexes is given by the posibf iron-histidine stretch in Raman spectra
of ferrous transient species. The central irodigplaced much further away from the heme
plane towards proximal histidine after Met@i8tachment than after NO detachment which
results in smaller out-of-plane iron movement. Remarkably, the methionine rebinding (3 — 5

us) is 6 orders of magnitude slewthan after its photodissociationabsence of N@~5 ps),

again meaning that the heme pocket structooatformation is substantially different after
replacement of Met80 with NO.

The bimolecular binding of NO to Cygtalso strongly depends on the heme redox state
with association ratek{, *" = 1.8 x 16 M~'s™ and k,*"" = 83 Ms™) differing by more
than 4 orders of magnitude because of @hmstronger Fe—Met80 bond in the ferrous state.
The unusually lovk., *"” explains that ferrous Cgtwas often considered as not binding NO.
Altogether, our data demonstathat after disruption of Féet80 bond, pronounced heme
conformational changese stabilized by the occupancy of tieakial position by NO, which
is no longer coupled to the diatprotein structure. Conforrmanal changes are associated
with physiological propertié$ of Cytc and depend on redox state of the heme. The unique
structural and dynamic properties of @yin interaction with nitric oxide are relevant for its
interactions with anionic lipids, with m&rane, and for the molecular mechanism of

apoptosis in general.
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Structural changes and picosecond to second dynamics of
cytochrome c in interaction with nitric  oxide in ferrous and ferric

redox states
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Figure S1.comparison of the Soret bands of the ferric and
ferrous states of native and nitrosylated Cyt c.



Supplementary Information 2

Myoglobin NO: SVD 1 spectral component [mb020483, mb210381,ct260381]
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Figure S2. Comparison of the transiespectra of ferrous and ferric
myoglobin with that of ferric Cyt after the photodsociation of NO.

Table S1.Time constants and relative amplitudes of NO geminate
rebinding of NO for vaous proteins which aré-coordinate in their
nitrosylated state.

_ NO geminate rebinding phases| Constant
Protein

Zem1 (A)? Zem2 (A)° As

Fe* Cytc 9.2 ps 92.7) 55 ps 6.7) 1.5

Fe** Cytc 10.3 ps 88) 54.4 ps §.5 35
Lp-Hbl (b) 8.0 ps 86) 90 ps 62) 2
Lp-Hbll/III (b) 11 ps 83 61 ps 15) 2
Fe&* Myoglobin (c) | 13 ps 40) 148 ps %0) 10
Fe’* Myoglobin (c) | 24 ps (4) 208 ps 48) 38
Hemoglobin (c) 10.8 ps 74) 61 ps 22) 4

Dehaloperoxidase (¢) 14 ps 61) 65 ps 88)

(a) The amplitudes are expressed as % of the normaiiaedient absorption (calculated without the
contributions of vibrational relaxatn). All proteins are in the ferrous state except when indicated. Lp-
Hbl: type | hemoglobin from the invertabrdtacina pectinataData from:

(b) Ramos-Alvarez, C.; Yoo, B.-K.; Pietri, R.; Lams® |.; Martin, J.-L.; Lopez-Gatrriga, J.; Negrerie,
M. Biochemistry2013, 52, 7007-7021.

(c) Kruglik, S. G.; Yoo, B.-K.; Franzen, S.; Vos, M. H.; Martin, J.-L.; NegreriePhdc. Natl. Acad.

Sci. USA201Q 107, 13678-13783.
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