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ABSTRACT. The interaction of cytochromewith micelles of sodium dodecyl sulfate was studied by proton
NMR spectroscopy. The protein/micelles ratio was found to be crucial in controlling the extent of the
conformational changes in the heme crevice. Over a range of ratios between 1:30 and 1:60, the NMR
spectra of the ferric form display no paramagnetic signals due to a moderately fast exchange between
intermediate species on the NMR time scale. This is consistent with an interconversion of bis-histidine
derivatives (His18 Fe—His26 and His18 Fe—His33). Further addition of micelles induces a high-spin
species that is proposed to involve pentacoordinated iron. The resulting free binding site, also encountered
in the ferrous form, is used to complex exogenous ligands such as cyanide or carbon monoxide. Attribution
of the heme methyls was performed by means of exchange spectroscopy through ligand exchange or
electron transfer. The heme methyl shift pattern of the micellar cyanocytochrome in the ferric low spin
form is different from the pattern of both the native and the cyanide cytochoomdeluct, in the absence

of micelles, reflecting a complete change of the heme electronic structure. Analysis of the electron self-
exchange reaction between the two redox states of the micellar cyanocytoahyieies a rate constant

of 2.4 x 10* M~1 s at 298 K, which is surprisingly close to the value observed in the native protein.

Cytochromec (cyt c) is a hemeprotein with 104 amino  a better understanding of these mechanisms. To this purpose,
acids, and was one of the first proteins to be studied by NMR authors have prepared several model systems and used
spectroscopyl(—3). Histidine 18 and methionine 80 are the various techniques, the results being reviewed by T. Pinheiro
two axial ligands in the native form. However, several (28). In summary, cyt is able to interact with negatively
different forms have also been reported depending on thecharged phospholipids in a first electrostatic step followed
temperature, ionic strength, and p#®). Several groups by hydrophobic interactions with the lipid acyl chains, but
(7—13) have carried out full proton assignment and solution the mechanism remains unclear depending on both the model
structure determination of the native protein in the two redox system and the experimental techniques. Regarding the extent
states. Since the first evidence of interactions between cyt of the structural changes of the ogtinteracting with the

and sodium dodecyl sulfate (SDS)4 or lipids (15—17), phospholipids, several lines of evidence rule out a complete
several studies have been performed to describe the observednfolding of the protein. While it is generally assumed that
structural changes of cytdue to interactions with lipids5( part of the solution structure is maintained, the overall

18—24). Interest in the interaction between membrane and dynamics of the protein and heme coordination can be greatly
cytcwas reinforced by recent evidence of an altered structure perturbed. The dynamic behavior has been elucidated by
in two functions. The first concerns the electron-transfer amide proton-deuteron exchange kinetic measurements using
reaction between cyt and cytc oxidase, one of its redox  solution and solid-state NMR29, 30). The interaction of
partners. Under physiological conditions, a small fraction of cyt ¢ with a lipidic environment is also characterized by the
cyt c is bound to the inner mitochondrial membrar&5)(  disappearance of the charge-transfer band at 695 nm associ-
and the associated structural changes could be responsibleted with the breaking of the,Sso—iron bond. However,

for modulation of the electron-transfer activit?6). The  the exact nature of the new axial ligands is not fully resolved
second function corresponds to the activation of caspasesand even the spin state of the iron seems to depend on the
by cytc during the early stages of apoptosis, while structural nature of the lipid mixture. Because NMR spectroscopy of
Changes have also been described during the interaction Witl”paramagnetic hemeproteins is a powerful tool for studying
Apaf-1 7). the heme coordination and the spin state of the metal

In this context, we need more information on ayt  (31-33), NMR studies of cytc in lipidic environments
structural changes induced by a lipidic environment to gain appear very promising.

o g A 232323 6561 Fax 33 On the basis of our previous studies on large hemeprotein
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various techniques have been performed on the interaction We obtained 2D NMR NOESY spectra of the high-spin
between cyt and micelles, néH NMR data are so far been  ferric form of micellar cytc and EXSY spectra through
reported on such systems. The present data lead us to descrideand exchange between the micellar high-spin form and
the spin-state variations of cgtas a function of the protein/  the micellar low-spin cyanoferricyt. The analyses were
micelles ratio. At high molar ratio of sodium dodecyl sulfate performed using nondeuterated SDS by means of the PASE
(SDS), a low-spin to high-spin transition was detected method as previously reporte@4 36). The spectra were
through the characteristic heme methyl resonances aroundacquired in the TPPI mode using short presaturation of the
60—80 ppm. Similar NMR results with micelles were residual water followed by a broadband decoupling time of
obtained with lysophosphatidylserine, which is more closely 100 ms. A mixing time of 5 ms was used. EXSY spectra
related to natural anionic lipids. Using the free binding site between the two redox states of the micellar cyano adduct
of the pentacoordinated micelles-bound cyit is possible of cyt c were acquired by suppressing the SDS signals using
to achieve complexation of several exogeneous ligands inpresaturation with a frequency list comprising the main SDS

both ferric and ferrous states at neutral pH, thus allowing
further characterization of the heme environment of the
micelles-bound cyt. Of special interest is the binding of

signals.
2D NMR spectra of the diamagnetic forms of micellar cyt
¢ were mostly obtained with deuterated SBgand recorded

cyanide to the cyt/micelles complex, which occurs in both  with mixing times of 250 ms. We also carried out NMR

the oxidized and the reduced states. Surprisingly, the self-

transfer saturation experiments to determine the electron-

exchange electron transfer reaction under such conditionstransfer rates with deuterated micelles to obtain values that

occurs with a partially reduced sample. This has proved

are more accurate.

useful for proton assignment based on EXSY spectra. We NMR Titration ExperimentsWe performed titrations of
estimated the self-exchange electron-transfer rate constani mM ferri- or ferro-cytc solution in 10 mM Tris-HCI pD
by means of saturation transfer experiments, obtaining a7.0 by adding aliquots of SDS stock solution (0.5 or 1 M)

value that is very similar to the native aytvithout micelles.

EXPERIMENTAL PROCEDURES

ChemicalsSDS and type-IV cyt from horse heart were
purchased from Sigma Chemical Co. Deuterated SRS-
was purchased from Eurisotop (Saint Aubin, France). Lyso-
phosphatidylserine was obtained from Avanti Polar Lipids
(Alabaster, AL). Prior to use, cyt was converted to the
fully oxidized form by addition of an excess of ferricyanide
KsFe(CN) and then purified on a Sephadex G-10 column.
Eluent containing the purified protein was concentrated by
ultrafiltration using an Amicon YM-10 membrane. Ferrous

cyt c was obtained under an argon atmosphere by reduction

with a previously degassed solution of sodium dithionite.

prepared in the same buffer. For titration experiments in the
presence of exogenous ligands, cyanide or CO was first
added to the protein solution. The range of SDS concentra-
tions used was-©6130 mM. The one-dimension&dH NMR
spectra were recorded at 298 K for each SDS addition, after
15 min for equilibration.

Structural and Functional Experiment@&/e prepared a 1
mM solution of micelles-bound cyt (with a protein/
detergent molar ratio of 1:110) with or without exogenous
ligands, and then transferred it into a previously degassed
NMR tube. For mixed samples of ferric and ferrous cyt
we prepared a fully oxidized 1 mM solution of cgtand
added a degassed dithionite solution (100 mg/mL)by
L until the desired redox level was attained. Because the
micellar cytc is very sensitive to the oxidation with traces

Protein concentrations were measured spectrophotometrically,¢ oxygen, the redox level was determined, after addition of

using molar absorption coefficients @fmicyre = 106 mM™
cm ! at 410 NM OFserrocye = 29.5 MMt cm™ at 550 nm at
pH 7.0. All micellar or ligand solutions added to reduced
cyt ¢ were flushed with argon (or CO) to prevent protein
oxidation.

Spectrophotometric Titration by Micelleall the absorp-

micelles, by integration of heme methyl signals and com-
parison with the fully oxidized sample taken as a reference.
Determination of Self-Exchange Electron-Transfer Rate.
NMR saturation transfer experiments were performed on
partially reduced cyanocyt solution (mixture of FE-CN/
Fe'-CN) in deuterated SDS micelles (@/tdSDS molar ratio

tion spectra were recorded in a cuvette of 1-cm path length of 1:100) at pD 7.5. The magnetization transfer between the
at room temperature on an UVIKONXL spectrophotometer two redox species was induced by irradiation of the cyano-
(Bio-Tek Instruments). Microliter aliquotsfol M SDS ferricyt c heme methyl using different irradiation times from

solution in 10 mM Tris-HCl buffer pH 7.0 were sequentially 10 to several hundred milliseconds. Difference spectroscopy

added to a fully oxidized or reduced 10/ solution of cyt
¢ in the same buffer until no further modification of the

was used and the areas of the corresponding signals in the
cyanoferrocytc form were measured by integration. The

spectra was detected. The highest SDS concentrations usedlectron transfer can be written as a chemical exchange

were comprised between 10 and 12 mM.

NMR SpectroscopyH NMR spectra were recorded on a
Bruker AVANCE DMX 500 at 500.13 MHz with a 5-mm
reverse duatH-'3C probe.'H NMR (1D or 2D) spectra of
the low-spin ferric and diamagnetic forms were recorded
using a sweep width of 30 and 8 kHz, respectively. A larger
window (100 kHz) was used for detection of the high-spin
forms of ferricytc and ferrocytc induced by SDS micelles.
The spectra were acquired with a°9@ading pulse using
the PASE method34) with a shorter acquisition time (20
ms).

reaction as follows:

kl
T
cytc Fé'—CN + cyt* c F"' —CN

cytc Fé" —CN + cyt* c Fe' —CN

The extent of the magnetization transfer, from the ferric
form to the ferrous form, is related to the longitudinal
relaxation rate of the ferrous signaT,i“ad (without any
ferric form present), and the electron-transfer r&t€37).
The plot of the magnetization transfer build-uy;, versus
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Ficure 1: H NMR PASE spectrafoa 1 mM cytc Fé" solution
in 10 mM Tris-HCI D,O buffer, pD 7.0, at 298 K, after successive
addition d a 1 M SDSsolution prepared in the same buffer. Protein/
micelles molar ratios are indicated.
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the irradiation time t) of a ferric signal was analyzed as
previously reported for the intermolecular electron-transfer
rate of the binary complex of cyt P450cam and putidaredoxin
(35). The curve was fitted according to the following relation:

M =1- e(t/T1App))
My — M,
whereMy andM., denote the magnetization with or without
infinite saturation, respectively.

T’fpp represents the apparent relaxation time of the fer-

Chevance et al.

led to a decrease of these signals, which finally disappeared
at a cytc/SDS molar ratio of 1:30. This observation is in
good agreement with the previously reported rupture of the
methionine-iron bond detected through the disappearance
of the 695 nm charge-transfer bandl). With further
increase in SDS concentration, heme methyl peaks, corre-
sponding to a high-spin ferricyd species, appeared in the
50—80 ppm region for a cyt/SDS molar ratio of 1:60. The
maximum intensity of these heme signals was obtained at a
cyt ¢/SDS molar ratio of 1:110.

Surprisingly, no paramagnetic shifted signals were resolved
in the spectra acquired in the range from 288 to 313 K,
between the two well-defined native and high-spin forms.
This absence of detectable signals is probably due to a
moderately fast (or quasi slow) exchange, on the NMR time
scale, between different forms of aytFurthermore, during
the titration, there was very little broadening of either the
decreasing low-spin signals or the increasing high-spin
resonances. This indicates that neither the high-spin nor the
low-spin forms were involved in this chemical exchange.
Thus, following the rupture of the methionine iron bond,
rapid equilibrium should be attained with other forms
containing iron coordinated by different residues. Lys 73 or
Lys 79 have been shown to be the two most likely candidates
for the sixth ligand of the alkaline form88, 39). However,
amino groups are protonated at pH 7.0 and binding of these
amino acids is precluded. Two other heme sixth ligands, His
26 and His 33, have already been proposed as intermediate
during the folding-unfolding of cytc (40—42). Furthermore,
these histidines are also thought to be involved in the
hexacoordinated low-spin cyt form observed during the
interaction with micelles at low protein/SDS molar ratio

rous methyl protons in the presence of electron self-exchange(g, 21, 24). In this way, the observed signal broadening at
The self-exchange electron rate constant is not only relatedintermediate protein/micelles ratio is in good agreement with

to T4™ but also to the relaxation time of the reduced form
and the concentration of oxidized oytas follows:

e[ 1)\ 1
P\ TRed [OX]

The heme methyl relaxation time of the pure reduced form

an exchange of these two histidines as sixth ligand. Support
for this interpretation comes from the titration of reduced
cyt ¢ performed in the presence of exogenous ligand such
as cyanide or carbon monoxide (see below).

Since pH is an important factor influencing the line width
of the high-spin heme methyl resonances, the signals were
better resolved at pH 6.0, as shown in Figure 2A. Under

is not accessible because the methyl proton resonances arg,ch conditions, the spectra are well resolved and any meso-

under the crowded aliphatic region. However, when the

resonances in the downfield region are ruled out. The

electron-transfer rate is fast enough compared to the relax-resonances of the meso protons are characteristic of high-

ation rate 85), this rate does not contribute significantly to
the calculated value df;.

RESULTS

Titrations of Cytochrome ¢ by Micelle$he titration of
ferric cyt c against increasing amounts of SDS at pH 7.0 is
illustrated in Figure 1. The spectra were acquired with the

spin species. Some studies have clearly demonstrated that
hexacoordinated species (HiBe—H,0O) contain heme meso
protons around 40 ppm, whereas the pentacoordinated species
(without any water molecule) display meso resonances
around—20 ppm @3). These meso protons could account
for the broad resonances observed at neutral pH aretd

ppm. However, these peaks were not detectable in slightly

PASE sequence using the saturation of the entire diamagneti@acidic conditions, in agreement with the behavior already
region. This method improves the quality of the paramagnetic described for a pentacoordinated ytfrom Chromatium
signal detection owing to a better baseline and removal of vinosum(44).

the 0-10 ppm peaks34). This latter feature is particularly

We performed progressive addition of another anionic

useful in the present study, which involved adding large surfactant (lysophosphatidylserine or lysoPS), which is more
amounts of protonated SDS. Under these conditions, theclosely related to the natural phospholipids. Similar spectra
signals close to the diamagnetic region were also partially were observed with the same molar ratio dependence,
suppressed. The first spectrum (Figure 1, bottom) is char-indicating identical modifications of the ferricgtactive site.
acteristic of the native form of cyd, with two heme methyl Figure 2B shows a representative spectrum of the high-spin
signals at 33 and 35 ppm and protons of the bound cyt c-lysoPS at pH 6.0. Taken together, these results show
methionine around-25 ppm. Progressive addition of SDS that cytc/SDS molar ratio plays a crucial role in the induction
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Ficure 2: 1H NMR PASE spectra of different HS cgtnon-native forms acquired at 298 K, pH 6.0. (A) SDS-bound ferriciyt D,O;
(B) LysoPS-bound ferricyt in D,O; (C) SDS-bound ferrocyt in HO.

of protein structural changes. At low protein/micelles ratios detergent molar ratio in the detection of high spin state NMR
(up to 1:30), detergents are able to interact with c@nd signals. Met80 exchange is easily achieved on the native
induce structural changes such as breaking of tHeé—Fe ferric cytc by addition of cyanide, azide, pyridine, imidazole,
SMet80 axial bond. However, further increase of this ratio or phosphine, which give stable complexd8<53).
(from 1:30 to 1:60), far above the critical micellar concentra-  In the reduced form, the irermethionine bond has been
tion (cmc), does not lead to the formation of high-spin shown to be very strong, and any binding of exogenous
ferricyt ¢, when the protein is in the high concentration range ligand would require disruption of this bond. This can be
(mM) required for the NMR experiments. Finally, pure high- carried out through alkylation of the distal methionine or by
spin ferricytc was only observed at a ratio as high as 1:110. increasing the pH above the alkaline transition. One excep-
Titration of SDS micelles against reduced cyielded a tion is the binding of the trimethylphosphine ligand. When
decrease of the native form signals, which totally disappear this bulky ligand is complexed to ferric cygt the iron can
at a protein/micelles ratio of 1:40. Further increase of the be reduced without causing its departure. This has been
ratio leads to the appearance of broad resonances in the 10 previously associated with the large steric influence of this
20 ppm region (Figure 2C). This spectrum corresponds to ligand, which prevents the methionine from returning to the
the formation of a pentacoordinated high-spin species, andiron (54). However, the more usual way of forming new
is closely similar to the spectrum of the deoxy myoglobin complexes is to alkylate the Met80 sulfur atom creating a
(31, 45, 46) and the reduced cyt from Rhodopseudomonas free binding site. Such an approach has been used by
palustris (47). Of special interest is the presence of an carboxymethylation of the methionine (DMC-cg} (55).
exchangeable broad peak at very low field, close to 90 ppm Also relevant here is the carbon monoxide binding on
(Figure 2). A similar signal was also observed in deoxyMb reduced carbodi-imide-modified cgt A stable complex is
and reduced cyt', which has previously been assigned to observed with a spectrund®) similar to that obtained for
the proximal His NH (46, 47). We may thus assign the peak cyt c FE'CO at very high pH%7). In the present study, an
at 90 ppm to His18 BH, suggesting that this histidine, important point in the use of micelles is the access to a free
representing the native ligand of the heme, remains ligatedbinding site for exogenous ligands in both redox states.
to the iron in the ferrous high-spin form. The disruption of Figure 4 shows the NMR titration of SDS against the cyanide
this histidine has previously been proposed for micellar cyt ferric cyt ¢ derivative. Without micelles the spectra of
c (48). However, the broad line width of the heme methyl ferricyano cytc is similar to those previously reportesg—
resonances prevents any assignment of these paramagneti0). During the addition of micelles, the heme methyl signals
signals, in contrast with the relatively sharp peaks observedof this form rapidly weaken and cancel out around a ratio
at pH 6.0 with the ferric high-spin form of the micellar cyt of 1:25, whereas the peaks of the micellar form show a
c. To illustrate this, we present a 2D NOESY spectrum of concomitant rise. The line width of these heme methyls
the ferric form in Figure 3. Despite the use of unlabeled SDS attains 500 Hz for a molar ratio of 1:20 and falls to 80 Hz
micelles, a well-defined 2D spectrum can be obtained by for a molar ratio of 1:100. The broadening of the signals
use of the PASE method, which allows the detection of suggests a relatively rapid equilibrium between the two
several cross-peaks useful for the assignment of paramagforms, the native cyano- and the micellar cyanoferri-cyt
netically shifted resonances. For example, heme methylsHowever, at a low protein/SDS ratio around 1:20, when both
belonging to pyrrole Il and IV were easily identified at 73.8 sets of signals were present, we failed to observe saturation
and 64.7 ppm through cross-peaks with propioniate side- transfer between the native and the micellar forms. Further-
chain protons. Further assignments were performed with themore, increasing the temperature to 313 K induced partial
help of EXSY spectra (see below). precipitation of the sample. However, both the cyanide
Complexation of Exogenous Ligands of Micellar cyt c in adducts of cytc in the native and the micellar (at a ratio
Ferric and Ferrous StatesThe titration experiments de- 1:100) forms were stable up to 323 K. These observations
scribed above point out the crucial role of the protein/ suggest that some intermediate(s) exist with lower thermal
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Ficure 3: 2D PASE NOESY 34) spectrum of cyt/SDS (1:110) pD 6.0, at 313 K. The spectrum was acquired in TPPI mode using short

presaturation of the residual water followed by a broadband decoupling of 100 ms. A mixing time of 5 ms was used. Asterisks denote

methyl-propionate cross-peaks.

8-Me S-Me 3-Me I-Me
§ . '
N L NN A
N B ﬁ,k,gj.\\—/',\M‘ J’N\\_/L_/_AJ\V 1: 90
N S /L, ,A NN N
o N\ N NA N
N N NN 1i60
e A N M
J S I N e N 1:45
e N oo~ NN
N } o~ N~ N
_ o~ o~ N N . ~~1:30
— ~————
o o . J—— ——
7 e _~1:15
J — N A/\/J\'/
o ,ﬁ N A/\,./wf
N N DY/ NE 1

N N N DV N v,
SMe /\___/\8Me NUMe— 3MeAT\ I/ 120

20 18 16 14 12

FicUrRe 4: *H NMR spectra 6a 1 mM cytc F€!'-CN solution in
10 mM Tris-HCI D,O buffer, pD 7.0, at 298 K, after successive

S———

We used spectrophotometry to monitor the progressive
addition of SDS micelles on native reduced cyThe spectra
without cyanide are displayed in Figure 5A. As previously
reported 21), addition of SDS induced, without intermediate,
spectral changes from native low spin to high spin spectrum.
In presence of sodium cyanide (Figure 5B), the bands of
the native form at 415, 520, and 550 nm show a clear
decrease with the concomitant appearance of maximum
absorptions at 420, 525, and 555 nm with isobestic points.
These values are close to those observed in the spectrum of
the ferrous cyanoDMC-cyt (64) (see Table 1). The titration
was also monitored by NMR spectroscopy. This experiment
was performed in the presence of 100 mM cyanide because
of the weak affinity for ferrous hemeprotein. Indeed, transient
complexation of cyanide has been observed with various
myoglobins 65). However, stable adduct with DMC-cyt

addition d 1 M SDS aliquots. Protein:micelles molar ratios are has a|ready been reporteﬁl( 64) As observed in Figure

indicated. The heme methyls resonances are labeled for both specie

without micelles from ref&$8—60.

stability during the conversion of the cyanoferriayinto
the micellar form.
We observed a fine-tuning of the chemical shift of the

8-heme methyl signal (see Table 2, see below) from 27.7 to

28.0 ppm when the cySDS ratio varied from 1:60 to 1:100.
Although such a local heterogeneity in the heme vicinity of
ferric cyt ¢ has already been reported for the native form,
this was at the expense of the 3-heme methyl sigal (
62). The origin of these two exchanging conformations has
been linked to the motion of the His383). In the present

B, the increase in the cySDS molar ratio induces (i) a

weakening of the native-form signals with disappearance
around 1:60 and (ii) growth of the micellar reduced cyano
cyt ¢ peaks, exhibiting a maximum around 1:100. Interest-
ingly, at intermediate cyt/SDS molar ratio the two sets of
resonances, corresponding to the native ferrousccgmd

the micellar ferro cyano cyt, can be observed. Also
noticeable is the increase of the protareuteron exchange
rate. The spectrum without any micelles corresponds to a
freshly prepared cyt solution in DO with remaining
exchangeable protons. Upon addition of SDS, all these
exchangeable proton resonances vanished in good agreement

study, we do not identify the residue responsible for these With @ more open structure of the protein.

variations, but this observation further suggests that fine-

The same behavior was observed when we carried out

tuning of the heme pocket remains possible even in the progressive SDS addition on a ferrous cygolution under

micellar form of cytc.

a carbon monoxide atmosphere. Both t¥isible and NMR
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Table 1: Electronic Absorption Data for Various Forms of Cyt

micelle-bound micelle-bound
native cytc native cyano cyt cyano cytc CO complex micelle-bound
His18/Met80 His18/CN His18/CN- His18/CO HS form His18
Fé
Soret 410 nm, 530, 695 nm 413 nm 413 nm no complexation 400 nm, 517, 628 nm
Fe!

Soreta, 415 nm, 520, 550 nm no complexation 420 nm, 525, 555 nm 415 nm, 530, 560 nm 420, 425-158880n

Table 2: *H Chemical Shifts (ppm) and Shift Pattern of Heme WN‘i”” ”\
Methyls for Various Forms of Horse Heart Cgtin Both Redox N“ f' i 1:100
States at pH 7.0 and 313 K '\ |
‘l o 1.8
1-CH; 3-CHs 5-CHz 8-CH; shift pattern i '
Fai , \\‘ 1:60
native f e 1: 50
His18/Mets® 68 331 97 359 &3>5>1 RM
His18/CN® 16,5 11.4 230 215 58>1>3
micellar His18/CN  13.2 149 180 269 &5>3>1 A qiae
His18/-¢ 58.6 76,5 738 647 35>8>1
co HLWM
native M A 1:10
His18/Met8@ 352 385 361 218 85>1>38 JJ
micellar His18/CN 369 346 374 340 51>3>8 JL . I
His18/CO 365 346 371 335 H51>3>8 . J\ 10
aRef 79 and refs therein® Ref52. ¢ Experiment realized at pH 6.0 L A T T ‘
10 8 6 4 2 o
where the 3- and 5-methyl resonances are resolved. (D)

Ficure 6: 'H NMR spectra ba 1 mM cytc Fe' solution in the
presence of 100 mM sodium cyanide in phosphate buffer, pD 7.0,
at 298 K, after successive additiohbM SDS aliquots. Protein/
micelles molar ratios are indicated.

Heme Proton Assignment in Both Redox Stafaeerall,
we were able to study several derivatives of the micellar cyt
c. HS ferric, HS ferrous, LS cyano adduct, diamagnetic
cyano, and carbon monoxide ferrous adducts. Some assign-
ments were performed through the combination of two-
dimensional NOESY or EXSY spectra recorded on a mixture
of ferric micellar cytc partially ligated with cyanide, under
ligand exchange control. Others were carried out using
partially reduced micellar cyano cgtunder electron self-
exchange control. Unfortunately, we were unable to obtain
any EXSY spectra, either on native ferric ayor cyanof-
erricytc derivative, under the same conditions (low protein/
SDS molar ratio) when the corresponding micellar forms
were also present. Thus, specific assignment of the heme
signals requires a fuller analysis of the different spectra. For
the high-spin form, the methyl signals at 73.8 and 64.7 ppm
are assigned to the heme methyls belonging to the pyrroles
[l and 1V, based on cross-peaks in the NOESY spectrum,
with propionate side-chain protons (Figure 3). The EXSY
spectrum of micellar cyt solution partially saturated with
‘ cyanide allows us to link the paramagnetically shifted peaks
380 480 580 of the high-spin form with the low-spin cyano form (data
Wavelength (nm) not shown). For example, the heme methyl signal at 73.8

FiGURE 5: Spectrophotometric titration of reduced aytn the ppm in the HS state is observed at 14.6 ppm in the LS state.

presence (A) or absence (B) of cyanide by progressive addition of Many studies have made use of EXSY spectra based on the
SDS micelles. electron self-exchange reaction between the two redox states

of cyt c to correlate the ferric and the ferrous forndg; In

(data not shown) are in agreement with a direct conversionthe micellar system, the ferric and ferrous forms of the
of the native form to the micellar reduced a#CO. The cyanide derivative are able to transfer electrons at a rate
full decrease of the native NMR signals was observed aroundcompatible with EXSY experiments (Figure 7). Thus, the
a molar ratio of 1:60, whereas a decrease of the line widths methyl protons resonating at 14.6 ppm in the ferric form
of the new signals was observed up to 1:100. As previously exhibit a cross-peak at 3.56 ppm in the ferrous form. Specific
described with cyanide, both sets of resonances were preserassignment of this heme methyl is based on the NOESY
at intermediate cyt/SDS molar ratio. spectrum of the diamagnetic ferrous micellar cyano @yt

Absorbance

Wavelength

Absorbance
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FIGURE 7: 2D EXSY spectrum of partially reduced aytFe'-CN solution in the presence of SDS at a ratio of 1/110. A mixing time of
50 ms was used. The strong cross-peak correlations between the two redox forms of the heme methyl protons through electron self-
exchange are labeled.
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FiIGURE 8: 2D NOESY spectrum of micellar F&CN cytc: SDS (1:110) at 313 K. The spectrum was acquired in TPPI mode using several
cycles of SDS signal presaturation. The residual water was suppressed by a Watergate sequence prior to acquisition. A mixing time of 250
ms was used.

Figure 8 shows a low-field part of the spectrum comprising Consequently, the cross-peak observed at 9.25 ppm/3.46 ppm
the meso protons, which are observed at 9.57, 9.46, 9.27,is assigned to the-meso and the 3-methyl protons. The
and 9.25 ppm. The meso proton yielding a dipolar con- meso proton at 9.27 ppm is located close to two heme
nectivity with only one methyl at 3.56 ppm (previously methyls and should therefore be assigned to dfaeso.
shown to belong to pyrrole Il or 1V) is assigned to the Methyls 1- and 8- can be differentiated by means of the
p-meso, while the methyl is assigned to the 5-methyl. dipolar interaction of the 8-methyl with the 7-propionic side
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chain previously observed in the HS state. Thus, through necessary to obtain a better description of the relations
the combination of NOESY and EXSY spectra, we are able controlling electron self-exchange of aytin micelles.

to assign several resonances in various spin states of both

redox forms of cytc in a micellar environment. Table 2 DISCUSSION

reports the assignment as well as the shift pattern of the heme
methyls. Clearly, SDS micelles are expected to induce
structural variations of the cytwith large modifications of

the heme electronic structure. This is particularly explicit
when comparing the ferric cyano cgtwith and without
micelles. Both species are low spin and have different heme
methyls shift pattern reflecting different axial ligand geom-
etry. Concerning the HS state of the micellar cytthe
chemical shifts fall in the classical range already encountered
for different hemeproteins with an axial histidine as ligand,
such as metMb or ferricyd (31). However, the methyl shift

The present results support the high versatility of the iron
coordination induced by the interaction of cywith micelles.
The influence of the cyt/micelles ratio is demonstrated to
be very important and dependent on the oxidation state as
well as the presence or the absence of an exogenous ligand.
The relatively high protein concentrations used for NMR
studies require SDS concentrations far in excess of the critic
micellar concentration (cmc). For SDS, the cmc at 298 K
and pH 7.0 is between 4.5 mM in 10 mM phosphate buffer
and 8.3 mM in nonbuffered solutio2%). Thus, all the NMR-
L X ) detected conformational changes we reported here are
pattern Is dlfferent between these proteins. Th!s may be obtained with a micellar conce%tration abgve the cmgc, in
related to a different geometry of the axial histidine. contrast with most other spectroscopies using much lower
Self-Exchange Electron Transfer of Micellar Cyanocyto- protein concentrations (micromolar). Under such conditions,
chrome c.As pointed out above, a mixture of ferric and it is sometimes difficult to discriminate between the protein/
ferrous cyanocytt bound to SDS micelles exhibits self- micelles ratio and the influence of cmc.
exchange electron transfer at a re!ativ_ely high rate. The_refore, In the present study, each system is characterized by a set
we performed some NMR magnetization transfer experiments ot heme methyl resonances. These signals decrease with the
to estimate the reaction rate. First, we tried to detect any progressive addition of micelles and then disappear com-
seIf—exch_ange electron transfer bet\{veen the two redox forms|0|ete|y at a specific protein/SDS ratio. In the case of the
of a partially reduced sample of micellar aytwithout an  ferric derivatives, these ratios are 1:30 and 1:25 for the native
exogenous ligand. We failed to detect any magnetization gnd the cyanocyt, respectively. Thus, the breaking of the
transfer, indicating either the absence of electron transfer orj.on—methionine bond (already achieved in the case of the
a very fast relaxation rate of both high-spin ferric and ferrous cyanide derivative) does not appear to be a key factor in
signals which prevents the detection of saturation transfer. triggering structural variations. The main difference associ-
Cyanide yields stable complexes with micellar eytooth  ated with the presence of cyanide is the gradual increase,
in the ferric and the ferrous states, so its presence is requirethlong with the protein/micelles ratio, of the heme methyl
for the detection of electron transfer. This is consistent with signals corresponding to the micellar cyanoferricytin
a low energy of reorganization between the two redox states,contrast, with the micelle-free protein, the NMR peaks of
which is in favor of a rapid electron self-exchange. The the high-spin form are only detected at a protein/micelles
magnetization transfer between the two redox species wasratio higher than 1:60. Between 1:30 and 1:60, the absence
induced by irradiation of a paramagnetically shifted heme of paramagnetic peaks is associated with exchanging species,
methyl. Because the corresponding micellar ferrousccyt  on the NMR time scale. Evidence for the involvement of
heme methyls resonate under the very intense diamagnetiche coordination state of the iron, rather that specific
region of the proteirrmicelles complex, these signals were interaction of micelles with the overall protein was provided
detected in the spectrum difference mode (data not shown).by the titration of reduced cytin the presence of exogenous
The observed signal intensity was measured for different ligand. In such a case, direct conversion of the native form
irradiation times of the ferric resonance. According to the to the micellar ligand bound was observed. Yoshimad (
experimental procedure, we fitted the curve of the time- first proposed histidine as the sixth ligand of the low-spin
dependent saturation transfer and estimated the bimoleculaform of micellar cytc. More recently, equilibrium was
rate constant as equal to 25610 M~! s at 298 K. The proposed between His26 and His3®) and kinetic studies
ionic strength is an important parameter in the self-exchangeby several groups investigating the ayfolding (67—69)
reaction, especially with a charged protein such as ¢4, have demonstrated an exchange between these histidines as
66). Hence, to compare the micellar aytvith native cytc, the sixth ligand of the heme iron. A similar behavior has
we carried out the same experiments with the native protein been recently proposed in the case of the interaction of cyt
in the presence of 100 mM sodium sulfate. At 298 K, we c with lipid or micelle interactionsg, 24). Our present NMR
estimate an electron self-exchange rate constant ofx2.4 data are consistent with the existence of an exchange between
10 M~1s1, very close to the value obtained in the presence two hexacoordinated low-spin species, HisF&—His26 and
of micelles. However, in the case of the micellar system, His18—Fe—His33.
the observed rate constant corresponds to the true micellar With a cytc/SDS ratio higher than 1:60, the chemical shifts
self-exchange reaction. Indeed, the bonding of the cyanideof the heme methyls are characteristic of a high-spin heme
ligand to the ferrous cyt requires the association of the iron. Although the signals are clearly detected at neutral pH,
protein with micelles. This precludes the observation of an significant narrowing is encountered at lower pH. The good
electron self-exchange reaction that involves any free protein.resolution obtained at pH 6 allows us to assume that there
Preliminary results do not show any dependence of proteinare no broad resonances around 40 ppm. Such signals have
concentration on the rate constant, which is in favor of previously been assigned to the meso protons of hexacoor-
intermicelles reactions. Nevertheless, further work will be dinated high-spin hemeproteind3j. The corresponding
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signals of the pentacoordinated high-spin hemeprotein arethe amide protons around 8 ppm. The same conclusions also
localized around-20 ppm. Such broad peaks are present in apply for the data obtained with the studied diamagnetic
the spectra at neutral pH, suggesting that the micellaccyt species. Further research should give new insight for a more
is a pentacoordinated species. This is in good agreement withcomplete description of the structural changes induced by
the results obtained by Raman resonarge4@, 70, 71). the micelles.
Oellerich et al. §) previously proposed a difference in the Electron self-exchange reaction between the micellar ferri-
iron coordination of the non-native forms obtained through and ferro-cyic has been used here to assign the heme methyl
(i) the interaction with micelles (or lipid vesicles) or (i) the protons. We also estimate the rate constant and compared it
addition of a denaturing agent such guanidinium chloride. with the value obtained using a redox mixture of micelle-
Lipid-induced modifications were related to a pentacoordi- free cytc. Despite large differences between the two systems,
nated species, whereas the denaturated form was assignethe rates are similar. This is quite surprising considering,
to a hexacoordinated species with a water molecule as thefor example, the large previously reported variations from
sixth ligand 6). 2.8 x 10*to 2 x 107 at a ionic strength of 0.5 M for cyt
Concerning the native ferrous form, addition of SDS and cytcss;, respectively §6). Because of the association
micelles induces the formation of a pentacoordinated high- with the micelles, we expect to find a compensation as well
spin species characterized by broad resonances of the hemas complete reorganization of the charges on the surface of
methyls in the 1220 ppm region. Furthermore, a signal at cyt c. This is likely to play a major role in controlling the
90 ppm is assigned to the His18M by analogy with other  electron self-exchange rate constan8)(and will require
hemeproteins 46, 47). This demonstrates that the native further work to be analyzed.
His18 remains bound to the iron. Titrations of ferrous cyt In summary, we demonstrate that NMR spectroscopy can
performed in the presence of CO or Cshowed sharp NMR  be a judicious tool for investigating the structural changes
signals of the micellar form at a protein/micelles ratio of of cyt c induced by micelles. Titration of the ferric native
around 1:100. Interestingly, during the titration two sets of form with SDS micelles allows us to assess the importance
resonances corresponding to the native and the ligand bounaf the protein/micelles ratio in controlling the extent of
species were observed in good agreement with the absencetructural changes. In this way, intermediate species in
of intermediate as observed in the spectrophotometric titra- moderately fast exchange can be related to the bis-histidine
tion. With a ratio of 1:60, we achieved a complete attenuation ligation. Further increase of the protein/micelles ratio causes
of the micelle-free ferrous form resonances. This value is the formation of a pentacoordinated high-spin species. Using
higher than observed with the ferric derivatives, and may this free binding site, we studied several derivatives in both
be related to the stronger iron methionine bond in the ferrous the reduced and the oxidized states of the hemeprotein. The
state. It seems that the breaking of this bond in the ferrous different forms of the heme methyl protons are assigned by
state is related rather to global conformational changes of means of exchange spectroscopy. The heme methyl shift
the ferrous cyt structure, in contrast with the ferric form.  pattern is different from the micelle-free aytthus indicating
In the ferric state, exogenous ligands can displace thea major variation of the heme electronic structure. The
methionine without causing drastic structural changes aselectron self-exchange of micellar cyano cyis estimated
indicated by several structural studies, performed in solution, to be close to the value for the native protein. Further work
with ligands such as cyanideZ, 72), imidazole {3), is in progress that should lead to a better knowledge of
pyridine (74), or azide §3). Cytc s a protein that has been  protein—micelle interactions.
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