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Abstract

We have characterized the ferric and ferrous forms of the heme-containing (1–56 residues) N-fragment of horse heart cytochrome c

(cyt c) at different pH values and low ionic strength by UV–visible absorption and resonance Raman (RR) scattering. The results are

compared with native cyt c in the same experimental conditions as this may provide a deeper insight into the cyt c unfolding-folding

process. Folding of cyt c leads to a state having the heme iron coordinated to a histidine (His18) and a methionine (Met80) as axial

ligands. At neutral pH the N-fragment (which lacks Met80) shows absorption and RR spectra that are consistent with the presence of

a bis-His low spin heme, like several non-native forms of the parental protein. In particular, the optical spectra are identical to those of

cyt c in the presence of a high concentration of denaturants; this renders the N-fragment a suitable model to study the heme pocket

microenvironment of themisfolded (His–His) intermediate formed during folding of cyt c. Acid pH affects the ligation state in both cyt

c and the N-fragment. Data obtained as a function of pH allow a correlation between the structural properties in the heme pocket of

the N-fragment and those of non-native forms of cyt c. The results underline that the (57–104 residues) segment under native-like

conditions imparts structural stability to the protein by impeding solvent access into the heme pocket.

� 2004 Elsevier Inc. All rights reserved.
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1. Introduction

Cytochrome c (cyt c) has been extensively studied due

to its important role as an electron transfer protein and

is now well characterised both structurally (on the basis

of spectroscopy and X-ray crystallography) and cata-

lytically. Its folding kinetics have been followed spec-

troscopically; changes occurring in the heme pocket

were monitored by electronic absorption (UV–Vis),
circular dichroism (CD) [1,2] and resonance Raman

(RR) techniques [3–8], whereas the changes in molecular

size were followed by fluorescence emission of the single

Trp residue as a function of denaturant concentration

[4,9]. Unfolding of cyt c with chemical denaturants de-
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stabilizes the Met80 coordination, whereas the Fe–His18
bond remains intact under moderate unfolding condi-

tions due to the nearby thioether linkages to the heme.

At acid pH or in the presence of guanidine hydrochlo-

ride (GuHCl) or urea, cyt c undergoes various coordi-

nation and spin state changes. At pH 7.0 in the presence

of denaturants the Met80 ligand is replaced by a misli-

gated His (His33 or His26) giving rise to a misfolded

intermediate characterized by a 6-coordinate (6c) low-
spin (LS) form and a more relaxed heme compared to

the wild-type protein. In a successive step, upon lower-

ing the pH, one of the two His residues is replaced by

a water molecule resulting in a 6c high-spin (HS) heme

which coexists with a 5-coordinate (5c) HS species.

These intermediates, which can be easily character-

ized via RR spectroscopy at equilibrium, have also

been observed upon submillisecond folding of cyt c [3,5–
8,10].
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The production of fragments of cyt c, obtained either

by de novo synthesis or by enzymatic digestion of a na-

tive protein, offers the potential to extend and exploit this

solid base of knowledge for cyt c to examine in detail

simplified systems which may constitute good models of
folding intermediates. Cyt c could be divided into a heme

peptide of 65 residues and a non-heme peptide of 39

residues by treatment of the molecule with cyanogen

bromide. Upon mixture of the two peptides in aqueous

solution, a 1:1 complex with properties clearly resem-

bling those of the parent enzyme was formed [11,12]. The

earliest detectable intermediate on the folding pathway

of cyt c could be mimicked by the complex formed by an
N-terminal fragment (residues 1–38 with attached heme)

and a C-terminal peptide [13]. As the fragment is unable

to form this complex without the heme, the structural

organization of the peptide fragments of cyt c triggered

by heme binding has been also investigated [14]. Re-

cently, the heme-containing 1–56 N-fragment (hereafter

indicated as N-fragment) of cyt c has been obtained by

limited proteolysis [15] of the parental protein and has
been investigated by CD, UV–Vis and electronic para-

magnetic resonance (EPR) at neutral pH [16]. The N-

fragment contains the active site still covalently bound to

a relatively large polypeptide chain, but lacks the C-ter-

minal (residues 87–102) and the 60’s (residues 60–69) a-
helix segment, which forms the native hydrophobic core

with the N-terminal helix (residues 6–14) and the heme

group. Furthermore, the Met80 axial ligand of the native
enzyme is absent in the N-fragment. The results indicated

that the N-fragment shows a compact structure, but

lacks an ordered secondary structure. The heme group is

suggested to be axially bound to two His residues and is

shielded from solvent by the peptide chain. Furthermore,

cyt c reconstituted from the N-fragment and the C-

fragment (residues 57–104) displays native-like redox

properties [17].
Table 1

RR spectral parameters of the m3 mode of cyt c and N-fragment at differen

shapes

6cLS 6cHS

6cLS(1) 6cLS(2) 6cHS(1)

His–Fe–Met80 His–Fe–His18 His–Fe–H2O

N-fragment

pH 7.0 1505 (100) [15]

pH 3.8 1506 (60) [15] 148

pH 3.0 1506 (27) [15] 148

pH 2.0 1506 (4) [15]

Cyt c

pH 7.0 1502 (100) [11]

pH 2.5 1502 (32) [11] 1505 (31) [15] 148

pH 2.3 1502 (9) [11] 1505 (24) [15]

pH 1.3 1502 (6) [11] 1505 (12) [15]

Frequencies are given in cm�1; band intensities (in parentheses) are expre
a The large bandwidth suggests that the m3 bands of two 6cHS species ove
In the present work, we extend further the charac-

terization of the N-fragment using both electronic ab-

sorption and RR spectroscopy at various pH values and

at low ionic strength. Experiments on the N-fragment

and native cyt c have been carried out in parallel under
the same experimental conditions enabling us to con-

clude that at pH 7.0 the ferric N-fragment has a bis-His

LS heme, as found for the misfolded His–His interme-

diate that forms during folding of cyt c. Furthermore,

pH-dependent titrations of cyt c and the N-fragment

show a different protonation profile resulting from either

the different heme iron axial ligands or from the

shielding effect of the polypeptide chains. Finally, the
spectra of the ferrous form at various pH values mark-

edly differ from the corresponding spectra of the native

protein, since around neutral pH one of the two His is

protonated giving rise to a 5cHS species characterized

by a fairly strong Fe–Im bond coexisting with a bis-His

LS species.
2. Materials and methods

Horse heart cyt c (type IV) was purchased from

Sigma and used without further purification. The N-

fragment was obtained as previously reported [16].

The protein samples were prepared in 10 mM sodium

phosphate at pH 7.0. Lower pH values were obtained by

adding 500 mM HCl to the pH 7.0 protein solution: the
maximum concentration of HCl in the solution was

about 60 mM, at pH 1.3. The pH of the samples was

measured before and after the RR measurements.

A very small amount of potassium hexacyanoferrate

(III) was added to the solution of the Fe(III) cyt c

samples to ensure that the protein was completely

oxidised.
t pH values obtained by a band fitting program using Lorentzian line

5cHS

6cHS(2) 5cHS(1) 5cHS(2)

H2O–Fe–H2O His–Fe H2O–Fe

3 (33) [18]a 1495 (7) [13]

3 (55) [18]a 1495 (6) [13] 1492 (12) [13]

1483 (48) [14] 1492 (48) [13]

3 (37) [18]a

1483 (38) [14] 1492 (29) [13]

1483 (38) [13] 1492 (44) [13]

ssed as percentages; bandwidths (in square brackets) are given in cm�1.

rlap (see text).
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The ferrous forms were obtained by a 5% volume

addition of a fresh sodium dithionite (20 mg/ml) solution

to a deoxygenated protein solution. The following buffers

were used: 0.1 M sodium citrate at pH 5.5, 0.1 M sodium

phosphate at pH 7.0 and 0.1 M borate at pH 9.0.
Sample concentration was about 0.03–0.06 mM for

RR spectroscopy and about 0.05–0.1 mM for UV–Vis

absorption.

Absorption spectra, recorded with a Cary 5 spectro-

photometer, were measured both prior to and after RR

measurements. No degradation was observed under the

experimental conditions used. The RR spectra were

obtained by excitation with the 406.7 and 413.1 nm lines
of a Krþ laser (Coherent, Innova 302) and with the

441.6 nm line of a He–Cd laser (Kimmon IK4121R-G).

The backscattered light from a slowly rotating NMR

tube was collected and focused into a computer-con-

trolled double monochromator (Jobin-Yvon HG 2S

2000) equipped with a cooled photomultiplier (RCA

C31034A) and photon counting electronics. The RR

spectra were calibrated with indene and CCl4 as stan-
dards to an accuracy of �1 cm�1 for isolated bands. In

the figures the relative intensities of the high-frequency

RR bands are normalized on the m4 band (not shown in

the figures).

Peak intensities and positions of the m3 RR bands of

the cyt c N-fragment at different pH values were deter-

mined by a curve-fitting program (Table 1).

All the electronic absorption and RR spectra were
collected at about 20–25 �C.
3. Results and discussion

3.1. Ferric form

3.1.1. Electronic absorption

Fig. 1 shows the electronic absorption spectra of

ferric cyt c (Fig. 1(A)) and the N-fragment (Fig. 1(B)) at

various pH values. The UV–Vis spectrum of native cyt c
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for the spectrum at pH 3.5 (panel A) that has been expanded 30-fold.
at pH 7.0 displays the characteristic Soret band at 409

nm, Q bands at about 560 and 530 nm, and a weak

charge-transfer (CT) band at 695 nm, indicative of a

6cLS heme with His (His18) and Met (Met80) residues

bound to the iron atom. As the heme pocket structure is
sensitive to the ionic strength at acid pH [18], the mea-

surements carried out upon lowering the pH were made

in conditions of low ionic strength (4.6 mM Cl�). The
695 nm absorption band of the native 6cLS protein

starts decreasing at pH 3.8 and, at pH 3.5, its decrease is

clearly accompanied by the appearance of a new band at

620 nm. This band further increases in intensity (at the

expense of the band at 695 nm) upon decrease of pH
with a concomitant blue-shift of the Soret band (to 395

at pH 2.3 and to 394 at pH 1.3) and the appearance of a

new band in the Q region at 495 nm. In agreement with

previous reports, these changes are considered to result

from the decrease of the 6cLS species, due to the rupture

of the Fe–Met80 bond, and the formation of HS species

[18].

At pH 7.0 the N-fragment is characterized by a 6cLS
heme giving rise to an electronic absorption spectrum

maxima at 406, 528 and 557 nm (Fig. 1(B)), blue-shifted

compared to cyt c. Moreover, the CT band at 695 nm

is absent since the native Met80 axial ligand is miss-

ing. Unlike the native protein, ionic strength does not

influence the protonation of the ligands. According to

the pKa of 4.15, obtained by pH titration curves, a

CT1 at 620 nm appears at pH 5.2 and becomes clearly
evident at pH 4.8. Further decrease of pH causes

changes which are similar to those observed for cyt c

and characterized by a blue shift of the Soret band to

394 nm at pH 2.0, an intensity decrease of the Q-bands

of the LS heme and the appearance of the Q-band

typical of HS species. No further changes are observed

at pH lower than 2.0. Moreover, unlike cyt c, the ab-

sorption spectra of the N-fragment show two isosbestic
points at 403 and 585 nm between pH 7.0 and 3.8 (data

not shown), indicating the conversion from one form to

another.
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3.1.2. Resonance Raman spectroscopy

RR spectra confirm the conversion from LS to HS

species at acid pH for both the native protein and the N-

fragment (Fig. 2). At neutral pH the RR spectra of cyt c

are extremely rich, especially in the low-frequency re-

gion [19] due to the heme–protein interactions which

result in a pronounced saddling distortion of the heme

group in the native structure [20]. Nevertheless, its RR

bands were completely assigned [21]. The core size
marker bands in the high frequency region (Fig. 2(A))

are at 1502 cm�1 (m3), 1584 cm�1 (m2), and 1635 cm�1

(m10). The pronounced saddling distortion of the heme

group in the native structure [20] is manifested in the RR

spectra by the lower frequencies of the core size marker

bands compared to planar heme proteins, which display

an inverse correlation between the RR band frequencies

and the metalloporphyrin core size [22–25]. At pH 2.5 a
net decrease of the intensity of the core size marker

bands of the 6cLS heme is observed with the appearance

of new bands at 1483, 1570 and 1620 cm�1 corre-

sponding to a 6cHS species. At pH 2.3 this tendency is

more pronounced and the amount of the HS species is

higher than the LS form. Moreover, in the m3 region the

band broadens and the frequency of the m3 marker band

of the 6cLS species is slightly higher than that of the
native form. Upon further lowering of the pH (pH 1.3)

the 6cLS heme is largely reduced and the bands of the

HS species change shape and shift to higher frequency

indicating the formation of a new species.

In order to obtain information on the species formed

during acid denaturation we have analyzed the compo-

nents of the RR spectra by curve fitting of the m3 region
(Fig. 3(A), Table 1). In the first step, the minimum
number of contributing species and their approximate
component spectra have been determined. Subse-
quently, the initial spectra are iteratively refined in a

global fit to all measured spectra.

Acid pH induces the formation of at least three new

species corresponding to the bands at 1505 cm�1

[6cLS(2)], 1483 cm�1 [6cHS], and 1492 cm�1 [5cHS(2)],

whereas the native 6cLS(1) form characterized by the m3
at 1502 cm�1 decreases in intensity. Interestingly, at pH

2.5 the band at 1483 cm�1 appears very broad (band-
width 18 cm�1), suggesting the coexistence of two 6cHS

species, denoted as [6cHS(1)] and [6cHS(2)]. In analogy

with previous work, at this pH, the 6cHS forms are

assigned to a His18–Fe–H2O and H2O–Fe–H2O ligated

heme, respectively [7,10,18]. The new low spin species

[6cLS(2)] corresponds to a non-native species of cyt c,

previously observed in the range pH 2.5–0.5 at high

ionic strength, but virtually absent at low ionic strength
[18], and in the presence of sodium dodecyl sulfate

(SDS), GuHCl, and urea. It is assigned to a misligated

His18/His33 or His18/His26 heme [18,26]. The upshift of

the core size marker bands compared to the native form

is due to a partial relaxation of the heme distortion to-

ward a more planar heme following the rupture of the

Fe–Met80 bond and subsequent binding of a His resi-

due. At pH 2.3 a 5cHS species at the expense of the LS
forms appears and becomes more intense at lower pH

(pH 1.3).

Therefore, this 5cHS species is assigned to a config-

uration in which a water molecule is axially bound to the

heme iron [5cHS(2)] [27] following the protonation of

the His18 ligand. Accordingly, the 6cHS form present

at pH 1.3 and characterized by a narrow bandwidth of

13 cm�1 is assigned to a bis-aquo coordinated heme
[6cHS(2)]. The formation of an aquo-coordinated spe-
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cies is also supported by the relatively high m2=m4 in-

tensity ratio (Fig. 2) in agreement with previous results

[18].

The RR spectrum of the N-fragment at pH 7.0

(Fig. 2(B)) is typical of a 6cLS heme with core size

marker bands at 1505 cm�1 (m3), 1587 cm�1 (m2), and
1639 cm�1 (m10). These frequencies, higher than those of

the native cyt c, resemble those of the 6cLS observed for

non native cyt c in the presence of denaturants or at acid

pH [18] and are almost identical to those previously

observed for the bis-His cytochrome c00 [8]. In analogy
with the non native LS form of cyt c, this species is

identified as [6cLS(2)]. Characteristic HS bands [1483

cm�1 (m3), 1570 cm�1 (m2) and 1620 cm�1 (m10)] appear at
pH 3.8 (Fig. 2(B)) and the spectrum closely resembles

that observed for cyt c at pH 2.5. At pH 3.0 the 6cHS is

the predominant form and the presence of a new HS
species is suggested by the weak band at 1495 cm�1.

Further decrease of the pH to 2.0 clearly shows the

almost complete disappearance of the 6cLS heme.

Moreover, a broadening and the shift towards higher

frequency (1492 cm�1) of the m3 band suggests the
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formation of at least one more additional species besides

the 6cHS form. A band-fitting analysis of the RR

spectra in the m3 region (Fig. 3(B) and Table 1) shows

that a m3 at 1495 cm�1 is present at pH 3.8, decreases at

pH 3.0 and disappears at pH 2.0. Concomitantly at pH
3.0 a new band at 1492 cm�1 appears which becomes

very strong at pH 2.0. The 5cHS present at higher pH is

assigned to a His18 ligated form, deriving from the

protonation of the first His residue [5cHS(1)]. The 5cHS

species dominating at low pH is assigned to a mono-

aquo form, as a consequence of the protonation of the

second His ligand [5cHS(2)]. On the basis of these re-

sults, the 6cHS species at pH 3.8, characterized by a
broad band at 1483 cm�1 (bandwidth 18 cm�1) is due to

the overlap of a His–Fe–H2O [6cHS(1)] and a H2O–Fe–

H2O [6cHS(2)] form, the latter becoming the predomi-

nant form at pH 2.0. Therefore, we can conclude that

protonation of the first His ligand at acid pH allows the

coordination of a water molecule to the heme iron of the

N-fragment and only a small amount of the 5c His–Fe

configuration is present.
Further information can be obtained by the analysis

of the low frequency RR region (Fig. 4). At neutral pH

cyt c is characterized by a very complex spectrum

(spectrum a, Fig. 4), since the peripheral substituent and

the out-of-plane modes become active as a consequence

of a fairly distorted heme [28]. In the N-fragment spec-

trum at pH 7.0 (spectrum b, Fig. 4) several bands can be

seen to have a much lower intensity and frequency
compared to cyt c. In particular, the bands assigned in

cyt c to the out-of-plane modes c22 (447 cm�1), c12 (521
cm�1), c21 (567 cm�1), and c5 (730 cm�1) and the vi-

brations of the thioether linkage at 397 cm�1 [d(CbCaS)]
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dramatically decrease in intensity. As observed for the

high frequency region, the spectrum resembles very

closely that of cyt c00 [8] and in common with this latter

protein it also shows the presence of a new band at 403

cm�1 which is assigned to the bis-His asymmetric
stretching mode [mas(Fe–Im2)], predicted to be Raman-

active if the ligands are inequivalent [29]. Lowering the

pH to 3.8 (spectrum c, Fig. 4) causes only slight changes

in the spectrum which, on the other hand, changes

dramatically at pH 2.0 (spectrum d, Fig. 4). The spec-

trum is almost identical to that of cyt c at pH 1.3 (data

not shown) and to that of the protein unfolded in the

presence of denaturants at acid pH [30]. Only a few
bands are present, as all the out-of-plane modes and the

bis-His asymmetric stretching mode [mas(Fe–Im2)] have

disappeared. The assignment of the low-frequency RR

bands of the N-fragment, based on the assignment of the

bands of cyt c, is reported in Table 2.

3.2. Ferrous form

Fig. 5 shows the titration of the reduced N-fragment

between pH 9.0 and 5.5. Unlike cyt c, which has a 6cLS

heme in the range under investigation [27], on going

from alkaline to acid pH the N-fragment undergoes

coordination and spin state changes as a consequence of

the protonation of one of the two His ligands. At al-

kaline pH the N-fragment is mainly 6cLS with maxima

at 417, 520, and 550 nm. Interestingly, the Soret maxi-
mum is different from that observed for cyt c at neutral

pH (415 nm) but identical to those observed for bis-His

cytochromes such as cytochrome c3 [31]. Moreover, as

previously observed for the ferric form of cyt c, the peak

maxima of the electronic absorption spectrum of the N-

fragment resemble very closely those of cyt c on addition

of GuHCl [32]. Upon lowering the pH a 5cHS grows at

the expense of the 6cLS, as judged by the appearance of
shoulders at 433 and 565 nm.

Fig. 6 compares the RR spectra obtained for the

ferrous N-fragment in the high (panel A) and low (panel

B) frequency region at pH 9.0 and 7.0. Experiments at

pH 5.5 were not successful due to the instability of the

reduced form in the laser beam. The experiments were

carried out with excitations at 413.1 and 441.6 nm,

where the LS and HS forms, respectively, are selectively
resonance enhanced. Inspection of the spectra in the

high frequency region (Fig. 6(A)) confirms the presence

of an almost pure LS heme at alkaline pH. It is different

from the corresponding spectrum of native cyt c [21] and

is characterized by the intense bands at 1492 cm�1 (m3),
1535 cm�1 (m11), and 1591 cm�1 (m2). At pH 7.0 an in-

crease of the 5cHS species (1469 cm�1, m3; 1546 cm�1,

m11; 1572 cm�1, m2; and 1605 cm�1, m10) at the expense of
the LS heme can be observed. Interestingly, addition of

up to 1.6 mM SDS to neutral cyt c largely converts the

native LS heme to a 5cHS form, which is converted to a



Table 2

RR bands (cm�1) and mode assignments observed in the low frequency region for ferric and ferrous cyt c and N-fragment at pH 7.0 and 2.0

Assignment Cyt ca N-fragment

pH 7.0 pH 7.0 pH 2.0

Fe2þ Fe3þ Fe2þ Fe3þ Fe3þ

m34 d(CdC1)sym B2g 183 190 HS; 199 LS

m53 d(pyr transl) Eu 202 209

c24 c(CaCm)

Eg 226

m(Fe–Im) 229 HS

240 238 LS

m9 m(pyr) + d(substituents pyr) A1g 271 272 267

m51 d(CbC1)asym Eu 309 304 309

m8 m(pyr) + d(substituents pyr) A1g 347 349 344 343 339

m50 m(pyr) + d(substituents pyr) Eu 360 369 358 361

d(CbCcCd) 372, 382 380 377 381 381

d(CbCaS) 394, 401 397 400 LS

mas(Fe–Im2) 403

d(CbCaCb) 413, 421 412, 418 413 408, 417 408, 417

c22 pyr swivel Eg 442 442

m33 d(pyr rotat) B2g 479 480 475

c12 pyr swivel B1u 520 522

m49 d(pyr rotat) Eu 536

c21 pyr foldsym Eg 552, 568 567 554, 567

m48 d(pyr deform)sym Eu 633, 642 632, 642 641 641

c20 pyr foldasym Eg 653, 666 655, 666 653, 668

m(CaS) 682, 692 693 692 692

m7 d(pyr deform)sym A1g 700 701 700 700

c11 pyr foldasym B1u 724 723 723

c5 pyr foldsym A2u 729 729

m15 d(pyr breathing) B1g 750 750 743 743

a From [21]. The following experimental conditions differ from those reported herein: temperature 12 K, excitation wavelength 413.1 nm; 50 mM

potassium phosphate buffer with 0.5 M KCl added. Consequently, some of the cyt c frequencies of the spectra observed in Figs. 4 and 7 are slightly

different.
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6cLS heme upon addition of imidazole. As expected, the

RR spectrum of the low spin heme of the N-fragment,

closely resembles that of the imidazole complex of fer-

rous cyt c in SDS solutions [18].
Moreover, the same 6cLS species is observed also at

pH 5.8 upon addition of 10 mM GuHCl to ferrous cyt c

[18], whereas at higher concentration a 5cHS heme is

already observed at neutral pH [33]. Fig. 6(B) compares

the RR spectra of the N-fragment in the low frequency

region. The low frequency region RR spectra of 5c fer-

rous hemoproteins are characterized by the presence of a

strong band due to the iron–imidazole stretching mode,
m(Fe–Im), which occurs in the region 200–250 cm�1. As

the spectra in the high frequency region, the spectra

obtained with both the 441.6 and 413.1 nm excitation

wavelength are quite different from those reported for
the native cyt c at neutral pH ([21] and Table 2). At pH

7.0 a fairly intense band at 229 cm�1 (which is not

present in the RR spectrum of the native cyt c) is ob-

served in the spectrum obtained with the 441.6 nm ex-

citation wavelength (Fig. 6, a0). It is assigned to the

m(Fe–Im) stretching mode since it is expected to be en-

hanced only in the 5cHS species. Confirmation that

the band results from a Fe–Im stretching mode can be
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derived from the intensity decrease observed for exci-

tation at 413.1 nm. This wavelength is out of resonance
for the HS heme species (Soret maximum at 433 nm)

and, hence, the Fe–Im stretching mode which is strongly

coupled to the Soret resonance [29] is considerably

weakened. It can be seen that the band at 229 cm�1 is

clearly weakened at pH 7.0 for this excitation wave-

length and is nearly absent at pH 9.0.

The frequency of the m(Fe–Im) stretching mode is

sensitive to the bond strength as a consequence of the
status of the proton on the bound imidazole. A non H-

bonded ligand has a frequency at about 200 cm�1. As

the strength of the hydrogen bond between the imidaz-

ole proton and an accepting residue increases, the ob-

served m(Fe–Im) frequency also increases [34,35]. A
N-fragment
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Fig. 6. Resonance Raman spectra of the reduced N-fragment at pH 7.0 (a

resolution; 441.6 nm excitation wavelength ( a, a0, b, b0), 413.1 nm excitation w

interval; (b) 15 mW at the sample, 14 s/0.5 cm�1 collection interval; (c) 15

sample, 8 s/0.5 cm�1 collection interval; (a0) 20 mW at the sample, 8 s/0.5 cm�

interval; (c0) 15 mW at the sample, 9 s/0.5 cm�1 collection interval; (d0) 15 m
frequency at 229 cm�1 is fairly high and is reminiscent of

the frequencies observed for the heme containing per-

oxidase enzymes for which a strong H-bond between the

NdH proton of the imidazole and an Asp residue has

been found [36]. It is very likely that the His bound to
the iron is the native His18. On the basis of the X-ray

structure of cyt c [20] a good candidate able to form

such a H-bond with the His18 is Pro30, whose side chain

carbonyl oxygen atom is located at 2.7 �A from the Nd of

the imidazole (Fig. 7). However, the value of the N-

fragment m(Fe–Im) frequency is higher than those

characteristic of systems in which the acceptors are side

chain carbonyl oxygen atoms. Thus, it cannot be ruled
out that other H-bond acceptor residues are in the vi-

cinity of the His18 residue in the N-fragment when

His33 or His26 are bound to the other coordination

position of the heme. Nevertheless, the high frequency

of the m(Fe–Im) stretching mode, which corresponds to a

fairly strong Fe–Im bond, agrees very well with the

finding that for ferrous cyt c there is no indication that

the Fe–His18 bond is ruptured even in GuHCl (at
pH> 3) [18]. As a consequence, a strong coordinative

Fe–Im bond persists even in the absence of an appro-

priate protein fold in its immediate environment.

3.3. Role of the 57–104 peptide fragment

Table 3 summarizes the coordination-spin state

changes observed for both native cyt c and the N-frag-
ment upon lowering the pH. The titration of the ferric

form at low ionic strength has revealed that although the

protonation of the ligands in the two systems has a

similar behaviour it occurs at different pH, being about

one unit higher in the fragment than in the mother

protein. This clearly depends on the different nature of
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Fig. 7. Schematic representation of the 1–56 N-fragment of horse heart

cytochrome c, based on the X-ray crystallographic structure of the

native protein (PDB code 1HRC). Dotted line indicates inferred hy-

drogen bond, on the basis of distance criteria.
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the ligand, Met80 in cyt c and a misligated His residue in

the fragment. Moreover, protonation of methionine in

cyt c is followed by ligation of a misligated His that,
on the other hand, undergoes protonation upon fur-

ther decrease of the pH. The titration of the N-fragment

differs also from that of cyt c in the presence of

denaturant agents.

At neutral pH and in the presence of GuHCl [9] or

urea [26], Met80, the native axial ligand of cyt c, is re-

placed by a histidine (His33 or His26) and the protein
Table 3

Scheme of the coordination-spin state changes observed for cyt c and the N

N-fragment

pH 7.0

His–Fe–His18 6cLS (2)

pH 5.2

Dissociation of the misligated His

pH 3.8

His–Fe–His18 6cLS (2)

H2O–Fe–His18 6cHS (1)

Fe–His18 5cHS (1)

pH 3.0

His–Fe–His18 6cLS (2) #
H2O–Fe–His18 6cHS (1) #
H2O–Fe–H2O 6cHS (2)

Fe–His18 5cHS (1) #
Fe–H2O 5cHS (2)

pH 2.0

His–Fe–His18 6cLS (2) #
H2O–Fe–H2O 6cHS (2)

Fe–H2O 5cHS (2)
acquires a 6cLS configuration characterized by elec-

tronic absorption and RR spectra which are indistin-

guishable from those of the N-fragment (Fig. 8). This

form corresponds to the misligated 6cLS heme with

His18 and His33 bound to the metal [26]; the same
configuration is suggested for the N-fragment, which

therefore may be considered a good model for the mis-

folded His–His intermediate formed during folding of

cyt c. In acidic GuHCl solutions the increase of the

characteristic RR HS bands at the expense of the LS

bands has been clearly observed [18]. At pH 4.1 the

spectral contribution of the HS configuration prevails

and the spectrum resembles that of the N-fragment
obtained at pH 3.0 (Fig. 2). Accordingly, the spectrum

of cyt c in acidic GuHCl solution at pH 3.3 is very

similar to that of the fragment at pH 2.0. The higher pKa

for His protonation observed in the GuHCl-denatured

protein (pKa ¼ 5.3) [18] with respect to the N-fragment

(pKa ¼ 4.15), suggests that the 57–104 peptide segment

hinders His coordination to the heme iron in the un-

folded protein, likely due to steric tensions deriving from
an increased protein flexibility. This is confirmed by the

observation that at low ionic strength no appreciable

conformational change is detected in cyt c (where the

57–104 segment contributes to the overall rigidity and

stability of the macromolecule) in the pH range 3.8–7.0,

even though a ligand (Met80) weaker than His is coor-

dinated to the metal. Therefore we deduce that, under

native-like conditions, the 57–104 peptide fragment im-
parts structural stability to cyt c by protecting the heme

from the solvent accessibility.
-fragment upon lowering the pH

Cyt c

pH 7.0

Met80–Fe–His18 6cLS (1)

pH 3.8

Dissociation of Met80

pH 2.5

Met80–Fe–His18 6cLS (1)

His–Fe–His18 6cLS (2)

H2O–Fe–His18 6cHS (1)

pH 2.3

Met80–Fe–His18 6cLS (1) #
His–Fe–His18 6cLS (2) "

H2O–Fe–H2O 6cHS (2)

Fe–H2O 5cHS (2)

pH 1.3

Met80–Fe–His18 6cLS (1) #
His–Fe–His18 6cLS (2) #
H2O–Fe–H2O 6cHS (2)

Fe–H2O 5cHS (2)
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When the protein is partially unfolded (as in the

presence of GuHCl), the misligated His is more sensitive

to protonation than in the N-fragment. This suggests

that the lack of the (57–104 residues) segment is a sta-

bilizing factor for the N-fragment at acid pH as the re-

maining peptide shields better the heme from the
solvent. These considerations are in very good agree-

ment with the redox potentials (E0 ’ 250 mV (vs NHE))

for native cyt c, E0 ’ 10 mV for the GuHCl-unfolded

cyt c, E0 ’ 0 mV for the N-fragment, at neutral pH and

25 �C [16,37], that confirm the efficient shielding action

of the 1–56 peptide in the N-fragment.
4. Conclusions

The present results provide clear evidence that the 1–

56 N-fragment at neutral pH has two His residues axi-

ally coordinated to the heme iron. One is the native

His18, the other is His33 (or His26) in place of (the

missing) Met80. At present we cannot identify which

His replaces the methionine, as both His 26 and His33
lie on the opposite side of the heme plane in native cyt

c (Fig. 7) [20]. The fragment shows the same spectro-

scopic characteristics as ferric and ferrous cyt c un-

der partially denaturing conditions when a non native

histidine (either His26 or His33) ligand is known to

replace Met80 [9]. Moreover, the misligated state of

cyt c and the N-fragment have very similar dichroic

spectra both in the Soret and in the far-UV regions
[16,38–40]. Nevertheless, the peptide chain shields

the heme group from solvent and the titration (as a

function of pH) of the ferric fragment shows a similar

behavior to the GuHCl-denatured protein albeit with

lower pKa.

At acidic pH one axial ligand (a His which replaces

the Met residue that is coordinated at neutral pH in

native cyt c, and a misligated His in the N-fragment and
the GuHCl-denatured protein) is lost. Further, the for-

mation of an aquo 6c HS form is observed at pH 3.8 for
native cyt c and at pH 5.2 for the N-fragment, whereas

His18 is replaced by a water molecule at pH 2.3 for cyt c

and at pH 3.0 for the N-fragment. The latter result

indicates that the peptide segment missing in the N-

fragment affects the His18–Fe(III) axial bond strength,

likely through a shielding action. Hence, in ferric cyt c
the Fe–His18 bond breaks only under extreme condi-

tions (as, for example, at very low pH or in the presence

of GuHCl at pH 3.3), whereas in ferrous cyt c replace-

ment of His18 is not observed even under these extreme

conditions. Thus, the rupture of this bond requires

extensive degradation of the overall secondary structure

[18].

In the ferrous N-fragment, the misligated His has a
pKa around 7.0. On the other hand, the fairly high fre-

quency of the Fe–Im (His18) stretching mode observed

in the ferrous form of the remaining 5c HS species in-

dicates the persistence of a strong Fe(II)–Im bond even

in the absence of an appropriate protein fold in the

immediate environment of His18.
5. Abbreviations

Cyt c cytochrome c

GuHCl guanidine hydrochloride
SDS sodium dodecyl sulfate

CT1 long wavelength (>600 nm) porphyrin (p)-
to-iron (dp) charge transfer band

CT porphyrin (p)-to-iron (dz2 ) charge transfer band

(695 nm), regarded as a diagnostic indicator of

the integrity of the Met80–Fe3þ bond and the

native conformation of ferricytochromes c

CD circular dichroism
EPR electron paramagnetic resonance

RR resonance Raman

5c five coordinate

6c six coordinate

HS high spin

LS low spin
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