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Abstract

The conformational transition of horse heart cytc in the presence of exogenous thiazole is investigated by NMR
spectroscopy. Surprisingly, besides the native form and the ligand-bound form, another species(species A) exists at
neutral pH. Titration of thiazole at alkaline condition indicates that this form has Lys as the axial ligands and in fact
is one of alkaline cytc conformers. At a high concentration of thiazole, species A has a dominant population at a
pH of approximately 7. It is the first time that a pure alkaline conformer of cytc is obtained at neutral pH. The
observed NOEs show that species A maintains the overall protein fold although large structural rearrangements are
expected in the distal pocket. Furthermore, the different effect of imidazole, pyridine and thiazole on the alkaline
transformation of cytc is discussed.
� 2003 Elsevier Science B.V. All rights reserved.
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1. Introduction

Mitochondria cytochromec is an important
hemoprotein that functions as an electron carrier
in the electron transport chainw1,2x. The pH-
dependent conformational transition of ferricyto-
chromec has been known for many yearsw3–10x.
Of these conformations, the native state prevails
at neutral pH and is converted to the alkaline
forms with pK values between 8.5 and 9.5a

depending on the species. The knowledge of the
alkaline transition of cytc is of intense interest for
several reasons. First, studies have provided evi-
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dence that the structural changes involved in the
alkaline transition may be related to the electron-
transfer process of cytc in the complexes with its
natural reaction partnersw11,12x. For example,
Raman spectroscopy indicates the binding of cytc
to cyt c oxidase induces dissociation of Met80
from the heme iron in cytc, an event required for
formation of the alkaline forms. Second, the under-
standing of how proteins efficiently fold from a
disordered state to a unique and fully functional
native state is always an attractive area. The
alkaline conformers may be regarded as interme-
diate state during the unfolding of cytc w13–21x.
NMR studies of the unfolding of cytc in urea and
guanidine hydrochloride show that under mild
denature conditions, cytc undergoes alkaline-like
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conformational transition and the hyperfine shifts
of the identified unfolding equilibrium intermedi-
ates are quite similar to those of the alkaline
conformersw19,20x. Finally, recent investigations
find cyt c undergoes structural changes in mixed
aqueous–non-aqueous media, resulting in forma-
tion of alkaline-like speciesw22x. This fact leads
to the proposal that near the mitochondrial
membrane, a low dielectric environment, cytc
may exist in alkaline-like forms.
Although spectroscopic studies indicate that

Met80 is substituted by Lys 73 or Lys 79(or Lys
72 in some cases) as the sixth axial ligand,
unambiguous structural characterization of the
alkaline conformers is still lackingw7,8x. There are
two factors that prevent from obtaining NMR
structures of the alkaline cytc. One is that an
alkaline solution condition is not suitable for NMR
experiments because the backbone NHs exchange
fast with the solvent. The other is the complex
interconvertible conformations coexisting in the
alkaline solution. It has been found that mutation
of residues located nearby Met80 and some nitro-
genous ligands, for example, pyridine and its
derivatives, will decrease the pK of the alkalinea

transition to approximately 7w6,7,23–25x. How-
ever, it is still unsuccessful to get a pure alkaline
conformer at neutral pH for NMR study. In this
paper, we find that thiazole is a unique ligand in
that it selectively stabilizes one conformer of the
alkaline forms and in the presence of thiazole, a
homogeneous alkaline conformer can be obtained
at neutral pH. With the isotopic label technology,
our results make it now feasible to determine the
alkaline form of cytc by NMR spectroscopy.

2. Materials and methods

2.1. Sample preparation

Horse heart cytc (type VI) was purchased from
Sigma Chemical Co. and purified as previously
describedw26x. Thiazole was bought from ACROS
ORGANICS and its purity was check before use
by NMR spectroscopy. The H NMR samples were1

prepared by dissolving the lyophilized protein in
D O. Concentrated thiazole solution was added to2

the protein solution to control the thiazole concen-

tration. The pH was adjusted by addition small
volumes of DCl or NaOD(uncorrected for the
isotope effect). The final NMR samples contained
approximately 2–4 mM hh cytc.

2.2. NMR spectroscopy

The NMR spectra were collected on a Bruker
DRX 500 spectrometer. One-dimensional
superWEFT and superWEFT-NOE were carried
out using reported methodology to optimize the
paramagnetical signalsw27,28x. Two-dimensional
DQF-COSY, TOCSY and NOESY spectra were
collected following standard pulse sequencesw29x.
NOESY maps in D O solution were recorded on2

a spectral width of 50 ppm with a recycle time of
600 ms and a mixing time of 50 ms. To optimize
the observation of connectivities in the diamagnet-
ic region, NOESY maps in D O solutions were2

recorded on a smaller spectral width(16 ppm),
with recycle time of 1.2 s and a mixing time of
100 ms. Analogously, DQF-COSY and TOCSY
experiments were recorded over the spectral width
of 16 ppm (recycle time of 1.2 s and spin lock
times of 70 ms). The EXSY spectra were acquired
using the NOESY pulse sequence on a spectral
width of 50 ppm with a mixing time of 25 ms or
50 ms.
The H- C HMQC spectra were carried out1 13

using natural abundance samples without decou-
pling during acquisitionw30x. The D delay was
adjusted to optimize sensitivity according to the
line widths of heme methyl signals. The chemical
shifts were calibrated in the proton frequency using
water as internal reference and in the carbon
frequency using dioxane at 66.6 ppm.
Data processing was performed using the stan-

dard Bruker software package XWINNMR on a
Silicon Graphics workstation, the two-dimensional
spectra were analyzed with the aid of the program
XEASY w31x.

3. Results and discussion

3.1. Detection of an alkaline isomer of cyt c in the
presence of thiazole at neutral pH

Fig. 1 depicts the NMR spectra of the hyperfine
regions of cytc in the presence of 1 M thiazole at
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Fig. 1. The downfield hyperfine shifted region of cytc spectra
as a function of pH at 303 K in the presence of 1 M thiazole.
Resonances due to native cytc, thiazole-cytc and species A
are labeled with N, B and A, respectively.

Fig. 2. Portions of HMQC(a) and NOESY(b) of species A
at pH 7.1 and 303 K.

pH ranging from 5.6 to 7.1. The chemical shifts
of the four heme methyls of the thiazole–cytc
complex(labeled as B) could be easily identified
in the EXSY spectrum(data not shown). To our
surprise, another species(labeled as A) exists and
increases at the expense of the native cytc and
the bound form as the pH increases. At pH 7.1,
this species has a dominant population with well-
resolved resonances. Since there are no cross-peaks
between the native form and species A in the
EXSY spectra at pH 7.1 and 303 K indicating
species A undergoes very slow exchange of native
cyt c, the hyperfine shifted resonances of this
species are assigned based on HMQC and NOESY
experiments(Fig. 2, see below).
As the chemical shifts of the four heme methyls

and its hyperfine shift pattern of species A bear a
strong similarity to the cyanide adducts of cytc
and the alkaline forms of cytc (Table 1), it is
speculated that the sixth axial ligands in species A

is of cylindric symmetry. Recently, Bowler et al.
found that in yeast cytc, the N-terminal amino
group can ligate to the heme under denaturating
conditions w20x. However, in cytc of mammals
such as horse heart cytc, the N-terminal is acety-
lated w32x, so the remaining candidate is a depro-
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Fig. 3. The downfield hyperfine shifted region of cytc spectra
as a function of thiazole concentration at 303 K and pH 9.5.
Resonances due to native cytc and the two alkaline forms of
cyt c are labeled with N, A and A , respectively.1 2

Table 1
Chemical shifts of the heme methyls protons of cytc in various conformations

Conformations 1-CH3 3-CH3 5-CH3 8-CH3

Native cytca 7.2 31.7 10.2 34.5
50 mM PBS, pH 7.0, 298 K

CN-cyt cb 16.6 11.4 23.1 21.5
50 mM KCN, pH 7.0, 303 K

Alkaline cyt ca 13.2 12.9 22.1 23.4
50 mM PBS, pH 10.5, 298 K

Species A 12.2 11.5 19.8 21.3
1 M thiazole, pH 7.0, 303 K

Ref. w18x.a

Ref. w37x.b

tonated Lys. It has been reported that the alkaline
form of cyt c was a mixture of two Lys-ligated
conformers and the ligated Lys is located at the
loop encompassing residues 70–85w1,4x. To verify
the relationship between species A and the alkaline
cyt c forms, a series of NMR experiments of cyt
c at pH 9.5 and 303 K with varying concentration
of thiazole were carried out(Fig. 3). From Fig. 3,
it is seen that at such pH and temperature the
NMR spectra show the presence of two alkaline
forms (A and A ) which are in equilibrium with1 2

the native form and A is highly populated as the1

concentration of thiazole is above 160 mM. It can
be clearly noted that the spectrum of cytc in the
presence of 160 m thiazole at pH 9.5 is the same
to that of cytc in the presence of 1 M thiazole at
pH 7.1, suggesting that A and A are the same1

species with a HisyLys ligation. In fact, at neutral
pH and the thiazole concentration is below 100
mM, there are four species(native form, ligand–
cyt c complex, A and A) co-exist in the solution1 2

(see below). Furthermore, the effect of thiazole is
reversible and dialysis of the newly prepared sam-
ples with thiazole restore the spectrum of native
cyt c (data not shown). Thus, it is concluded that
the alkaline cytc, A and A can appear at neutral1 2

pH under the presence of exogenous thiazole and
concentrated thiazole stabilizes one form of them
to give rise to species A.

3.2. Kinetic analysis of the interconvertable pro-
cess of the native form, the bound form and the
alkaline forms of cyt c in the presence of thiazole

Two-dimensional EXSY is popular for its power
to deal with complex multisites exchange system
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Fig. 4. Porions of the downfield region of the EXSY spectrum
of cyt c at 323 K and pH 6.5 in the presence of 80 mM thiazole.
Resonances due to native cytc, thiazole-cytc and the two
alkaline forms of cytc are labeled with N, B, A and A ,1 2

respectively.

Table 2
The exchange rate constants and the apparent equilibrium con-
stants in cytc and cytc in the presence of thiazole(the errors
of these parameters are approx. 10%)

Cyt c, pH 9.3, Cyt c, pH 9.5,
50 8Ca 50 8C

(80 mM thiazole)

k (s )y1
12 0.62 1.45

k (dm mol s )3 y1
21 1.8=109 1.92=106

K (molydm )31 3.4=10y10 7.55=10y7

k (s )y1
13 0.14 4.41=10y2

K (dm mol s )3 y1
31 5.9=108 1.60=106

K (molydm )32 2.4=10y10 2.75=10y8

K (dm mol s )3 y1
14 – 62.5

K (s )y1
41 – 12.3

K (dm mol )3 y1
3 – 5.08

Ref. w24x.a

w33x. To further understand the kinetic behaviors
of the two Lys ligated forms and the thiazole–cyt
c complex in their formation process, two-dimen-
sional EXSY experiments are employed to evalu-
ate the exchange rate constants between the four
species(cyt c, thiazole–cytc complex, A and1

A ). Fig. 4 presents the downfield region of the2

spectrum of cytc (pH 6.5) with 80 mM thiazole
at 50 8C. It can be noted that every two of the
four species are exchanged to give cross-peak in
the spectrum except that the exchange rate between
native cytc and A is too slow to be detected in2

the EXSY spectrum at 508C. According to the
theory of exchange spectroscopyw33x, the reaction
amplitude matrixA based on the intergration of 8-
CH3 is obtained and the kinetic matrixR is
calculated in Appendix B.
Some equilibria in the system can be presented

as follows:

k12
qcyt c|A major form, HisyLys qHŽ .1

k21

k13
qcyt c|A minor form, HisyLys qH (1)Ž .2

k31

k14

cyt cqthiazole|thiazoleycyt c
k41

and the exchange rate constants and the equilibri-
um constants can be calculated directly from
matrix R and are listed in Table 2.
It is clear from Table 2 that in the presence of

80 mM thiazole at pH 6.5, the forward rate
constants ofk and k do not change noticeably12 13

compared to those of the native protein at alkaline
pH in the absence of exogenous ligand, however,
the reverse rate constants ofk and k are21 31

significantly decreased by the exogenous thiazole
by approximately 1400 folds, respectively. Thus,
the pK s of the alkaline transition of cytc area

decreased from approximately 9.5 to 6.1(for A )1
and 7.6(for A ).2

3.3. Structural characterization of species A

NMR spectroscopy was utilized to qualitatively
characterize species A. The chemical shifts of
heme peripheral protons were assigned by use of
a combination of data from HMQC and NOESY
experiments. For example, the assignments of 8-
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Fig. 5. Schematic representation of the dipolar connetivities
observed between the heme resonances in species A.

Table 3
Assignments of the hyperfine shifted signals of the species A
in the presence of 1 M thiazole at pH 7.1 and 303 K

Assignments Chemical shifts

H shift (ppm)1 C shift (ppm)13

1-CH3 12.17 y37.68
3-CH3 11.46 y24.32
5-CH3 19.80 y46.63
8-CH3 21.33 y54.81
a-Meso 3.29 27.10
b-Meso y2.99 13.02
d-Meso y4.85 37.26
Pro-7aCH2 4.02 y9.12

2.72
Pro-7bCH2 0.00 72.64

y0.55
2-CH y0.82 4.66
2-CH3 y1.27 38.47
4-CH y1.59 y24.33
4-CH3 y0.16 67.99
H18aCH 11.49 77.59
H18bCH2 15.18 26.12

10.06
H18d2 20.29 n.d.
H18́ 1 y7.74 n.d.

CH and 1-CH were confirmed by observation of3 3

cross-peaks in the NOESY spectrum with thed-
meso proton aty4.85 ppm. The thioether CH and
CH resonances identified in the HMQC spectra3

were further confirmed by NOESY cross-peaks:
NOE connectivities were observed from 1-CH to3

CH and CH of thiother-2; and from 3-CH to CH3 3

and CH of thiother-4. The assignments of propi-3

onate-7 and meso CHs were achieved in a similar
way. In brief, Fig. 5 shows a schematic represen-
tation of the dipolar connectivities observed
between the heme protons in species A, and four
heme methyl resonances were clearly identified in
the HMQC spectrum(Fig. 2a). The positions of
the aCH andbCH2 protons of His18 were con-
firmed by their characteristic pattern in the TOCSY
and HMQC spectra. The H́1 and Hd2 of His18
were identified in the one-dimensional superWEFT
and superWEFT-NOE spectra. Most of the para-
magnetical resonances of the heme protons and
carbons have been assigned and the results are
listed in Table 3. The assignments of the chemical

shifts of the amino residues were achieved by first
identifying the spin systems in COSY-type spectra
and then correlating them in the NOESY spectra.
In total, protons of approximately 30 residues have
been assigned. These residues belong to the two
termini, 60s-helix and regions nearby the heme.
The assignments are listed in Appendix A.
NOE experiments can provide data on internu-

clear distances which are directly correlated with
the molecular conformation. Fig. 2b represents a
portion of NOEs observed between the four heme
methyls and the surrounding amino residues: 8-
CH shows NOEs with Leu64d CH ,3 1 3

Leu35d CH and Leu35d CH , 5-CH shows1 3 2 3 3

NOEs with Thr28gCH , 1-CH shows NOEs with3 3

Leu68d CH , Leu68d CH , Leu94d CH and1 3 2 3 1 3

Leu94d CH . Inspection of the cytc solution2 3

structure reveals that the distances between heme
methyls and those protons mentioned above are
within NOE distance(-5 A) w34x, indicating that˚
the exchange of the axial ligand Met80 for a Lys
does not alter the residues conformation around
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Table 4
Effects of mutation and exogenous nitrogenous ligands on the
pK of the alkaline transition of cytca

pKa Method

hh Cyt ca 9.5, 9.6 EXSY(pH 9.3)
iso-1 cyt cb 8.3 pH titration
iso-2 cyt cc 8.4 pH titration
Pyridineqhh cyt ca 7.4, 7.9 EXSY

(pH 7.5 80mM pyridine)
Thiazoleqhh cyt c 6.1, 7.6 EXSY

(pH 6.8 80mM thiazole)
iso-1 cyt c mutantb ;8 pH titration
(F82L, F82I)

iso-2 cyt c mutantc 6.7 pH titration
(P76G)

Ref. w24x values for two conformers are presenteda

separately.
Ref. w5x averaged values of the conformers.b

Ref. w6x averaged values of the conformers.c

the prosthetic heme significantly. At the same time,
NOEs are observed clearly showing long-range
interactions between N-terminal helix and C-ter-
minal helix. For example, thea protons of Gly6
show NOEs with thea and g protons of Leu94.
A characteristic NOE pattern ofab(i, iq3) cross-
peaks was also detected for residues 61–68 indi-
cating a helix for this region(Appendix C). These
results indicate that although the axial ligand
Met80 is replaced by a Lys, the overall fold in cyt
c is maintained in species A compared to the
native protein. Structural modeling of alkalineiso-
1 cyt c by molecular dynamics has also suggested
that exchange of Met80 for a Lys does not alter
the overall fold of the protein and the structure
changes are almost restricted to residues 70–85
w9x. This small structural deviation from the native
protein could be mainly ascribed to the property
of the flexible loop encompassing residues 70–85
w35x.

3.4. Effects of exogenous nitrogenous ligands on
the alkaline transformation of cyt c

It has been found that imidazole, pyridine and
its methyl derivatives are able to selectively sta-
bilize one conformer of the alkaline cytc at
alkaline pH, and that while pyridine and its deriv-
atives can promote the alkaline transition by
decreasing the pK (Table 4), imidazole has littlea

effect w23–25,36x. However, the pursuing of
obtaining a ‘pure’ alkaline form of cytc is still
unavailable. In this paper, for the first time we
find that thiazole can decrease the pK of thea

alkaline transition to as low as 6.1 and a homog-
enous conformer of alkaline cytc is obtained at
neutral pH. The mechanism of why exogenous
nitrogenous ligands could promote the formation
of alkaline cyt c is still open to debate. Our
previous studies have found that 2,6-dimethyl pyr-
idine, although hardly bind to cytc due to stereo
hindrance, still can facilitate the alkaline transfor-
mationw25x. This observation leads to the proposal
that this promotion effect may not be related to
the binding of these exogenous ligands to the
heme and that these ligands just penetrate into the

heme pocket, disrupt the H-bond network of the
distal pocket, cause structural rearrangement and
facilitate the alkaline transformation. Inspection of
the solution structure of horse heart cytc shows
that H-bonds are observed between Thr78 HN and
Pro76 O, Phe82 HN and Met80 O and Met80 S
and Tyr67 OH in the distal pocketw34x. These
hydrogen bonds are responsible for the stabiliza-
tion of the native state and are very likely to be
broken as a result of the interactions between the
exogenous ligands and the heme. Work by Mauk
and Nall have demonstrated that mutation at posi-
tion 76 and 82 will decrease the pK of the alkalinea

transformation(Table 4). A possible explanation
is that such mutations will disrupt the above
mentioned H-bonds. The reason that why thiazole
has the most significant effect on the alkaline
transformation remains quite speculative. We pro-
pose that it may be related to the acidity. The
pK s of the conjunctive acids of thiazole, pyridinea

and imidazole are 2.5, 5.3 and 7.0, respectively.
This sequence coincides well with the facts that
thiazole is the most effective in promoting the
alkaline transformation by decreasing the pK ofa

this transition to as low as 6.1, while imidazole
has little promotion effect on the alkaline transi-
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Fig. 6. Portion of NOESY indicatinga-helix for residues 61-
68. The cross-peaks ofab(i iq3) are labeled in the spectrum.

tion, and that the promotion ability of pyridine is
the middle.

Appendix A: Chemical shifts of some residues
in species A at 303 K, pH 7.1.

1 3.822 HA1 1 45 1.920 HB3 59
2 3.615 HA2 1 46 6.677 HE3 59
3 4.575 HA 2 47 6.106 HZ3 59
4 2.785 HB2 2 48 6.477 HZ2 59
5 2.680 HB3 2 49 5.731 HH2 59
6 3.444 HA 3 50 3.508 HA 61
7 2.087 HB 3 51 1.956 HB2 61
8 1.008 QG1 3 52 3.887 HA 64
9 0.977 QG2 3 53 1.092 HB2 64

10 3.854 HA1 6 54 0.953 HB3 64
11 3.196 HA2 6 55 0.735 HG 64
12 3.751 HA 11 56 y0.784 QD1 64
13 2.164 HB 11 57 y0.884 QD2 64
14 1.182 QG1 11 58 3.554 HA 65
15 1.005 QG2 11 59 2.282 HB2 65
16 6.074 HA 15 60 2.083 HB3 65
17 2.136 QB 15 61 4.794 HA 67
18 6.656 HA 19 62 3.543 HB2 67
19 5.900 HB 19 63 2.995 HB3 67
20 2.684 QG2 19 64 7.044 QD 67
21 5.195 HA 20 65 5.729 QE 67
22 2.298 HB 20 66 4.057 HA 68
23 1.151 QG1 20 67 1.626 HB2 68
24 1.044 QG2 20 68 0.729 HB3 68
25 3.454 HA 28 69 1.320 HG 68
26 3.106 HB 28 70 y0.052 QD1 68
27 y0.481 QG2 28 71 y1.099 QD2 68
28 7.000 HA 31 72 3.662 HA 94
29 3.561 HB2 31 73 1.215 QB 94
30 3.161 HB3 31 74 0.729 HG 94
31 3.188 HA 35 75 0.293 QD1 94
32 1.544 HB2 35 76 y0.173 QD2 94
33 0.104 HG 35 77 3.786 HA 96
34 y0.779 QD1 35 78 1.225 QB 96
35 y1.008 QD2 35 79 2.933 HA 98
36 4.179 HA 36 80 1.421 HB2 98
37 2.961 HB2 36 81 1.248 HG 98
38 2.647 HB3 36 82 y0.084 QD1 98
39 6.963 QD 36 83 y0.820 QD2 98
40 6.298 QE 36 84 3.924 HA 101
41 5.770 HA 54 85 0.611 QB 101
42 3.200 HB2 54 86 4.959 HA 103
43 3.060 HB3 54 87 2.849 HB2 103
44 3.033 HB2 59 88 2.494 HB3 103

Appendix B: The reaction amplitude matrix A

and the kinetic matrix R

w z0.752 0.494 0 0.0290
0.201 0.810 0.161 0.0115Asx |0 0.03432.41 0.00723
0.06850.06340.188 0.783y ~

w z8.19y12.3 0.505 y0.606
y5.00 6.76y2.39y0.127Rsx |0.0441y0.507y17.5y0.100
y1.45y0.652y2.60 4.96y ~

Appendix C:

Fig. 6.
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