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T he alkaline isomerization of horse heart cytochrome ¢ and ligandbinding cyt ¢ in the pres
ence of pyridine and 2-methyFpyridine has been studied using cyclic voltammetry at a gold disc
electrode modified with cysteine over a range of solution pH. At this modified electrode, cyt ¢
shows a quasi-reversible electrode process while the cyclic voltammograms of alkaline cyt ¢ and py
*cyt c only give cathodic peaks. At neutral pH, high concentrations (1.27 mol* L.~ l) of py and 2-
mpy caused the formation of alkaline cyt ¢ which appeared only when pH was above 9 in the ab-
sence of such ligands. T hese results confirm the conclusion of previous NMR studies that py and
its derivatives induce the formationof the alkaline cyt ¢ at neutral pH. Further investigation indi-

cates that the inducement function is not involved in the ligand’ s coordination to the heme iron.
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0 Introduction

Cyt ¢ is one of the most extensively studied electrorr transfer proteins. As pH rises, the pro-
tein undergoes a series of conformational changes and gives rise to the so-called alkaline form of cyt

¢ with a pKa about 8.5 ~ 9 depending on species[IN 4

. The alkaline isomerization of cyt ¢ has at-
tracted considerable attention in recent years. NMR studies of the hyperfine shift of horse heart
cyt ¢ and horse heart cyt ¢ mutants showed that two alkaline isomers coexisted in the solution of
native cyt ¢ when pH > 9, and that in one of them Lys79 was the sixth ligand while in the other
another lysine might serve as the sixth ligand to replace Met80 >

8 Recent

As well known, cyt ¢ undergoes a substitution reaction with exogenous ligands'”
studies have discovered that ligands, such as py and its derivatives, can facilitate the formation of
the alkaline form of cyt ¢ and selectively stabilize one conformer of alkaline cyt ¢ at enough con-

centration of suchligands' ™*

. In other words, in the presence of these ligands, the alkaline form
of cyt ¢ appears at neutral pH. In addition, site specific variants of cyt ¢ have been described that
are surprisingly altered in their conformational stability'”. Amino acid substitution at certain po-
sitions yields proteins in whichthe alkaline form is the most thermodynamically stable form of cyt
c at neutralpH. For example, the pKa of wild-type yeast cyt ¢ is 8. 5 while the pKa of Ser82 and

11e82 mutated yeast cyt ¢ is 7. 7 and 7. 2 respectively! .

These results suggest that both exoge-
nous ligands and amino acid substitution at specific positions have effects on the alkaline isomeriza-
tion of cyt c.

Cyclic voltammetry, as an efficient method to investigate metalloproteins, is suitable to the I~
dentification and electrochemical characterization of interconverting species in complex protein so-
lutions. The electrochemistry of cyt ¢ has been widely studied in recent two decades!' ™ > 71
Important considerations include electrode materials and their pretreatment, protein concentra-
tion, pH and ionic strength as well as the exact nature of the other species present in solution. It
appears that the nature of the electrode/ solution interfaces is a critical factor in the electrortrans
fer process. For most proteins, to obtain an identified and good shaped voltam mogram, promoters

or chemically modified electrodes should be employedl 18 19)

. However, most previous electrochem-
icalstudies only focused on the thermodynamic properties and electrochemical parameters of native
cyt ¢. The electrochemistry of the alkaline form of cyt ¢ and ligand binding cyt ¢ in the presence
of exogenous ligands has been rarely reported. In this paper, we report a cyclic voltam metry study
on the alkaline isomerization of cyt ¢ and ligand-binding cyt ¢ in the presence of py and 2mpy

usinga cysteine modified gold disc electrode.
1 Experimental

1.1 Materials

Horse heart cyt ¢ (type VI) was purchased from Sigma Chemical Co. It was used without
further purification. Py and 2-mpy were of chemical purity and wereredistilled before used. Leys
teine was bought as a biochemical reagent in the form of hydrochloride salt. All other reagents
were of analytical grade. All solutions were prepared with deionized water.

1.2 Measurements
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Electrochemical experiments were performed using a PAR M273 potentiostat (PAR Prince-
ton, NJ) which was connected to a COMPAQ computer and controlled by PAR M270 softw are.
T he electrochemical cell was of alkglass construction, approximately 2 mL. in volume, equipped
with a conventional three electrode system. A modified gold disc electrode w as used as the work-
ing electrode, with a platimnum wire as counter and a saturated calomel electrode as reference elec-
trodes. Priorto use, the gold electrode was polished using fine alumina suspension and then
washed with distilled water. The modification of the electrode was completed by dipping the gold
electrode in 10 mmol* L™ cysteine solution for 2 hours and then rinsing with distilled water.
Oxygen was removed by bubbling anaerobic argon into the solution for 15min. The cell system
was calibrated by 0.1 mol*L” 'K Cl including 1.0 mmol* L™ ' K3Fe( CN) 6. A nice cyclic voltam-
mogram was observed with an E” of 240 mV vs SCE and the peak separation of 70 mV. All ex-
periments reported were carried out in a mixed buffer system consisting sodium phosphate(0.02
mol* L™ "), NaClO4(0.1 mol* L"), eyt ¢ (0.5 mmol* L™ " and py/2mpy (1.27 mol*L™").
T he pH was adjusted with small amount of NaOH and HClO4. All the potential reported in this
paper are referenced to SHE unless otherwise stated.

The 'H NMR experiments w ere performed on a Bruker AM 500 spectrometer equipped w ith
an Aspect 3000 computer system. Assignments were made using UXNMR software on a Silicon
Graphics Indy workstation. All the samples were prepared in D20 and the pH was adjusted by
adding small aliquots of DCI. T he pH readings were uncorrected for the isotope effect.

2 Results and discussion

2.1 Cyclic vd tammetry of cyt ¢ at different pH

Table 1 Results of Cyclic Voltammetric Studies of cyt ¢, py-cyt ¢ and 2-mpy-cyt ¢ Systems
(0.5 mmol *+ L' cyt ¢, 1.27mol - L.-! py/2-mpy, 0.02mol - L.-! sodium phosphate
buffer, 0. 1mol * L-' NaClO.)

nalive cyl ¢ py “cyl e alkaline eyt ¢
system pH .
EY /mV(AE. /m¥) vs SHE Ey./mY ve SHE Eo./mY vs SHE
cyt ¢ 7.1 245(110) - —
2.6 — — -170
py +cyt e 56 282(116) 16 _
7.1 278(112) - - 140
2-mpy + eyl © 5.6 308(172) — —
6.9 266(180) — —
7.2 _ — - 250
— no penk

—"* weak respense not lo be properly recognized
Fig. 1 shows the voltammograms of cyt ¢ at a gold disc electrode modified with cysteine at
neutral and alkaline pH conditions. At neutral pH (7. 1), the voltammogram of native cyt ¢
shows a couple of quast reversible redox peaks with an E” of 245 mV and A, of 110 mV (Table

1). The midpoint potential E” compares favorably with the value described in previous litera-

ture[ 10.15] .

While at alkaline pH (9. 6) , the formation of alkaline cyt ¢ from native cyt c gives a cathodic
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Fig. 1 Cyclic voltammograms of 0.5 mmol - L' cyt ¢ at a cysteine modified Au, 0. 1 mol » L™' NaClO,,
0.02 mol - L-! sodium phosphate buffer, scan rate: 50 mV - s~' (a) pH7.1 (b} pH9.6
reduction peak without a corresponding oxidation peak. T he cathodic peak potential £, .is — 170
mV, which is close to the results obtained before . Thisphenomenon can be interpreted as fol-
lows: as pH rises(> 9), Met80 is substitutedby a surface lysine and cyt ¢ transforms into the al-
kaline form. When ferric alkaline cyt ¢ is reduced, its product ferrous alkaline cyt ¢, is unstable
and converts to ferrous native cyt ¢ immediately, so the oxidation peak could not observed unless
the scan rate is high enough! ''. However, we did not observe the oxidation peak of ferrous alka-
line cyt c although we tried to increase the scan rate to 2 Vos™ .

2.2 Cyclic votammetry of cyt c in the presence of py at different pH
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Fig.2 Cyelic vollammograms of 0. 5 mmol - L™' cyt ¢ ul a cysteine medified Au electrode, 1.27 mol - L~ py,

0. lmol + L' NaClO., 0.02 mol » L~" soduim phesphate buffer, scan rate: 50 mV « s~ (a) pH3.6

(b pH7.1

Fig. 2 is the cyclic voltammograms of cyt ¢ in the presence of py at different pH. At pH 5.

6, comparing with Fig. la, cyclic voltammogram ( Fig. 2a) shows a new peak except the peaks of
cyt ¢. Previous NMR studies showed that py could displace M et80 of cyt ¢ and produce py*cyt ¢
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when pH is less than 6.4 !"'A ccording to those results, the peak can be assigned tothe reduction
peak of py*cyt c. It is interesting that the oxidation peak corresponding to reduced py* cyt c¢ is
missed. T his is because reduced py*cyt ¢ is unstable and disassociates to ferrous native cyt ¢ and
py rapidly. At neutral pH, quite different from cyt ¢ in the absence of py, the peak of alkaline cyt
¢ appears in the cyclic voltammogram (Fig. 2b). T hese results show that in the presence of 1.27
mol*L™ ' py, native cyt ¢ and alkaline cyt ¢ can coexist at neutral pH while previous studies indi-
cated that alkaline cyt ¢ appeared only when pH is raised to above about 9 in the absence of exoge-
nous ligands.

NMR studies on py binding to cyt ¢ have been thoroughly investigated and it was suggested
that py can facilitate the formation of alkaline cyt ¢ at neutral pH'”. Our work in this paper sup-
ported this conclusion. However, whether this function is related to the binding of py to cyt ¢ is

still unclear. Trying to answer this question we carried out the following experiments.
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Fig. 3 Cyelic vollammograms of 0.5 mmol * L' eyt ¢ at a eysteine modified Au electrode, 1. 27 mol + L°' 2-mpy,
0. Imol * L-' NaCl04, 0.02 mol - L' sodium phosphate buffer, scen rate: 50 mV « s~
{a} pH5.2 (b) pH6.9 (o) pH 7.2
2.3  Cyclic voltammetry of cyt ¢ in the presence of 2 mpy at different pH
Fig. 3 gives the cyclic voltammograms of cyt ¢ in the presence of 2mpy. At pH 5. 6, the
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cyclic voltammogram shows only one couple of redox peaks of native cyt ¢ without anynew peak
(Fig. 3a), indicating that 2-mpy can not bind to cyt ¢ due to the severe spatial interaction be-
tween the molecule and the heme. Similar to py-cyt ¢, 22mpy can also induce the formation of al-
kaline cyt c at neutral pH (Fig. 3c). At the same pH and in the same buffer system, we find that
the potentials inthe presence of py or 2mpy are different from those in the absence of these
molecules( Table 1) . Moreover, the presence of py or 22mpy causes a positive shift of the mid-
point potential of cyt ¢ and the midpoint potential in the presence of 2-mpy is higher than that in
the presence of py. Comparing to the potential in the absence of such molecules, there are also
some noticeable changes in the peak potential of the alkaline cyt ¢ in the presence of py or 2-mpy.
T hese variations in the redox potentials may be attributed to the following reasons: in the pres

ence of py or 2mpy, the accessibility of o

these molecules to the active site of cyt c ,\_,-A_JL___A
1.77

causes the exposure of the heme to the sol

vent and the hydrophobicity of the interior of A
the protein changed *-2". - A & 728
T o verify the effects of 22mpy on the al- b |

N . 6.92

kaline isomerization of cyt ¢, we made the

IH NMR experiment ( Fig. 4). The NMR

spectra of cyt ¢ in the presence of2-mpy A_A A 6.54
show that even when pH decreases to about

5, there is no new peak except the peaks of AA - 587
native cyt c¢. This shows that different from

py, 2mpy can not bind to cyt c. At neutral A a -~ 516
pH (about 7.0), the resonance peaks of al "Taa 32 30 38 26 24 22 20 ppm

kaline cyt c appear at the expense of the de-
Y pp p Fig. 4 Downfield hyperfine-shifted region of the 'H NMR

spectra in D,0 a1 298 K at different pH,
Smmol - L' cyte, 1.27 mol- L' 2-mpy

crease of peaks of native cyt c. When pH is
above7. 28, no other peaks are observed ex
cept the peaks of the alkaline form of cyt c. (Resonances due 10 native cyt c and alkaline oyt
ATl these indicate that 2-mpy also can facil- ¢ are labeled with N and A respectively. )

tate the formation of the alkaline form of cyt

c at neutral pH although it can not directly bind to the heme iron.

T he details that how py and 2mpy can make alkaline cyt ¢ form at neutral pH is still not
very clear. However, our experiments gave some useful clues to that procedure. 2-mpy can not
bind to cyt ¢ because of the severe interaction between its methyl group and the heme, but this
molecule also has the ability to facilitate the formation of alkaline cyt c at neutral pH as py does.
T his phenomenon suggests that the effects of py and 2mpy on the alkaline isomerization of cyt ¢
may not be involved in the direct binding of these molecules to the hemeiron of cyt c. T hese
molecules only penetrate into the heme pocket and modulatethe environment of the heme vicinity
and then cause the alkaline form more stable than the nature form.

Other examples of conformational changes induced by not directly altering the axial coordina-
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tion in metalloproteins have also been reported. ESR studies suggested that py induced a struc-
tural modification in the heme environment of cyt b 558 by shifting the fifth heme ligand to a
nearby thiolate group without direct binding of py to the heme and this procedure caused a cyt
P450-like structure of cyt bsss' 2!, In eyt ¢, replacement of Phe82 with histidine generates a mu-
tant cyt ¢ in which His18 and Met80 are coordinated in the iron II  complex, whereas His18 and

His82 are coordinated in the iron ITlstatel?? .
3 Conclusion

T he suggestions that py and its derivatives can induce the formation of the alkaline form of

cytc (7.8

are confirmed by using cyclic voltammetry. The affinity constant for py binding to cyt ¢
is 1.4 Lemol” "™ while 22mpy cannot bind to cyt c. It seems that these molecules only pene-
trate into the heme pocket and induce a structural modification in the heme surrounding environ-
ment which trigger the alkaline transition at neutral pH. Results of this work and NM Rstudies
strongly suggest that the affect of py and its derivatives on the alkaline isomerization of cyt ¢

might not be involved in the binding of these exogenous ligands to the heme iron.
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