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Abstract

pH-dependent processes of bovine heart ferricytochrome c have been investigated by electronic absorption and circular

dichroism (CD) spectra at functionalized single-wall carbon nanotubes (SWNTs) modified glass carbon electrode (SWNTs/

GCE) using a long optical path thin layer cell. These methods enabled the pH-dependent conformational changes arising from

the heme structure change to be monitored. The spectra obtained at functionalized SWNTs/GCE reflect electrode surface

microstructure-dependent changes for pH-induced protein conformation, pKa of alkaline transition and structural

microenvironment of the ferricytochrome c heme. pH-dependent conformational distribution curves of ferricytochrome c

obtained by analysis of in situ CD spectra using singular value decomposition least square (SVDLS) method show that the

functionalized SWNTs can retain native conformational stability of ferricytochrome c during alkaline transition.
D 2004 Elsevier B.V. All rights reserved.
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1. Introduction conformational transitions accompanying the substi-
The influence of pH on electronic absorption

spectra of ferricytochrome c has been focused for

many years. One of the main reasons is that

ferricytochrome c serves as an excellent model for

studying conformational diversities of pH-dependent

protein [1–6] and structure disturbance induced by

binding other electron-transfer proteins [7]. Usually,

ferricytochrome c undergoes a series of reversible
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tution of axial methionine ligand (Met 80) of the

heme iron [8–10] in the range of pH 7–12. Among

them, the ‘‘alkaline transition’’ leading from state III

(cytochrome c at pH 7, His–Met act as axial

ligands of heme iron) to the alkaline form state

IV is one process that has been most thoroughly

studied by many methods [8,11–15]; however, none

of the experiments can give unambiguous explana-

tion about the structural changes involved up to

now.

Single- and multiwall carbon nanotubes (SWNTs

and MWNTs) have drawn much attention in electro-

chemistry recently, and the direct electrochemistry of
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cytochrome c at MWNTs or SWNTs modified elec-

trodes has been reported [16,17]. The results indicate

that carbon nanotubes can accelerate the electron

transfer between electrode and cytochrome c, and

probably could retain the native conformation of

cytochrome c. However, all these electrochemical

experiments can only give macroscopic information

and no further investigations, such as spectroscopic

studies, have been reported about how the carbon

nanotubes affect the conformational changes of cyto-

chrome c in neutral or alkaline environment. Howev-

er, a detailed understanding of the interaction

mechanism between carbon nanotubes and cyto-

chrome c can provide the essential information for

optimization of conditions in this biosensor.

In the present report, CD, a powerful tool for

studying the conformation of solution samples [18],

and UV–vis spectroscopic techniques were used to

investigate the pH-induced conformational changes

of ferricytochrome c at functionalized SWNTs/GCE.

Our main aim is to probe whether and how the

functionalized SWNTs/GCE affect the secondary

and tertiary conformational changes of ferricyto-

chrome c during the pH variation. The experimental

results show that the native conformation of ferri-

cytochrome c can be protected at the functionalized

SWNTs/GCE during pH variation to alkaline. The

stabilizing mechanism and pH-induced conforma-

tional changes of ferricytochrome c at the function-

alized SWNTs modified GCE have been discussed

in terms of the effect of electrode surface micro-

structure.
2. Experiment

2.1. Materials and methods

Bovine heart cytochrome c, purchased from Sig-

ma, was prepared in 0.1 M phosphate buffer solution

(PBS). The concentration of solution was determined

spectrophotometrically using a molar absorptivity of

1.06�105 mol�1 cm�1 at 410 nm for ferricyto-

chrome c [19]. Phosphate buffer solutions used in

all experiments were prepared by Na2HPO4�12H2O,

NaH2PO4�2H2O and Na3PO4 (analytical grade), dou-

bly purified water was from Milli-Q system. The

SWNTs (Shenzhen Nanotech Port) was pretreated
through a well-established way with slight modifica-

tion [20]. SWNTs (50 mg) were mixed with 100 ml

2.6 M HNO3, refluxed at 120 jC for 24 h. Then

diluted with water and filtered with 0.2 Am cellulose

nitrate filtrate membrane (Gelman) under vacuum.

The solid SWNTs were obtained by washing the

remains on the filter with water until the filtrate pH

became nearly neutral. Most of the catalyst particles

were removed in this procedure. The paper-like

SWNTs collected were further cut into short tubes

by ultrasonicating in a 3:1 mixture of concentrated

sulfuric and nitric acids (98% and 70%, respectively)

for 8 h. The resultant suspension was then diluted

with water, and the larger cut SWNTs were collected

on a 0.2 Am membrane filter. After washed with 10

mM KOH and water, the purified and shortened

SWNTs were collected. After the pretreatment, the

SWNTs contain abundant oxygen-contained func-

tionalities, such as carboxylic acid (–COOH) and

hydroxyl (–OH) groups.

2.2. Instruments and methods

Spectroscopic experiments were carried out in a

home-made long optical path thin layer cell

(LOPTLC), AVIV 62A DS circular dichroism spec-

trometer (AVIV, USA) for CD spectrum measurement,

Cary 500 UV–vis–NIR spectrometer (Varian, USA)

for UV–visible spectrum measurement and a CHI 630

electrochemical instrument (CHI, USA) for electro-

chemical operation. The pretreated SWNTs modified

glassy carbon (8�8 mm) electrode prepared according

to literature [16] was used as working electrode, a

twisted platinum wire as auxiliary electrode, and a Ag/

AgCl (saturated KCl) as reference electrode. Before

modification, the GCE was mechanically polished

with 1.0, 0.3, and 0.05 Am a-Al2O3 slurry, succes-

sively, and then washed ultrasonically in water fol-

lowed by ethanol for a few minutes at each step. The

LOPTLC is of 10.0 mm optical path length and 0.2

mm thickness of thin layer. The incident light passed

through the thin layer being parallel to the working

electrode, so that the biomolecules on the electrode

surface and in the solution could be monitored during

the experiments. Before each measurement of pH-

dependent CD or UV–visible spectrum, the electrol-

ysis potential of LOPTLC was applied at 0.6 V for 5

min to keep all the cytochrome c molecules in their
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oxidation state and interact with electrode surface

completely.

2.3. Data analysis

To ascertain the different forms of ferricytochrome

c presented over a range of solution pH, the CD

spectral data were evaluated by Singular Value De-

composition Least Squares (SVDLS) analysis. In this

analysis, several CD spectra were measured with the

same m (m=total wavelengths) wavelengths. The

spectra were grouped into series taken under identi-

cal conditions except for the changes of a single

variable (as the pH). The SVDLS mathematical and

computational details have been reported previously

[21,22].
3. Results and discussion

3.1. Electronic absorption spectroscopy study

Ferricytochrome c at neutral state (state III)

contains the His, Met-ligated form of the heme.
Fig. 1. (A) Electronic absorption spectra of ferricytochrome c at bare (curv

GCE (curve 3) in alkaline buffer solution; (B) plot of the difference between

and those at higher pH values versus pH at bare (curve 1), native SWNTs

pH values are 7.20, 8.43, 8.87, 9.10, 9.33, 9.67, 9.86, 10.11, 10.63, and 1
The axial ligation of the methionine sulfur to heme

iron in ferricytochrome c has moderate affinity. So

this residue is susceptible to be substituted by

another strong-field ligand [10,23]. This transition

leads to the ‘‘alkaline’’ isomer (state VI). The

characterization of ferricytochrome c transition from

the neutral state (state III) to alkaline state (state IV)

is experimentally very simple by using absorption

spectroscopy. This alkaline transition causes the

elimination of the absorption band at 695 nm and

a shift in most of the major absorption bands, such

as Soret band [24,25]. The apparent pKa of alkaline

transition is about 8.9–9.3 for free ferricytochrome

c [11–15].

Fig. 1A shows the electronic absorption spectra

of ferricytochrome c at 695 nm at bare (curve 1),

native SWNTs (curve 2), and pretreated SWNTs

(curve 3) modified GCE in alkaline solutions. It

can be clearly seen that the absorbance band of

ferricytochrome c at 695 nm almost disappears at

GCE at pH 10.11, and a slight increase of the

absorbance is observed at the unpretreated SWNTs

modified GCE. Whereas, the pretreated SWNTs

modified GCE still leads to a well-defined absor-
e 1), native SWNTs (curve 2), and functionalized SWNTs modified

the maximal absorption wavelength of ferricytochrome c at pH 7.20

(curve 2), and functionalized SWNTs modified GCE (curve 3). The

2.45, respectively.
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bance peak at 695 nm at pH 10.63. Fig. 1B shows

plot of the differences between the maximal absorp-

tion wavelength of ferricytochrome c at pH 7.20

and those at higher pH values (Dk) versus pH at

bare (curve 1), native SWNTs (curve 2), and pre-

treated SWNTs (curve 3) modified GCE in alkaline

solutions. Based on the inflexion of curve 1, the

pKa of 9.3 for ferricytochrome c at bare GCE can

be estimated, which is the same as that previously

reported about the free ferricytochrome c during pH

change to alkaline [11–15]. Similarly, the pKa value

of 9.5 can be obtained at native SWNTs modified

electrode, indicating a little influence of the unpre-

treated SWNTs to ferricytochrome c. Whereas, the

pretreated SWNTs modified GCE results in obvious

increase of pKa of ferricytochrome c to 10.2. These

results indicate that functionalized SWNTs can pro-

tect the stability of ferricytochrome c native state

(state III) at higher pH.

The changes for ferricytochrome c resulted from

the effect of functionalized SWNTs have the similar

manner to those observed for a complex formed by

cytochrome c and cytochrome c oxidase [26] or

other polyanions [26,27]. This indicates that the

functionalized SWNTs can stabilize the disruption

of Met 80–Fe bond as those complexes. The loss of

Met 80 is triggered by the deprotonation of heme

internal group [8,28,29], then the Met 80 ligand is

removed physically and a protein surface residue is

brought in to replace it [29]. In order to deprotonate

an internal group, a structure gating reaction is

required to allow some solvent base to enter the

protein interior to act as proton acceptor [29]. And in

order to physically remove Met 80 from the heme

and replace it with one of the surface residues, some

gating structures, such as the V loop (residues 71–

85), would be significant distorted [29]. So the

opening degree of some gating structures would

affect the disruption of Met 80–Fe bond, and sub-

sequently affect the alkaline transition of ferricyto-

chrome c. According to this theory, the gating

structure of ferricytochrome c may be affected by

the functionalized SWNTs, thus, the pH-dependent

conformational changes of ferricytochrome c should

also be affected by functionalized SWNTs. The

detailed effect of functionalized SWNTs on ferricy-

tochrome c conformation can be seen clearly in the

following section.
3.2. Structure changes of ferricytochrome c in pH-

induced reaction

3.2.1. Effect of electrode surface microstructure on

pH-dependent conformational transitions of ferricy-

tochrome c

Ferricytochrome c (4.7 AM) in 0.1 M PBS in a

LOPTLC at bare GCE was used for CD spectro-

scopic measurement in far-UV region. The CD

spectra in far-UV region provide information about

the conformation of the polypeptide backbone [30].

Fig. 2A shows the pH-linked CD spectra of 4.7 AM
ferricytochrome c in 0.1 M PBS solution at bare

GCE. As can be seen from Fig. 2A, the negative

cotton peaks decrease gradually with increasing of

solution pH from 7.20 to 12.45. Fig. 2B and C

shows the spectra of three pH-dependent conforma-

tions of ferricytochrome c obtained from Fig. 2A by

SVDLS analysis and the corresponding pH-depen-

dent plot of fractional distribution of the three con-

formations, respectively. It can be seen from Fig. 2B

that only three conformations are changed with pH

variation. According to Gauss–Markoff mode of

protein secondary structure CD spectra and compar-

ing with the CD spectra of 27 membrane proteins,

curves (a), (b), and (c) are attributed to antiparallel

h-sheet, a-helix, and aT-helix, respectively [31,32].

aT-helix is a denatured helical structure which is

constituted by random coil and a-helix. As shown in

Fig. 2C, the three conformations of antiparallel h-
sheet, a-helix, and aT-helix coexist in the solution at

pH 7.20 with the fractions of 0.34, 0.61, and 0.05,

respectively. When pH value increases to 9.50, the

fraction of aT-helix remains almost unchanged, while

the fraction of a-helix decreases rapidly to 0.10, and

the fraction of antiparallel h-sheet increases to 0.79.

This implies that the conformational transition is

mainly from a-helix to antiparallel h-sheet. The

decrease of a-helix and the increase of antiparallel

h-sheet indicate that the conformation of ferricyto-

chrome c becomes incompact. With the increasing of

pH from 9.50 to 12.45, the disruption of Met 80–Fe

bond occurs, resulting in dramatically increase of aT-

helix fraction to 0.50 and decreases of antiparallel h-
sheet and a-helix to 0.48 and 0.02, respectively. This

indicates that the displacement of Met 80 by another

strong-field ligand induces a more incompact con-

formational change.

mistry 110 (2004) 203–211



Fig. 2. (A) pH-linked CD spectra of 4.7 AM ferricytochrome c in 0.1

M PBS solution at GCE in a LOPTLC, pH values from (a) to (j) are:

7.20, 8.43, 8.87, 9.10, 9.33, 9.67, 9.86, 10.11, 10.63, and 12.45,

respectively; (B) spectra of three pH-dependent conformations of

ferricytochrome c obtained from Fig. 2(A) by SVDLS analysis; (C)

the corresponding pH-dependent plot of fractional distribution of

the three conformations. (a) – (c): Antiparallel h-sheet, a-helix, and
aT-helix.

Fig. 3. (A) pH-linked CD spectra of 3.0 AM ferricytochrome c in 0.1

M PBS solution at unpretreated SWNTs modified GCE in a

LOPTLC, pH values from (a) to (j) are: 7.20, 8.43, 8.87, 9.10, 9.33,

9.67, 9.86, 10.11, 10.63, and 12.45, respectively; (B) spectra of

three pH-dependent conformations of ferricytochrome c obtained

from Fig. 2A by SVDLS analysis; (C) the corresponding pH-

dependent plot of fractional distribution of the three conformations.

(a)– (c): Antiparallel h-sheet, a-helix, and aT-helix.
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Fig. 3 shows the far-UV pH-linked CD spectra of

ferricytochrome c (Fig. 3A), the spectra of three pH-

dependent conformations of ferricytochrome c (Fig.
3B) obtained from Fig. 3A by SVDLS analysis and

the corresponding pH-dependent plot of fractional

distribution of the three conformations (Fig. 3C) at



Fig. 4. (A) pH-linked CD spectra of 3.6 AM ferricytochrome c in 0.1

M PBS solution at pretreated SWNTs/GCE in a LOPTLC, pH

values from (a) to (j) are: 7.20, 8.43, 8.87, 9.10, 9.33, 9.67, 9.86,

10.11, 10.63, and 12.45, respectively; (B) CD spectra of

ferricytochrome c obtained by SVDLS analysis: (a) a-helix, (b)

random coil, (c) parallel h-sheet; (C) pH-dependent conformations

distribution curves of ferricytochrome c obtained by SVDLS

analysis, (a)– (c): a-helix, random coil, and parallel h-sheet.
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the unpretreated SWNTs modified GCE. Compared

with those in Fig. 2, there is no obvious difference

between the responses of ferricytochrome c at bare

and unpretreated SWNTs modified GCE. Whereas, it

can be seen from Fig. 4A, the pH-linked CD spectra

of ferricytochrome c at the pretreated SWNTs mod-

ified GCE, that the negative Cotton peaks increase

gradually with increasing of pH from 7.20 to 12.45.

This indicates that the conformational changes of

ferricytochrome c are influenced strongly by pre-

treated SWNTs modified GCE surfaces. Fig. 4B

shows the spectra of three pH-dependent conforma-

tions of ferricytochrome c obtained from Fig. 4A by

SVDLS analysis. It can be seen from Fig. 4B that

three conformations of a-helix (curve a), random

coil (curve b), and parallel h-sheet (curve c) are

changed due to the variation of pH. Fig. 4C shows

the corresponding pH-dependent plot of fractional

distribution of the three conformations shown in Fig.

4B. Compared with those in Figs. 2C and 3C, the

three conformations of a-helix, parallel h-sheet, and
random coil coexist with different fractions of 0.76,

0.09, and 0.14, respectively, in pH 7.20 PBS, and

the fractions of all kinds of conformations have

different changes when pH increases to 9.85. Espe-

cially in the case of a-helical fraction, there is

dramatic decrease at bare and native SWNTs mod-

ified GCE whereas decreases only to 0.45 at pre-

treated SWNTs/GCE. This sufficiently proves that

functionalized SWNTs do affect the conformational

changes of ferricytochrome c in alkaline buffer

solution, and, also, implies that the conformation

is tighter at functionalized SWNTs/GCE than those

at bare and native SWNTs modified GCE during pH

variation to alkaline range, which fully supports our

above suppose of ‘‘the gating structure of ferricyto-

chrome c may be affected by the functionalized

SWNTs’’. It is just this tighter conformation, which

is not in favoring of the entry of solvent species into

protein core to act as a proton acceptor, that

improves the pKa during alkaline transition. When

pH continually increases from 9.85 to 12.45, the

fractions of a-helical and random coil remain almost

unchanged with the values of 0.43 and 0.17, respec-

tively, whereas the fraction of parallel h-sheet
increases to 0.40. This sufficiently indicates that

the functionalized SWNTs can hold the conforma-

tion of ferricytochrome c during pH transition and
no large loss of a-helical fraction is caused even

when the substitution of Met 80 by Lys ligand

occurs. The main reason for the different conforma-

tional changes at different electrode surfaces during



Fig. 5. pH-linked CD spectra of ferricytochrome c in Soret region in

0.1 M PBS in a LOPTLC at bare (A) and at the unpretreated

SWNTs modified (B) GCE, pH: (a)– (d): 7.20, 8.43, 10.11, 12.45;

(C) pH-linked CD spectra of ferricytochrome c in Soret region in

0.1 M PBS at pretreated SWNTs modified GCE in a LOPTLC. pH:

(a)– (d): 7.20, 9.86, 10.63, 12.45.
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pH variation to alkaline range may be interpreted in

terms of the stabilization of ferricytochrome c struc-

ture arising from the specific interactions between

protein and the promoter immobilized on the elec-

trode surface [33]. This indicates that the electrode

surface microstructure do affect the pH-induced

conformational changes of ferricytochrome c. Ant-

alı̀k et al. [27] once reported that the presence of a

negatively charged field created by covalently bind-

ing of polyanion was necessary for cytochrome c to

form a structure with more stable Met 80–Fe bond.

Moreover, Liu’s group [34] also reported that the

anion can screen the lysine and arginine surface

charges, which reduces the lysine–lysine repulsions

and suppresses the protein fluctuations. According

to these results, the interactions between the nega-

tively charged oxygen-containing groups on func-

tionalized SWNTs surface and ferricytochrome c

might provide a negatively charged field to screen

the lysine and arginine surface charges, which

makes the repulsions between lysine and lysine

reduce. Thus, the conformation of ferricytochrome

c becomes more stable.

3.2.2. The effect of electrode surface on pH-dependent

tertiary structure changes in ferricytochrome c

The CD spectra in the Soret band can provide

further insight into the environment of the heme [3].

The CD spectrum of ferricytochrome c obtained at

bare GCE in 0.1 M PBS (pH 7.20) shows a positive

Cotton peak at 400 nm and a negative Cotton peak

at 418 nm (Fig. 5A). As can be seen from Fig. 5A,

when solution pH increases to 12.45, the positive

Cotton peak shows a red shift from 400 to 405 nm

(curves (a)–(d)). As for the negative Cotton peak, a

large decrease in intensity is caused when pH

increases to 8.43 and disappears completely when

solution pH is further increased to 10.11. This

indicates that the structural microenvironment of

the ferricytochrome c heme is changed accompanied

with pH-induced conformational transitions. The red

shift of the positive Cotton peak might be caused by

the weakening of the axial ligand [35]. The negative

band of CD spectrum at 418 nm in Soret region

observed for ferricytochrome c is derived from the

direct interaction of the k–k* transition of the

aromatic ring of Phe-82 with the k–k* transition

of heme group [35]. The disappearance of the neg-
ative Cotton peak might indicate that the distance and

orientation of the Phe-82 residues positioned on the

methionine side of the heme plane are changed [36].

Fig. 5B and C shows the pH-induced CD spectra

of ferricytochrome c obtained at unpretreated and

pretreated SWNTs modified GCE, respectively, in



X. Jiang et al. / Biophysical Chemistry 110 (2004) 203–211210
0.1 M PBS. It can be seen from Fig. 5B that the

influence of pH to the spectra of ferricytochrome c

at the unpretreated SWNTs modified GCE is almost

the same as that at bare GCE (Fig. 5A). Whereas,

the pretreated SWNTs/GCE electrode leads to an

obviously different changes of the spectra of ferri-

cytochrome (Fig. 5C) compared with the spectra in

Fig. 5A and B. Increasing of pH up to 12.45 only

makes positive Cotton peak red shift to 402 nm

(Fig. 5C, curve (d)). In addition, for the negative

cotton peak, a small decrease is induced even when

pH increases to 9.86 (Fig. 5C, curve (b)). The

disappearance of the negative Cotton peak occurs

when solution pH increases to 10.63 (Fig. 5C, curve

(c)). All these differences indicate that the influence

of functionalized SWNTs makes the pH-linked

changes of structural microenvironment of the ferri-

cytochrome c heme become more relaxation. Since

the Soret CD of cytochrome c is the diagnostic for

the Phe-82 state and the mobility of 75–87 residues

loop will increase the distance between Phe-82 and

the methionine side of the heme plane [37], thus,

the mobility of the 75–87 residues loop will cause

a drop in the strength of Phe-82–heme interaction

and further result in the decrease of the negative

Cotton peak. According to this conclusion, the

different spectroscopic changes shown in Fig. 5

reflect that the functionalized SWNTs weaken the

loops mobility and stabilize the rigid, native protein

conformation. This also brings about different sec-

ondary conformational changes just as shown in the

above experimental results.

Santucci et al. [37] have ascribed the weak of Met

80–Fe(III) bond caused by acid-denatured to the

conditions employed. In neutral pH, the Met 80–

Fe(III) bond is strengthened because the hydrogen

bonds between loops decrease the loops mobility. In

addition, in acidic environment, this condition cannot

be satisfied because the high proton concentration

will leave the protein with a high positive charge. As

a result, the dynamic properties of the free loops are

considerably enhanced. Thus, the axial bond might

be weakened by the high degree of flexibility of the

70–85 residues loop. As for our experiments, the

negatively charged field provided by functionalized

SWNTs with –COO� groups may hinder the access

of –OH� or other anions to loops in alkaline solu-

tion, so the hydrogen bonds between loops will not
be affected, which will decrease the dynamic prop-

erties of free loops. This may be attributed to the

protection of functionalized SWNTs to the disruption

of Met 80–Fe(III) bond.
4. Conclusion

As a conclusion, the alkaline transition of ferricy-

tochrome c and the effect of electrode surface micro-

structure on pH-induced conformational change were

studied by CD and UV spectroscopy techniques. The

results showed that the alkaline transition of ferricy-

tochrome c accompanied with the different conforma-

tional changes at different electrode surfaces. The

negatively charged field screen effect caused by

interaction between negatively charged oxygen-con-

taining groups on functionalized SWNTs surface and

ferricytochrome c decreased the mobility of 70–85

residues loops and induced a more tight conforma-

tional change at SWNTs/GCE than that at GCE. This

may be responsible for the different changes in pKa

during alkaline transition of ferricytochrome c due to

the effect of electrode surface microstructure.
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