J. Am. Chem. S0d.997,119,5295-5301 5295

Probing the Conformation and Orientation of Adsorbed Protein
Using Monoclonal Antibodies: Cytochrong Films on a
Mercury Electrode

Kamal L. Egodage, Binodh S. de Silva, and George S. Wilson*

Contribution from the Department of Chemistry, Usisity of Kansas, Lawrence, Kansas 66045

Receied August 12, 1996

Abstract: A novel use of monoclonal antibodies to probe adsorbed protein conformation is described. Previous
electrochemical studies (Zhang, D. B. et @nal. Chem1994 66, 3873-3881) described the characteristics of the
potential-dependent adsorption Besulfaibrio vulgaris (Hildenborough) cytochromes on a mercury electrode.
Monoclonal antibodies were generated with epitopes in the vicinity of heme 1. These antibodies were utilized to
confirm the existence of three conformationally distinct electrochemical forms depending upon the applied potentials
of open circuit & —0.05 V), —0.7 V, and—1.2 V vs AgCI/Ag reference. In all three conformations, the cytochrome
czwas in a denatured state when compared to soluble protein. When the charge on the electrode was changed from
positive to negative (open circuit to1.2 V), heme 1 remained oriented toward the solution even though the heme

1 region possesses a high positive charge.

antigen epitopes to probe the conformations of an adsorbed
protein.

The immune system is known to recognize structural char-
acteristics of invading organisms and molecules to elicit a

Introduction

Protein structure and function are very important for studies
using enzymes, for sensors, and for many bioanalytical applica-
tions in which the sensitivity of the assay may depend on the o . o
orientation and conformation of the molecule that generates theSpemfIC immune response in the form of antibodies. These

response. Frequently, such applications use molecules that arggtgbnog'ei; reeco_?_ﬂgrz 2;‘)5;3"5 dg;ns\fn; Oi{(')[hgsr'n%l(?r?fl:)lremkz;?cmgl
adsorbed on surfaces. It is important to know the orientation pitope. yp PIIOPES.

and conformational changes that the molecules undergo durin gand sequential. Conformational epitopes (discontinuous epitopes)

the adsorption phase. Current methods for protein conformation are formed from residues adjacent in space but not necessarily

determination (NMR, CD, etc.) are best applied to protein n .the primary sequence, gnd sequgntial gpitppes (continuqus
solutions!? These methods are not generally very useful for epitopes) are defined by adjacent amino acids in the polypeptide

e S .
resolving the conformational and orientational characteristics ﬁgﬁ:g' er'\]ﬁe?tno?cl)?r;alsjggg\?g'gs ﬁgnepr?gt'ge tl?fhgeecﬁf;aéyof
of an adsorbed protein at the very low concentrations typically geneity Tor a 3 pitope p : PItops
resulting from surface adsorption. NMR can resolve the theSf_e antl_bod|es is in an area of_lnteres_t, t_hen conformathnal
structural characteristics of adsorbed peptides attached at highg;?ﬂee%t:gg r:‘ilr%igl?:r%egt?gnc; ar;ggi?]dy b';'rrlldelpggraen t%i?j)i(\ﬁlacr)gi?d
concentrations to polymers, but the limitations of the technique of the immunoloaical re ertoﬁe ang. the s ecif}cit of they
do not allow analysis of small concentrations or high molecular antibodies to argcular ep itopes have beenpcombiged in this
weight biomolecule$. Another spectroscopic technique suitable - P priopes ) .

for studying the structural conformations of adsorbed proteins study to investigate the conformation and orientation of adsorbed
is Raman spectroscopy, and the information provided by this cy’EIE)r(]:hromec; on a Hgfelectrode._ | fh .
technique is limited to specific residues or specific functional 'he cytochromesss form a unique class of hemoproteins
groups of interest. Surface enhanced Raman scattering (SERS) which function in the respiratory chain to facilitate anaerobic

provides information about a residue wittB A of thesurface sulfate reduction in bacteria of tH2esulfaibrio genus. The
on which it is adsorbed due to the Raman enhancefnent protein mediates the electron transfer between a hydrogenase

Circular dichroism (CD) has been applied to the study of
conformations of adsorbed proteins but a fundamental limitation
of CD, Raman spectroscopy,
of interactions from specific residues often cannot be assigne
thus making spectral interpretation ambiguous. Due to the

limitations of these techniques, we decided to use the exquisite

specific binding characteristics of antibodies to their respective
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d SERS is that th tributi
an - caniot b assianeq Strain Hildenborough (DvH), which was used in this study,

and iron-sulfur proteins, such as ferredoXifi. The structural
and the physiological properties of four types of cytochrame
have been studied: cytochroragfrom Desulfaibrio vulgaris

cytochromec; from D. wulgaris strain Miyazaki (DvM),
Desulfaiibrio desulfuricansstrain Norway (DdN), andDes-
ulfovibrio gigas(Dg). The amino acid sequences and the heme
attachment of these cytochromes are knowr? The c3
cytochromes consist of a polypeptide chain to which the hemes
are covalently bound through two thioether linkages derived
from the eight cysteines. There are two histidine residues for
each heme which act as axial ligands, one of which is

(6) Van Regenmortel, M. H.; Altschuh, D.; Klug, &iba-Found. Symp
1986,119 72-92.

(7) Kéhler, G.; Milstein, G.Nature 1975 256, 495-497.

(8) Akagi, J.J. Biol. Chem 1967, 242 2478-2483.

(9) Suh, B.; Akagi, JJ. Bacteriol 1969 99, 210-215.

© 1997 American Chemical Society



5296 J. Am. Chem. Soc., Vol. 119, No. 23, 1997

Egodage et al.

sequentially adjacent to the cysteine that forms the covalent bondchanges of adsorbed cytochromeon Hg and to investigate
with the heme. The other histidine is distant from the heme the orientation of the molecule in the three adsorbed forms. This
binding site and acts as the sixth ligand to the heme. This was accomplished by employing wild type cytochrocgend
heme-histidine coordination is responsible for the tertiary two mutants (H70M and H70V) in which one of the heme axial

structure of the cytochromes molecule.

ligands is replaced by methionine and valine, respectively. The

The net charges of the different cytochromes depend on theirresults of the analysis of orientations and conformations of

pl values and the pH of the buffer solution in which it is
solubilized. Cytochromes (DvH) is basic (y = 10.5)° and

at pH 7.0, the net charges of the molecule &&and+4 for

the oxidized and reduced forms, respectively. The charge
distribution on the protein surface is asymmetric, and heme 1
is in a positive field because of the high lysine content in its
vicinity. The X-ray crystallographic structure of cytochrome
cs from DvH! suggests that the overall dimension of a
cytochromecs molecule is approximately 38 39 x 34 A. In

the DvH structure, each of the heme groups is located in a
different protein environment, and the different protein environ-
ment of the hemes may be responsible in part for their different

cytochromec; on the Hg electrode using monoclonal antibodies
as probes will serve to demonstrate the utility of monoclonal
antibodies to analyze the orientation and conformation of
adsorbed protein.

Experimental Section

For materials, apparatus, preparation of monoclonal antibodies,
cloning and ascites production, purification of monoclonal antibodies,
and immunoreactivity of the antibodies, consult the Supporting
Information. Procedures specific to this study are presented below.

Screening of Hybridomas. The hybridomas were screened by a
solid phase enzyme-linked immunosorbent assay (ELISA) in which

redox potentials. The solvent exposure contact areas of thewild type cytochromes; and mutants H70M and H70V were adsorbed

hemes are 127, 168, 136, and 136 for hemes 4,

on the microtiter plate. The ELISA plates were coated with DO

respectively, and this is a very high degree of exposure when well of 10 ug/mL solutions of cytochrome; protein in 0.1 M carbonate

compared with cytochrome c, in which it is typically 329
Az,
responsible in part for the low redox potentials, which resemble
those of simple model compounds.

The low redox potentials and the high solvent exposure of

It is believed that the large heme exposure areas are

buffer (pH 9.35) fo 2 h at 37°C. The plates were washed four times

with wash buffer (0.01 M phosphate buffer, pH 7.4 containing 0.15 M

NaCl (PBS) and 0.05% Tween 20). Then the plates were incubated 1
h with 100uL/well of ELISA diluent buffer (wash buffer containing
0.2% gelatin) to block the nonspecific adsorption to the plate. After
the plates was washed four times, 1000f culture supernatants were

the hemes have inspired electrochemists to study the electronadded and incubated for an additional hour af@7 100 uL/well of
transfer mechanisms of these molecules. Mercury electrodesGtxMo—IgG—HRP conjugate (1:10000 dilution) was added, after the
have been widely used in the structural studies of heme proteins Plate was washed with wash buffer. The plate was incubated for 1 h

due to the good reproducibility of surface properties. Recently,
electron transfer studies of cytochromgfrom DvH on a Hg
electrodé? have identified three different electrochemical forms
(A—C) which are induced by the applied electrode potentials
of open circuit,—0.7,—1.2 V, respectively, after the adsorption
of cytochromecs on Hg at open circuit potential. The Aand C
forms are electroactive, and the B form is electroinactive. All
of these transitions are irreversible and take place only from A
to B, Bto C, and A to C. All of the potentials referred to in

this paper are referenced to the Ag/AgCl reference electrode.

Although the adsorption of cytochromz on Hg has been
described3-1° there are no reported definitive studies of the
conformation of cytochromes; on the Hg electrode. In the
recent studies by Zharl§,an attempt was made to establish

at 37°C. Finally, the plates were washed with nanopure water, and
100uL of tetramethylbenzidine (TMB) solution was added. After 20
min at room temperature, the color reaction was stopped by adding 50
mL of 1 M HCI and the absorption was read at 4850 nm using a
microtiter plate reader.

Porphyrin c; Preparation. Porphyrin c; was prepared by the
method of Flatmark and Robinséh.In a Teflon container, 4029 of
cytochromec; was lyophilized. Distilled HF (0.5 mL) was added to
the Teflon container, which was in an ice bath, and the protein was
dissolved. The purple fluorescent solution was aspirated witgas
for about 5 min to remove the HF. The Teflon container was then
placed in a desiccator and dried over NaOH under reduced pressure
for 2 h. The protein was dissolved in 1 mlf & M guanidine
hydrochloride in 0.05 M ammonium acetate buffer, pH 5.0, stirring
gently faor 4 h at 4°C. The protein was purified using a Sephadex
G-25 column, which was equilibrated with 0.05 M ammonium acetate

whether there are spectroscopically detectable structural changegygrer, pH 5. The porphyris fraction was collected, monitoring the
associated with these three electrochemical forms as measuredjuent at 280 nm. Absorbance spectra were obtained for all the fractions
by surface enhanced Raman scattering (SERS). No clearlycollected. These were comparable to the previously obtained spectra
defined transitions were observed, apparently because theof porphyrinc.t” A small amount of dithionite was added to a solution

relevant functionalities were not withi5 A of thesurface. In

the present study, the possibility of using monoclonal antibodies
with epitopes in the vicinity of heme 1 was explored to establish
whether the three electrochemically distinct forms corresponde
to three structurally distinct conformations of cytochrome
on the Hg electrode. The conformation sensitive nature of the
antigen—antibody interaction was used to study conformational
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214,
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of porphyrincs. There were no changes in the absorption spectrum,
confirming that there is no significant amount of iron bound to porphyrin
cs. The porphyrincs fraction was then subjected to HPLC size

d exclusion chromatography for molecular weight confirmation to verify

that the HF treatment did not cleave any bonds in the protein backbone.
The molecular weight was confirmed by a calibration curve. The
porphyrincs was denatured by heating the sample in a water bath for
5 min at 80°C.

Reactivity of the Antibodies with Porphyrin ¢; and Heat-
Denatured Porphyrin c;. The concentration of the porphyr@m was
calculated using a bicinchoninic acid (BCA) assay and was also verified
spectrophotometrically. The apparent binding constants were esti-
mated using the procedure described in the evaluation of the immu-
noreactivity of the antibodies.

Inhibition ELISA. ELISA plates were coated f@ h at 37°C with
100uL/well of a 10ug/mL wild type cytochrome; solution in 0.1 M
carbonate buffer, pH 9.35. After the plates were washed with wash

(17) Flatmark, T.; Robinson, A. BStructure and Function of Cyto-
chromes Okunuki, K., Kamen, M. D., Sekuzu, J., Eds.; University Park
Press: Baltimore, MD, 1967; pp 31827.
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buffer, they were blocked with ELISA diluent bufferrfa h at 37°C.
In a low protein binding ELISA plate, wild type cytochronee was
serially diluted with ELISA diluent buffer starting at 6.256 1076 M.
Then, a constant antibody concentration was added (for 2A2 and 4H8
6.25 x 107® and 3.13x 1078 M, respectively). After the solutions
were mixed using an octapet, 100 out of the 20QuL total volume
was transferred to the previously blocked plate and incubate at
37 °C. The monoclonal antibody bound to the plate was determined
using a GkMo—HRP conjugate.

Study of Desorption and Conformational Stability of Cytochrome
cs Electrochemical Forms on Hg Electrode without an Applied
Potential. (1) Stability of the Cytochrome c; A Form on a Hg
Electrode. Cytochromec; was adsorbed on the Hg electrode according
to Zhang and Wilso? Briefly, the static Hg drop electrode was
immersedm a 3 mMcytochromecs solution for 3 min at open circuit.

The electrode was washed with nanopure water and transferred to a

0.03 M phosphate buffer, pH 7.0. Then, the cell was degassed with
argon for 4 min, and the electrode was incubated for 4 min at open
circuit (~—0.05 V). The cytochromes; modified Hg drop was then
transferred to an ELISA well that contained 0.03 M phosphate buffer,
pH 7.0. After six cytochromes; modified Hg drops were obtained,
there wa a 2 hinterval before obtaining the second six drops.
Immediately after the twelve drops were obtained, they were incubated
with ELISA diluent buffer which contained 0.3% gelatirrfb h at 37

J. Am. Chem. Soc., Vol. 119, No. 23, 19997
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Figure 1. Titration curve for antibodies 2A2 and 4H8 to wild type
cytochromecs.

8000

°C to block nonspecific adsorption. The plates were washed, and 100 Table 1. Apparent Binding Constants of 2A2 and 4H8 to

mL of 1 mg/mL 2A2 antibody was added and incubated for another
hour at 37°C. The bound antibody was detected by thex@b—
HRP conjugate.

(2) Stability of the Cytochrome c; C Form on a Hg Electrode.

Cytochromec; was coated on the Hg drops as described above. After
the cell was degassed with argon for 4 min, the adsorbed cytochrome
c3 was incubated at a cathodic potential-ef.2 V for 4 min. Then,
a cyclic voltammogram was immediately obtained, and the same
cytochromec; modified Hg electrode was kept in the cell under a steady
stream of argon fo3 h atopen circuit. Immediately thereafter, another
cyclic voltammogram was obtained.

Characterization of Cytochrome c; on the Hg Electrode. Cyto-
chromec; was adsorbed on a Hg electrode using the methods describe
in the time-dependent study. After the electrodes were incubated
open circuit, Hg drops were washed and transferred to a microtiter well

Cytochromec; Wild Type, H70M, and H70V

apparent binding constant (M)

antibody
(subisotype) wild type H70M H70V

2A2 1x 10 <1C° <1Cf
(IlgG1)

4H8 1x 10 5.5x 10° 2.6x 10°
(I9G3)

orientation and conformational change. Since the heme 1 region
is of particular interest, all antibodies must bind to non-native

qconformations of the protein induced by adsorption on the
at €lectrode surface. In addition to these two properties, antibodies

must be selected which can detect large and small conforma-

which contained 0.03 M phosphate buffer, pH 7.0. The phosphate tional changes, respectively. An antibody which binds to a

buffer was aspirated, and 1@Q of ELISA diluent buffer containing
0.3% gelatin was added and incubated Ich at 37°C. The normal
ELISA procedure was followed with serial dilution of MAb, with the
following modifications: GkMo—HRP was diluted to 1:15000 and
the substrate incubation time before adding the stop solution was
increased to 30 min. The same procedure was followed for the
characterization of antibody affinities for cytochromemodified Hg
drops which were incubated at0.7 and—1.2 V.

Mercury Drop Radioimmunoassay. Cytochromec; adsorbed Hg
electrodes were incubated for 4 min under argon, in 0.03 M phosphate
buffer at open circuit;-0.7 V, —1.2 V, respectively. These cytochrome
cs3 coated Hg drops were then transferred to an ELISA well that
contained 0.03 M phosphate buffer, pH 7.0. The ELISA was similar
to the procedure described for the determination of the apparent binding
constant ELISA for antibodies, with the exception that 14000f 121-
labeled Gk Mo was used after diluting the original solution 100 times.
Hg drops were transferred to test tubes after washing the drops four
times with nanopure water to read the radioactivity usingticeunter.

The control wells were treated similarly except ELISA blocking buffer
was added instead of antibody solution.

Results and Discussion

Selection of Hybridomas. A key to the success of the

conformational epitope will be most sensitive to conformational
changes. The sequential epitope antibody, although less sensi-
tive to conformational change, can be used to demonstrate that
the epitope is still present, i.e., the antigen has not desorbed or
reoriented so that the epitope is no longer exposed. To achieve
this goal, the structural characteristics of heme 1 and the
structural changes of cytochrorogafter site-directed mutagen-
esis were exploited in the screening process. As will be
demonstrated, these antibodies react poorly or not at all with
the solution form of cytochromes.

Apparent Binding Constant Determination. The apparent
binding constants for 2A2 and 4H8 antibodies were calculated
for wild type cytochromecs, H70M, and H70V by taking the
reciprocal of the concentration of the antibody that showed half
of the maximum respongé. The typical response vs antibody
concentration for these two antibodies to wild type cytochrome
czis shown in Figure 1. A comparison of the apparent binding
constants for the wild type, H70M, and H70V is summarized
in Table 1. Significant differences in the apparent binding
constants between the wild type and the two mutants were strong
evidence that the epitopes of these antibodies are in the vicinity
of heme 1. Apparent binding constants of the 2A2 antibody to

described approach is the screening of the hybridomas im-the two mutants were 3 orders of magnitude lower than that of
mediately after the fusion, to identify the best cell line producing the wild type. Significant change in the binding constant to
an antibody of well-defined characteristi®s.The antibodies H70V could be due to the sensitivity of the 2A2 antibody to
employed must have certain properties in order to probe proteinthe structural changes imposed by the inability of the valine to

(18) de Silva, B. SPreparation of Neel Immunological Reagents for
Bioanalytical ApplicationsPh.D. Dissertation, University of Kansas, 1994.

(19) Tijssen, PPractice and Theory of Immunoassaidsevier: New
York, 1985.
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coordinate with the Fe in heme 1. Although previous studies  The inability of the 2A2 antibody to bind to the porphyin
using NMR and molecular modeling have confirmed that there confirms the sensitivity of the 2A2 antibody binding to the
are no significant structural changes in the H70M mufétite denaturation of the protein. The 3 orders of magnitude reduction
reduction of the binding constant of H70M suggests that the in the 2A2 binding constants for the two mutants and the
2A2 antibody is also sensitive to the amino acid residue at inability to bind to porphyrincs confirm that this epitope is
position 70. The drastic change in 2A2 antibody binding to conformational. The binding to the H70M mutant also implies
the two mutants suggests that this antibody is sensitive to anthat this conformational epitope encompasses the histidine 70
extremely small conformational change in or around histidine residue.
70 and in the vicinity of the heme 1. The two binding constants ~ The binding pattern of both 2A2 and 4H8 antibodies with
for the mutants provide strong support for 2A2 recognition of wild type cytochromess, porphyrincs, and the mutants confirms
a conformational epitope. that the epitopes for these antibodies are in the vicinity of heme
Although the apparent binding constant of the 4H8 antibody 1. Thus, these antibodies are able to recognize the structural
to H70V mutant is only an order of magnitude lower than that changes in cytochrom® on the electrode, if the heme 1 region
for the wild type cytochromeg, the ability of the 4H8 antibody  is accessible.
to bind to the wild type and to the H70V mutant with high Binding Characteristics of 2A2 and 4H8 to Solution Phase
apparent binding constants suggests that the epitope recognizedytochrome c;. The antibodies were further studied to
by this antibody is not sensitive to the conformational change characterize their binding to soluble cytochromg These
imposed by H70V. Reduction of the apparent binding constant experiments helped to understand the accessibility of the
by 2 orders of magnitude to H70M supports the importance of epitopes in native cytochrome; to the antibodies and the
the histidine 70 to this epitope and shows that the orientation structural changes that occur when cytochrames adsorbed
of the methionine residue, when it is coordinated to heme 1, on a surface such as an electrode or microtiter plate. It has
hinders the binding of the 4H8 antibody. These binding been well established that denaturation of protein occurs when
constants strongly suggest that the 4H8 antibody recognizes aadsorbed on a microtiter pl@feand to the Hg electrode
sequential epitope on the cytochromemolecule. surface?®-26
Characterization of the Binding Domains of 2A2 and 4H8. An inhibition ELISA was done to verify the binding of these
From the binding studies, it was suggested that the 2A2 and antibodies to cytochrome; in solution. The results of the
4H8 antibodies were specific to a conformational and a inhibition ELISA (see Supporting Information Figure 4) reveal
sequential epitope, respectively. To further establish the binding that the 4H8 antibody does not recognize the cytochronie
domains of these antibodies, porphyciywas prepared accord-  solution even at an antibody/cytochromgaatio of 1/100. The
ing to the porphyrin ¢ preparation method of Flatmark and 4H8 antibody has a sequential epitope, and if this epitope were
Robinsont’” It has been confirmed that porphyrin cytochrome exposed in the native cytochronug, this should inhibit the
¢ has a compact structure similar to native cytochrome  binding of the antibody to the adsorbed form. This confirms
although it is less stable to heat denaturafibrAssuming that that the epitope of 4H8 is only exposed when the cytochrome
the porphyrirnc; structural characteristics are similar to porphyrin - c; is in a denatured form.
¢, porphyrinc; facilitated the investigation of the conformational The 2A2 antibody curve shows that there is a small inhibition
epitope due to the partial denaturation of the protein. (8.3%) when the antibody/cytochronug ratio is 1:50. The
The apparent binding constants were determined using aability of the 2A2 antibody to interact weakly with the solution
normal binding ELISA in which the porphyrics was adsorbed phase cytochromes; shows that the 2A2 antibody could
on the microtiter plate. The apparent binding constant for the recognize some similarities in the epitopes of the solution and
4H8 antibody was % 10° M~ and the 2A2 antibody did not  adsorbed forms of the protein. The low inhibition of the native
show any binding. The apparent binding constant for the 4H8 form and the high binding to the adsorbed protein on the
antibody to heat denatured porphyasprotein was 3.3« 10° microtiter plate confirmed that the epitopes recognized by both
M~ The binding patterns of these antibodies could be these antibodies are fully exposed when cytochrames
explained by the structural differences between wild type adsorbed. These results also indicate that the cytochcgise
cytochromecsz and porphyrincs. Due to the absence of the in a denatured form when adsorbed to the microtiter plate.
iron in porphyrincs, the histidine residues cannot coordinate Is it Possible To Study Cytochromecs Conformations on
with the appropriate hemes. This creates a small structuralHg Electrode Using Antibodies as Probes?The structural

change in the cytochromes molecule, and the porphyrics changes induced by cytochronmm® adsorption on the Hg
probably assumes a partially denatured structure around theglectrode at different applied potentials can be studied if a
coordinating histidines. particular adsorbed form remains stable and does not desorb

The moderate binding constant of 4H8 antibody to porphyrin from the electrode during the associated immunoassay. This
cs confirms the ability of this antibody to bind to a non-native poses two major obstacles when antibodies are used as the
protein. The binding ability of this antibody to denatured structural probes. The first obstacle is the presence of disulfide
porphyrincs, which was generated by heating the sample to 80 bonds in the antibody molecule. There are at least 30 disulfide
°C, confirmed the epitope of this antibody. Comparing the bonds in a monoclonal antibody molecule, and these have redox
presumed structural differences between the heat denaturedhotentials around-0.43 V27 Therefore, the use of antibodies
porphyrincs and the wild type and the associated variation of to study the structural differences at an applied potential lower
the binding constants between the wild type and the two mutants, : . . .
it is concluded that the epitope of the 4H8 antibody is sequential. 19%2)2){‘]’1'”1‘8'515_355‘3' R. L.; de Alwis, U.; Wilson, G. Sinal. Chim. Acta
The binding constants to the mutants also show that the histidine (23) Scheller, F.; Pmke, H. J.; Schmidt, H. EJ. Electroanal. Chem

70 residue is an essential component in this sequential epitope1976 70, 219-227.
(24) Scheller, FBioelectrochem. Bioenerd 977, 4, 490-499.

(20) Mus-Veteau, I.; Dolla, A.; Guerlesquin, F.; Payan, F.; Czjzek, M.; (25) Kuznetsov, B. A.; Shumakovich, G. P.; Mestech, N. Bibelec-
Haser, R.; Bianco, P.; Haladjian, J.; Rapp-Giles, B.; Wall, J.; Gerrit, V.; trochem. Bioenergl977 4, 512-521.
Bruschi, M.J. Biol. Chem 1992 267 (24), 16851-16858. (26) Kuznetsov, B. ABioelectrochem. Bioenerd 981, 8, 681—690.
(21) Fisher, W. R.; Taniuchi, H.; Anfinsen, C. B. Biol. Chem 1973 (27) Rivat, C.; Fontaine, M.; Ropartz, C.; Caullet, Bur. J. Immunol.

248(9), 3188-3195. 1973 3, 537-542.
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than—0.43 V will result in disulfide bond reduction leading to immunoassay. The stability of the B form was not studied but
a high nonspecific response due to the adsorption of reducedassumed as stable by considering the amount of cytochcgme
disulfides on the surface of the Hg electrode. The second adsorbed to the Hg electrode, which fell between that of the A
obstacle relates to the time required to perform an immunoassayand C forms. Both forms were stable for more than 3 h.
Normally, an ELISA procedure takes at least8h. To Apparent Binding Constants to the A Form of Cyto-
perform a large number of ELISAs on each modified Hg chromec;on a Hg Electrode. The apparent binding constants
electrode at the dropping mercury electrode (DME) will take a of these antibodies to the A form of cytochrorog on the
significant amount of time. The results obtained by performing mercury electrode were obtained using an ELISA (see Sup-
such an ELISA with one Hg electrode at a time cannot be porting Information Figure 5). The apparent binding constants
compared due to the repeated preparation of conjugate andvere 3.3 x 10° and 3.3 x 10® M~! for 2A2 and 4HS,
substrate solutions for each modified Hg electrode and to the respectively. The binding constants for the A form on Hg are
instability of these solutions. 1 order of magnitude lower than for binding to cytochrocge
These obstacles were overcome by performing the ELISA on the microtiter plate. These results confirm the existence of
on a microtiter plate by transferring the modified Hg drops to a small structural difference between the A form of cytochrome
the plate wells and performing the ELISA for all the Hg drops €3 on Hg and the cytochrone adsorbed on the microtiter plate.
simultaneously. However, prior to this assay, the stability of ~ Orientation of Heme 1 on the Hg Electrode in Cytochrome
adsorbed cytochromes against desorption and the conforma- €3 A Form. It has been previously hypothesized by Bianco et
tional stability for at leas3 h in theabsence of an applied all* that the physical area of the protein adsorbed onto the
potential (the time required to perform an ELISA) was mercury electrode will depend on the potential of zero charge
established. Accordingly, cyclic voltammetry was used to (pzc) of Hg and the charge of the protein molecule. The
characterize the adsorbed film immediately after the modifica- potential of zero charge of the Hg electrode in a phosphate buffer
tion and then again after 3 h. If both voltammograms show is —0.4 V at pH 7.0%° and cytochromes is positively charged
the same redox potentials and peak height, then conformationalat pH 7.0 due to its highlpvalue (4 = 10.5). There are large

stability and nondesorption of adsorbed cytochrameuring number of lysine residuéSin the vicinity of heme 1, and at
the interval is likely. pH 7.0, these lysine residues are positively charged. If Bianco’s
Stability of A Form without an Applied Potential. It is hypothesis, based on electrostatic arguments, is correct, then

known that the A form of cytochrome; transforms into the B the cytochromees adsorbed on the Hg at open cirCuifafp ~
form if repetitive cyclic voltammograms are performed between —0-05 V) will orient so that the heme 1 is facing the solution
—0.2 and—0.8 V. The electrochemically inactive B form will rather than the electrode surface. Both antibodies characterized
reduce the peak current of the cyclic voltammogram in repeated " this study show binding to an epitope in the vicinity of the
scans. Due to this property, the electrochemical method could heme 1. The high apparent binding cor)stants of these antibodies
not be used to study the stability of the A form. The stability t© the A form on the Hg electrode confirm that the cytochrome
studies were performed according to the methods described inC3 orientation on Hg does not block the binding epitope,
the Experimental Section, the average responses obtained fofStablished to be in the heme 1 region. The ability of these
both columns of the microtiter plate were equal, and the antibodies to bind to heme 1, confirms that heme 1 on Hg at
coefficient of variation (CV) between the two columns were OPEN circuit is facing the solution rather than the surface of the
less than 2.5%. The CV of 2.5% is acceptable when CornIDaredelectrode, thus confirming part of the hypothesis of Bianco.
with the standard acceptable value of a normal ELISA which IS the A Form of Cytochrome c; on the Hg Electrode

is around 5988 Similar averages for both columns confirm Native or Denatured? Electrochemical studies of cytochrome
that the adsorbed cytochroragin the A form does not desorb ~ Cs» have established ssgrong adsorption of cytochreg(®vM)

in 3 h and that the A form is stable in the absence of an applied ©n the Hg electrod&:%® Although it is strongly adsorbed, the
potential. Conformational stability could be explained by the €xtent of deformation of cytochrome; is considered very
behavior of the 2A2 antibody. The 2A2 antibody has a small!®> These deformation studies were based on the amount
conformational epitope, and if the conformation of the A form ©f cytochromecs adsorbed on the Hg electrode, the area of the
varied with time due to the lack of an applied potential, then electrode, and the calculated cross sectional area Qf the
the response of the two columns on the microtiter plate that Cytochromecs molecule from X-ray crystallographic studies.
contained the modified Hg drops with the A form of cytochrome  Nevertheless, this method does not provide any direct physical
cs obtained at different times would have changed drastically. €vidence in favor of or against cytochroragdenaturation on

These changes were not observed, and thus, the adsorbed Ah€ Hg electrode. _
form was confirmed as stablerf@ h atopen circuit. The binding study of 4H8 antibody to the A form enables

analysis of the interaction of cytochrorogwith a Hg electrode.
The inhibition ELISA confirmed that the epitope recognized
by the 4H8 antibody is a denatured form of cytochrargeand
this epitope is not apparent in the native (solution) form. The

Stability of C Form without an Applied Potential. It has
been established that the C form on the Hg electrode is stable
for at least 20 continuous scans betweel2 and—0.8 V.16
Using this property, the stability of the C form without an
applied potential fo3 h was studied using the electrochemical (28) Gunaratna, P. C.; Wilson, G. Snal. Chem1993 65 (9), 1152-
method. The cyclic voltammogram immediately after adsorp- 1157.

; ; i (29) Bard, A.; Faulkner, LElectrochemical Methods-Fundamentals and
tion and the peak potentials and currents in a voltammogram 3App|ications John Wiley & Sons: New York, 1980.

h later without an applied potential were compared. Identical "~ (30 gjanco, P.; Haladjian, Biochim. Biophys. Acta.979 545 86-93.
peak currents in both voltammograms confirm the minimal  (31) Ausubel, F. M., Brent, R., Kingston, R. E., Moore, D. D., Seidman,
desorption Of e|ectroactive species from the e|ectrode. RedoxJ. G, Smlth, J. A, Struhl, K., Eds:urrent Protocols in Molecular Blology

. . . P, John Wiley & Sons: New York, 1990; Vol. 2, Chapter 11.
potential Stab'l't.y confirms th? stability _Of the C form on the (32) Lefkovits, I.; Waldmann, HLimiting Dilution Analysis of Cells in
Hg electrode without an applied potential. the Immune Syster€ambridge University Press: Cambridge, 1979.
The nondesorption and the stability of the A and C forms of Acg%?nﬁg‘g?gs’;- t’(‘)’ -r’:’c'j%rr‘locl'ggg' Antibodies: Principles and Practice
cytochromec; on a Hg electrode without an applied potential (34) Beatty, J. D.; Beatty, B. G.: Vlahos, W. G. Immunol. Methods

illustrate the ability to study conformational analysis using an 1987 100, 173-179.
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Table 2. Results of Conformational Analysis of Cytochromgon
Mercury Electrode using Radioimmunoassay

Egodage et al.

Table 3. Apparent Binding Constants for CytochroroeA—C

Forms

incubation potential

open circuit
(0.05V) -0.7V -1.2V

incubation
potential

apparent binding constant (¥)

open circuit
(~0.05V)

-1.2V

conformation A B C

surface coverage 1.10+0.05 0.94+0.2 0.67+0.1
(mol/cn?, 1071

surface coverage rafio 1.64+0.15 1.40+025 1

2A2 antibody response 6.704+0.08 1 NA
ratio®(n = 3)

4H8 antibody response 6.86+ 0.3
ratio® (n = 3)

aSurface coverage of X form/surface coverage of C fotResponse
of X form/response of C fornf. NA, no response.

3.90+£032 1

3.3 x 10° M1 apparent binding constant of 4H8 to the A form
on the electrode confirms that the A form is a denatured form
of cytochromecs.

Conformational Analysis of Cytochrome c3 on Hg Elec-
trode Using Radioimmunoassay. To verify the existence of
three conformations on the Hg electrode induced by incubation
potentials, a radioimmunoassay was performed. The antibody
concentrations for both 2A2 and 4H8 used in this assay were
selected from the titration curves of the A form. An antibody
concentration of 5ug/mL was used for the 2A2 antibody,
because it lies on the top of the rising portion of the binding
curve. The 4H8 antibody concentration selected wagd0

form
2A2
4H8

A
3.3x 10°
3.3x 1C®

32x 10F

C
<10
4 x 10°

Pathway 1.

Pathway 2.

+++ + F + + 4+ +

-1.2V

<12V

\

I T

&)
)
3

mL, as this concentration also lies on the plateau of the binding
curve.The careful selection of these conditions was very
important in this study. The highest concentration on the rising )
portion of the antibody concentration vs response curve showsFigure 2. Proposed pathways for the transformation of adsorbed
that antibody binding to adsorbed protein can reach saturation®Y!0cNromecs from the A form to the C form.

on the electrode. It has been reported that the three forms thakemaining on the electrode without undergoing the structural
adsorb on Hg electrode contain different amounts of cytochrome change to B and C forms, but binding to the antibodies to cause
Cs, rang|r1129 from 100 to 200 fmol/Hg drop or 0.67.1 x 10 a response. If this were true, then the amount of A form in B

mol/cn?.? The concentrations of adsorbed cytochrazp@re g C forms should be equal in both experiments and the
reduced when passing from the A to the C form. The following response ratios for both antibodies should be equal. The

assumption was made to confirm the existence of these threeyitferent response ratios for 2A2 and 4H8 antibodies confirm
conformations. If all of these forms have the same structural {hat the response is due to the binding of the antibodies to

characteristics, then the response should change linearly Withstructurally different conformations.
adsorbed concentrations of cytochroogén com.parison to the Apparent Binding Constants of 2A2 and 4H8 to B and C
A form. If the responses do not change linearly with the Fqorms  Although the RIA confirmed the existence of three
cytochromecz concentrations at these three potentials, then thereconformations, this could be independently reconfirmed by
must be structural differences between the three forms of gtdying the binding constants of the 2A2 and 4H8 antibodies
cytochromecs on the Hg electrode. to the B and C forms. The binding constants of these antibodies
The results of the RIA are shown in Table 2. They show will differ from form to form if there are conformational changes
that although the measured surface coverage decreases by gssociated with the electrochemical forms observed in the
factor of 1.4 in passing from form A to B, the amount of electrochemical studif. The results for the binding constant
antibody binding decreases by a factor of 6.7. If the structural studies are summarized in Table 3. The binding constants for
characteristics for A and B forms were similar, then the response 2A2 and 4H8 antibodies showed a decreasing affinity to the
should change with a ratio equal to the concentration ratio. The electrochemical forms going from the A to the C form. The
greater response change for binding compared to the changexistence of different binding constants for both antibodies to
in the amount of cytochrome; on the electrodes confirms  the A and to the C form confirmed the three structurally
different structural characteristics for the A and B forms. The independent cytochrome forms.
response ratio of 4H8 antibody for these forms are 6.68:3.9:1 Does Cytochromec; Adsorbed on a Mercury Electrode
when the surface coverage ratio of these three forms are 1.64Reorient at an Incubation Potential of —1.2 V? The binding
1.4:1. The differences in these ratios also show different constants for the cytochronug A form confirmed that at open
antibody binding patterns. The higher response ratio change iscircuit the protein orients in such a way that the positively
due to the lower binding constants for the B and C forms charged heme 1 area is facing the solution. Therefore, the
compared to A. This also indicates that the C form has the incubation potential of-1.2 V, which is more negative than
lowest binding constants. Thus, the existence of at least threethe pzc of Hg, should attract the positively charged heme 1
structurally different cytochromes; conformations on a Hg  toward the electrode surface. The transformation of the heme
electrode can be established. 1 toward the electrode could be assumed to occur by two
Although there are clearly three structurally different con- pathways as shown in Figure 2. In the first pathway, the
formations, the response change could be due to the A formadsorbed cytochrome; could desorb from the electrode and

+++ + + + 4+ ++

I T T R |
:+ :+ j+
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Figure 3. Space-filling model of cytochrome; (Hildenborough) adapted from the X-ray structéitéa) View of side of molecule facing solution.
(b) View of side of molecule facing electrode.

reorient with heme 1 directly adsorbed onto the surface of the state, corresponding to Form B, where there is little or no heme
electrode. The reduction of cytochronsg on the electrode contact with the electrode surface.
surface and the change in electrochemical characteristics fromC :

. . : . onclusions
an electroinactive to an electroactive state supports this pathway. o .
In the second pathway, cytochronog does not change its The two monoclonal antibodies prepare_d against _DvH cyto-
orientation (heme 1 remains oriented toward the solution) but Chromecs were used successfully to confirm the existence of
instead flattens out. This process could be facilitated by the thrée conformations of cytochrongg on the Hg electrode at
electrostatic attraction of the negatively charged electrode andtree different incubation potentials, as also reflected in the
the positive charge of the heme 1 region. If the first proposed different electr(_)cheml_cal properties observed for this protein
pathway is correct, then cytochromgat an incubation potential &t these three incubation potentiéds. _ _
of —1.2 V orients such that the antibody cannot react with heme T NiS is the first reported study of protein adsorption on an
1. The binding constant studies show that both 2A2 and 4Hg €lectrode using antibodies as probes. The ability to study
antibodies bind to the cytochromm C form. The apparent conformational changes on a mercury electrode_ containing 100
binding constants and the epitopes of these antibodies, which200 fmol of protein on an area of 0.018 ¢msing RIA and

are in the vicinity of the heme 1, support the second pathway. ELISA provides a new tool for the study. of conformati.onal
This confirms that, although the electrode is highly negatively changes of proteins adsorbed on charged interfaces. This study

charged at-1.2 V, the adsorbed cytochromedoes not undergo e_xplicitly shows that detection o_f an adsorbed protein with three

a reorientation at the electrode surface. different structural characteristics, on a surface of very small
Molecular modeling of the docking of cytochrorogwith a area at a low concentration, is possible without specially

planar surface indicates that hemes 2 and 3 are close to thel€signed or expensive instrumentation.

electrode surface when heme 1 is facing the solution. Figure Acknowledgment. The support of the Office of Naval
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of the molecule, might contact the electrode. On the basis of

the electrostatic interactions which might be possible as the inhibition assay graph, and titration curve (5 pages). See an

negative charge on the electrode is increased, it might be y graph, : Pages). y
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expected that heme 2 would be in more intimate contact at more.

positive potentials, while heme 3 would contact at more negative Instructions.
potentials. Itis tempting to suggest that there is an intermediate JA962824F
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