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Abstract: A theoretical model for the effects of local heme environments of a nonpolar nature on the redox po-
tentials of cytochromes is formulated to account for observed potentials of c-type cytochromes relative to the

potentials of model heme-ligand complexes.

The results of calculations based on the difference in charging energy

associated with the difference between the interaction of the ferric heme-ligand complex with polar and nonpolar
molecules are presented.  The results indicate that the high redox potentials of c-type cytochromes relative to model
heme complexes and the difference between the redox potentials of these cytochromes may be accounted for by the

nonpolar nature of the heme environment.

he oxidation-reduction potential, E,’ (pH 7.0), of

cytochrome ¢ has been reported to be 0.250 V.!
Potentials of 0.365,2 0.360,® and 0.381 V* have been
reported for other c-type cytochromes from plants,
algae, and bacteria. By contrast, redox potentials of
—0.05%and —0.11 V?® have been reported for the model
complex between methionine and the hemeoctapetide
from cytochrome ¢ and the histidine-methionine de-
rivative of mesoheme, respectively. Values of 0.300-
0.431 V characterize the difference between the redox
potentials of these cytochromes and the corresponding
model heme complexes. Thus, a fundamental question
has remained as to the physical basis for the high oxida-
tion-reduction potentials of cytochrome ¢ and other
c-type cytochromes based on a comparison with the
potentials of iron porphyrins in the presence of ligands
thought to typify groups found in these proteins. A
large positive potential difference was recently observed’
for a heme complex in a nonpolar solvent by compari-
son with reported values for the corresponding heme
complex in aqueous solution. It was therefore sug-
gested that the redox potentials of many high-potential
cytochromes may be accounted for by a local heme
environment of a nonpolar nature, and that such an
environment may play a dominant role in determining
the redox potentials of these cytochromes. In this
report a theoretical model is advanced which provides a
basis for understanding the effects of nonpolar environ-
ments on the redox potentials of the heme-ligand com-
plexes in cytochromes.

Formulation of Model and Computational Results

The redox potentials of c-type cytochromes, like
all oxidation-reduction couples, are dependent on the
difference between the free energies of the oxidized and
reduced states (eq 1), since AG hydrogen is zero by defini-

—nFEy = AG°pecyt — AG hydrogen =
Grean-cyt — G°reain-cyr (1)
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tion. The difference between the redox potentials of
c-type cytochromes and the redox potential of the
hemepeptide plus methionine or the histidine-meth-
ionine heme derivative may be related to the difference
between the microenvironment of the heme-ligand
complex in the protein as compared with water. The
local heme environment in ferricytochrome c¢ consists
of a layer of nonpolar amino acid side chains,® while
that of the model heme complexes a polar aqueous en-
vironment as schematically represented in Figure la
and b, respectively. Consider the free energy changes
associated with the reduction of a heme-ligand com-
plex (Fe-P) in polar (P) and nonpolar (N) environ-
ments (eq 2 and 3). The difference between the redox

AGFery = G°roun.pr — G°Fettin-pr @)
AG°Frepy = G°Fean-px — G°Feqin-py 3)
potentials of the two systems is then given by eq 4 and 5.

—nFEy, — (—nFEyw) = nF(Ey, — Eyp) =
AG°pep, — AG°Fepy (4)

NFAEoy, = (G°Fean.rr — GFein.py) —
(Grean.py — G°rectinpy) (5)

Rearranging terms gives

nFAEO(N.P) = (G°reinypy — GoFe(III)-Pp) -

(G°retany-py — GFean.ps) (6)

Each parenthetical term in eq 6 corresponds to the
free energy change associated with the transfer of the
complex from one environment to another. The
difference between the energies of interaction of the
oxidized and reduced complexes with polar and non-
polar environments may be divided into electrostatic
(el) and nonelectrostatic (non-el) terms. Thus, for the
oxidized complex

(G°retinypy — GFeqtin-pr) = AG%1 + AG°ronet (7)
= (G°rettnpx — G°Feqtin)-pplel +

(G°Fein) Py — G°Fei)-Pr)nonel  (8)
and for the reduced complex
(G °reaany-py — GC°Feqany-pp) =
(G°reaany-py — G reany-pplel +
(GoFe(II)-PN - GOFe(II)-Pp)non-el (9)

(8) R. E. Dickerson, Sci. Amer., 226, 58 (1972).
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Figure 1. Schematic representation of the heme-ligand complex
in nonpolar (a) and polar environments (b).

Then combining eq 6, 8, and 9 gives eq 10.
HFAEU,N,P, =

(GOFC(III)-PN e GOF&(III)—Pp)non_el s

(G°Feiny-py — GOFearn)-Pplel +

(G°Fean)-px — G°Feqan)-pplel —
(GoFe(II)~PN - GOFe(II]—Pp)nOn-el (10)

The Fe(III)-P complex has a formal charge of +1
relative to the Fe(II)-P complex which is considered
electrically neutral due to the anionic state of two of the
pyrrole nitrogen atoms. The electrostatic free energy
change associated with the transfer of the neutral
Fe(II)-P complex from a polar to a nonpolar environ-
ment should approach zero. Thus

nFAEo s = (G°Feain.py — G°recan.pple +
(G°vea1n)-py — G °Fe11n)-Pplnonel —

(G°reary-py — G°Fean)-Pp)nonet  (11)

The nonelectrostatic free energy terms correspond to
the difference between the chemical interactions of the
heme-ligand complexes with the molecules of the two
different environments. Thus, it should be apparent
that to a first approximation the non-electrostatic free
energy change for the transfer of the Fe(I1I)-P complex
from a polar to a nonpolar environment should be
equivalent to that for the corresponding transfer of the
Fe(II)-P complex (eq 12).

(GoFc(III)-PN - GoFe(III}-Pp)non-el ~

(GOFE(II)-PN = GOFe(II)-Pp)non-cl (12)
Then

HFAEU(N.P) &= (GoFe(III)-PN - GOFc(III)—Pp)el (13)

Thus the difference between the redox potentials of
the heme-ligand complex in the two different environ-
ments should be primarily dependent on the electro-
static free energy change, AG°., associated with the
transfer of the Fe(III)-P complex from a polar to a non-
polar environment. This change reflects the difference
between the electrostatic interactions of the complex
with the molecules of the two different environments
and should thus be equivalent to the difference between
the energies required to charge an ion in two different
dielectrics. The free energy change may be estimated
by the Born equation® for a spherical ion of radius
immersed in a continuum of uniform dielectric as given
by the following equation

2,2
AT o 02 (i - L) (14)

2r DN Dp
(9) M. Born, Z. Phys., 1,45 (1920).
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Figure 2. Schematic representation of the environment of the
heme-ligand complex in cytochrome c.
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Figure 3.

Schematic representation of the hypothetical, stepwise
transfer reactions associated with the difference in free energy
between the heme-ligand complex in the polar aqueous environ-
ment and the environment of the complex in the protein.

where N is Avogadro’s number, z the charge number,
e the electronic charge, and Dy and Dy the dielectric
constants of the nonpolar and polar environments.
The total environment of the heme-ligand complex
in cytochrome ¢ can be approximated by an inner region
of nonpolar amino acid side chains and an outer region
corresponding to the aqueous environment of the pro-
tein (Figure 2). The inner region may be represented
by a solid spherical volume element concentric to the
positively charged complex and characterized by a low
dielectric constant while the outer region is characterized
by the dielectric constant of water. The difference be-
tween the electrostatic free energy of the Fe(1I)-P com-
plex associated with the protein in aqueous solution
and the electrostatic free energy of the Fe(I11)-P model
complexes in aqueous solution may be equated to the
sum of two free energy terms corresponding to the
stepwise transfer reactions represented in Figure 3.
The first term is associated with the transfer of the
Fe(lII)-P complex from the polar to the nonpolar en-

Kassner | Redox Potentials in Cytochromes



2676
vironment as given by
Nzt (11

2}‘1 DN Dp
where # is the radius of the Fe(III}-P complex. The
second term is the free energy change associated with
the transfer of the Fe(III}-P complex together with the

nonpolar concentric volume element from the nonpolar
to the polar aqueous environment as given by

Nzte* (1 1
2)‘2 DI\' Dp

where 7, is the radius of a sphere enclosing the nonpolar

region of the protein. Thus
Nz2e? [ 1 1 Nzze? [ | |
AG®y ~ —— | — — — e — 1
! 2)‘1 <DN Dp> + 2)‘2 <Dp DN> ( 5)

Rearranging terms gives eq 16 and 17.

252 252
AGoel ~ Nz’e <l —_ 14> — «iv—Zi <1_ —_ _1_ (16)
ZDN 131 12 2Dp 151 12

Nz%e? /1 1 1 1
AG® ~ LR [ - 1
! 2 <r1 I‘2><D_\- DP> ( 7)

Thus it is seen that the electrostatic free energy change
corresponds to the difference between the interaction
of the Fe(III)~P complex with the concentric volume
element of water and the interaction of the Fe(III)-P
complex with the nonpolar volume element of the pro-
tein. Finally, the difference between the redox po-
tentials of the model heme-ligand complexes and the
c-type cytochromes is given by the following equation

AG®, Nz%e? /1 1 1 1
AFE, = ~ —— == - = 1
’ nF 2nF <r1 r2>< S > (18)

The equation may be evaluated for values of r, r,
and Dy which are within limits consistent with crystal
structure data for ferricytochrome ¢ and heme-ligand
complexes.!! The value of r may be equated to the
radius of a sphere of volume equivalent to that occupied
by the heme-ligand complex. In this way, 1 is esti-
mated to be >4 and <5.5 A. The average thickness of
the spherical volume element, r» — 7y, is estimated to
be >4 and <9 A from dimensions of the 1-methyl-
propyl side chain of isoleucine and the benzyl group of
phenylalanine. The nonpolar region consists of both
aromatic and aliphatic hydrocarbon side chains and
thus we estimate the lower limit of Dy to be between
2.28 and 1.89 corresponding to the dielectric constants
of benzene!? and hexane,'? respectively. Values of
AF, calculated within the above limits are recorded
below in Table I.

Discussion

The calculated values for AE, in Table I indicate that
the local nonpolar environment of the heme-ligand
complex in cytochrome ¢ could account for its observed
redox potential relative to those for the model heme-
ligand complexes. Thus it is observed for Dy = 1.86

(10) R. E. Dickerson, T. Takano, D. Eisenberg, O. B. Kallai, L.
Samson, A. Cooper, and E. Margoliash, J. Biol. Chem., 246, 1511
(1971).

(11) J. L. Hoard, M. J. Hamor, T. A. Hamor, and W. S. Caughey,
J. Amer. Chem. Soc., 87, 2312 (1965).

(12) R. C. Weast, Ed.,, “Handbook of Chemistry and Physics,”
Chemical Rubber Publishing Co., Cleveland, Ohio, 1867, p E-59.

Table I. Calculated AE, Values in Millivolts®

,, e A

r, A 4.0 5.0 6.0 7.0 8.0 9.0
4.00 469 510 564 596 625 650
384 417 461 489 512 532

4.25 428 477 516 549 576 626
351 391 424 450 472 514

4.50 393 438 476 508 534 555
322 358 390 415 437 455

4.75 361 405 440 470 495 517
296 332 361 385 406 424

5.00 333 377 410 437 461 482
273 307 336 358 378 395

5.25 309 349 381 408 431 451
253 286 312 334 354 370

5.50 287 324 356 382 404 423

235 266 292 313 331 347

@ The first of the two numbers, corresponding to each value of
riand r. — r1, Is the AE) calculated for Dy = 1.86 and the second
number the AE, calculated for Dy = 2.27.

that AE, is greater than 300 mV for values of /1 < 5.25
A and all values of », — r, and for Dy = 2.27 that AE,
is equivalent to 300 mV for values of 7, less than about
4.75 A or r, — r greater than ca. 6 A.

The redox potentials of c-type cytochromes which
are much more positive than cytochrome ¢ may also
be accounted for within the present theoretical frame-
work. It may be observed from Table I that for a
given value of Dy the AEj increases as the value of r, —
r, increases. In addition it may be noted that AE, also
increases as the value of Dx decreases. Thus the model
suggests that a local heme environment which is more
extended than that in cytochrome ¢ and/or is less polar
than that of cytochrome ¢ will lead to potentials which
are more positive than that of cytochrome ¢. A more
extended nonpolar environment could be achieved
through multiple layers of nonpolar amino acid side
chains resulting from a further wrapping of the poly-
peptide chain about the heme-ligand complex. A
more extended nonpolar environment could also be
accomplished through a less compact winding of the
polypeptide chain about the heme-ligand complex such
as to increase the effective value of r» — r. A third
alternative would be the substitution of larger non-
polar amino acids for smaller nonpolar amino acids
such as phenylalanine for valine, leucine, and isoleucine.
A heme environment which is less polar than that in
cytochrome ¢ could be achieved through a protein
structure which more completely surrounds the heme-
ligand complex with nonpolar amino acid side chains.

Among the possible structural parameters which may
affect redox potentials more positive than cytochrome
¢, that which appears most consistent with available
information is a local heme environment which is less
polar than that in cytochrome ¢. Thus it would ap-
pear that the formation of multiple layers of nonpolar
amino acid side chains could only be accomplished in
proteins of significantly higher molecular weight, which
would have a much longer polypeptide chain. Yet the
molecular weight of the c-type cytochrome having
highest reported E,’ + is somewhat lower than that of
cytochrome c.1® Secondly, a less compact winding of
the polypeptide chain about the heme-ligand complex
would also appear to require a longer polypeptide chain

(13) K. Dus, T. Flatmark, H. deKlerk, and M. D. Kamen, Biochem-
istry, 9, 1984 (1970).
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in order to surround the complex to the same extent
with nonpolar amino acid side chains. The alternative
substitution of larger amino acids for smaller ones would
require a large fraction of aromatic amino acids relative
to aliphatic amino acids which is not evident from the
reported amino acid analyses of the c¢-type cytochrome
from bacteria.!®* With regard to a heme environment
which is less polar than that in cytochrome ¢, it has
been observed that the heme-ligand complex in cyto-
chrome c sits in a crevice, the walls of which are com-
posed of nonpolar amino acid side chains.1® Yet there
appears to be channels from the complex to the surface
of the protein which are available to the solvent. It
has been suggested on the basis of nmr spectra and se-
quence homologies between cytochrome ¢ and bacterial
cytochromes ¢, that additional sequences of amino
acids in the bacterial cytochromes might fill one of the
channels to the heme-ligand complex.1* Such a struc-
ture would have the effect surrounding the complex to
a greater extent with nonpolar groups, which would
contribute to a heme environment which is less polar
than that in cytochrome ¢. Consistent with this anal-
ysis is the observation that these cytochromes exhibit
redox potentials which are significantly more positive
than cytochrome c.

The influence of structural parameters other than the

(14) G. E. Krejcarek, L. Turner, and K. Dus, Biochem. Biophys.
Res, Commun., 42, 983 (1971).
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local nonpolar environment on the redox potential of
cytochromes is not without notice. Significant free-
energy changes may be associated with conformational
changes attendant to oxidation and reduction. Such
changes may include the transfer of apolar groups from
an aqueous to a nonaqueous environment® or the
transfer of charged groups from a polar to a nonpolar
environment. The relationship between changes in
conformation and the energetics of the redox process
have been emphasized by Takano, et al.’®* Charged
groups on the surface of the protein may also influence
the redox potential, yet the high redox potentials of
c-type cytochromes are not restricted to basic proteins
but have also been observed for an acidic protein.!®
The ability of structural forces in the protein to affect
the extent of coordination of the methionine sulfur to
the heme iron in the oxidized state has also been dis-
cussed.’” Yet the present theoretical treatment sug-
gests that the high redox potentials of many c-type
cytochromes may be accounted for by a heme environ-
ment of a nonpolar nature without structural changes
attendant to the redox process, and that such an en-
vironment may have a profound effect on the redox
potentials of all heme proteins.

(15) T. Takano, R. Swanson, O. B. Kallai, and R. E. Dickerson,
Cold Spring Harbor Symp. Quant. Biol., 36, 397 (1971).

(16) M. A. Cusanovich and R. G. Bartsch, Biochem. Biophys. Acta,
189, 245 (1969).
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Diethyl pyrocarbonate, an enzyme inhibitor and bactericidal agent, reacts in agqueous solution with

purine ribonucleosides to form products in which the imidazole ring has been opened, e.g., compound 2 from
adenosine, as previously reported, and compound 4, 2-amino-5-carbethoxyamino-4-hydroxy-6-N-ribofuranosyl-
aminopyrimidine, from guanosine. Unlike adenine, which does react, the free base guanine was not modified under
the conditions employed. Cytosine and the “minor base” 5-hydroxymethylcytosine react with diethyl pyrocar-
bonate in agueous solution to give respectively 1-carbethoxycytosine (9) and an unstable compound which appears
to be the 1-carbethoxylated derivative 11. The ribonucleoside cytidine reacted under the same conditions to give
N*-carbethoxycytidine (13). Uracil and thymine, in slightly basic aqueous media, give closely related ring-sub-
stituted products 1-carbethoxyuracil (15) and 1-carbethoxythymine (17). The ribonucleosides uridine and ribo-
thymidine, by contrast, react in slightly basic solution to form unstable products which spectral data suggest to
be 3-carbethoxyuridine (19) and 3-carbethoayribothymidine (21). Pseudouridine C, a modified nucleoside found
in transfer RNA, is converted by diethyl pyrocarbonate to an unstable compound which data suggest to be the 1-
acylated 23. Biological consequences of the use of diethyl pyrocarbonate as a nuclease inhibitor are considered,

in view of the observed reactions of the pyrocarbonate with the individual nucleic acid components.

iethyl pyrocarbonate (ethoxyformic anhydride or
diethyl dicarbonate) has been used as a preserva-

tive in wines and other beverages.! The reagent is used
to deactivate enzymes, presumably by blocking exposed
nucleophilic functions,?7 thereby changing the chem-
(1) O. Pauli and H. Genth, Z. Lebensm. Unters. Forsch., 132, 216

(1966).
(2) T. Boehm and D. Mehta, Chem. Ber., 71, 1797 (1938).

ical and structural integrity. Recent reports indicate,

(3) (a) J. Larrouquere, Bull. Soc. Chim. Fr., 1543 (1964); (b) ibid.,
382 (1965); (c) ibid., 2972 (1965).
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(1966).
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