Double Nuclear Magnetic Resonance Observation
of Electron Exchange between Ferri- and Ferrocytochrome c

Abstract. Cyanide-inhibited electron exchange between ferri- and ferrocyto-
chrome ¢ molecules has been observed by nuclear magnetic resonance. Irradia-
tion of a partially reduced protein solution at resonance frequencies arising from
protons of the oxidized state results in a decrease in the absorption due to the
corresponding protons of the reduced state. The experiment quantitates the hy-
perfine shifts observed in this system and can be used to identify hitherto un-
assignable resonances. Analysis of the shifts suggests that an aromatic side chain
ring lies near the edge of the heme ring.

Cytochrome c¢ is an electron-trans-
porting enzyme of the respiratory chain,
responsible for the transfer of electrons
from cytochrome b to cytochrome ox-
idase (I). The mechanism of this
transfer, however, is not understood.
Our experiments show direct evidence
for the presence of electron exchange
(via a direct or an indirect mechanism)
between ferro- and ferricytochrome c
molecules in aqueous solution, and
show that the rate of exchange falls in
a range suitable for observation by the
nuclear magnetic resonance (NMR)
technique. We observe this exchange by
a double resonance variation of the
NMR method. Detailed study along
similar lines may be useful in elucidat-
ing the mechanism of electron transfer
along the chain of cytochromes in the
mitochondrion. In addition, the experi-
ments enable us to assign several of the
hyperfine shifted resonances in the
NMR spectrum of ferricytochrome c.
The analysis of the NMR data yields

novel information on the tertiary struc-
ture of the protein near the heme
group. The exchange of electrons be-
tween cytochrome c molecules in aque-
ous solution is seen to be inhibited by
the presence of potassium cyanide,
which is well known to poison electron
transfer in the mitochondrion.

The experiment is simple in principle,
and can be understood without special-
ized knowledge. The sample is a 10
percent solution of protein in D,O, of
which approximately half is reduced
with ascorbate (2). The NMR absorp-
tion spectrum of this mixture is a
superposition of the spectra observed
in fully oxidized and fully reduced cy-
tochrome c. Because the heme group
in the oxidized form has an unpaired
electron spin, a few resonances of
groups on or near the heme ring are
separated from the main part of the
NMR spectrum by hyperfine interac-
tion. Of these, methyl groups are most
readily observed (3), and are identified
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Fig. 1. Portions of the NMR absorption spectrum of oxidized cytochrome ¢, plotted
as a function of magnetic field deviation, in parts per million (ppm), from the refer-
ence compound DSS (sodium 2,2-dimethyl-2-silopentane-5 sulfonate). The vertical
baseline has been shifted at —8 ppm, and the vertical gain is greater by a factor of 3
at 22 to 26 ppm. A few single-spin resonances are found between —12 and —20 ppm,
and between -+4 and 48 ppm, and the vast majority of the spins resonate in the un-
shifted region from —5 to 41 ppm.
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as methyl by their intensity (Fig. 1).
The reduced form, on the other hand,
shows only one resolved methyl re-
sonance (Fig. 2a, indicated by arrow)
shifted upfield by the diamagnetic cur-
rents which are induced to flow around
the heme ring by the applied field (4).
Other methyl resonances in the dia-
magnetic state also are shifted by the
same mechanism, but not sufficiently
to pull them out of the confused cen-
tral region.

We first apply a long pulse (0.1
second) of radio frequency power to
the sample at the known frequency of
one of the oxidized-state resonances
indicated in Fig. 1. Such a pulse will
momentarily bleach the absorption at
this frequency, because the spins in res-
onance with it become saturated with
energy (5). Just after this long pulse,
we monitor the NMR absorption spec-
trum (6), and find, as expected, that
the previously irradiated line is indeed
bleached.

If the intensity of the long pulse is
fixed at a level no greater than that
needed to bleach the oxidized-state res-
onance, the absorption in the mixed
sample also decreases at another cor-
responding point in the spectrum,
which we believe to be the resonance
frequency of the same methyl group in
the reduced state, Apparently, a given
protein molecule alternates between
the oxidized and the reduced state in a
time of the order of one quarter sec-
ond, and a given methyl group like-
wise alternates in NMR frequency,
transferring the bleaching effect from
the oxidized to the reduced state (7, 8).
From a knowledge of the rate at which
the reduced state recovers from bleach-
ing (5) we can make a precise estimate
of this rate. A study of the rate as a
function of concentration and tempera-
ture is now in progress.

This picture is supported by the ob-
servation (Fig. 2) that in one case the
transferred bleaching occurs at the one
resolved reduced-state methyl reson-
ance. The two resonances thus connect-
ed have been previously (3, 4) identified
with the methyl group of methionine
coordinated at the face of the heme.

Table 1 gives the positions at which
bleaching is induced by prepulsing at
various oxidized-state resonances. The
information in Table 1 can be used to
identify these resonances with known
methyl groups, or to infer, in suitable
cases, other structural information when
an assignment has previously been
made. Besides the upfield resonances at-
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Table 1. Summary of methyl resonance cross-
bleaching experiments. Positions are parts
per million from DSS (see Fig. 1 legend) ref-
erence in both states and were obtained at
room temperature (27°C). The oxidized
state resonance was always preirradiated;
cross-bleaching occurred at the frequency in-
dicated under the reduced state. Except for
the first resonance tabulated (Fig. 2), all
the diamagnetic resonance positions inferred
here occur in places in the spectrum where
they are swamped by other overlapping res-
onances, if studied conventionally. Their ob-
servation was facilitated by automatically
taking a difference spectrum with and with-
out the prebleaching. Identification: a, methi-
onine methyl; b, porphyrin ring methyl; c,
porphyrin side chain methyl.

. Oxidized state Reduced state
Iggggg‘ position position
(ppm) (ppm)
a 23.4 3.3
by —34.0 —2.1
b, —31.3 —3.8
by —10.3 —3.5
b, — 7.2 —34
Cy 2.2 —1.4
Cy 2.6 —0.3

tributed to methionine, the two lowest
field resonances-in the oxidized state,
b; and b, (Fig. 1), have been previous-
ly assigned (3) to two of the four
methyl groups directly attached to the
porphyrin ring; it is not known which
two of the four. In model heme com-
pounds (separated from protein) and
most other heme proteins, resonances of
all four of these groups are conspicu-
ous in the range from about —25 to
—10 parts per million (ppm). In cyto-
chrome c, these four resonances are
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Fig. 2. (a) Part of the spectrum of the
mixed sample, showing the resolved
methyl peak from the reduced state (ar-
row) and two methyl peaks downfield
from it, which are resonances ¢; and c.
of Fig. 1. (b) The spectrum just after a
bleaching pulse applied to the resonance
at 423.4 ppm. (c) The size of the de-
crease in the 3.3 ppm resonance, as a
function of bleaching frequency.
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spread out even more than in other
heme proteins. Wuthrich (3) suggested
that the skewness of the unpaired elec-
tron’s spin density distribution thus im-
plied might be related to the electron
transfer function.

We find that three other methyl res-
onances, bs, by, and c,, are shifted, in
the diamagnetic state, to positions ap-

- preciably downfield from that expected

for an aliphatic methyl group. They
are, therefore, likely candidates for
either ring methyls, or else groups not
directly attached to the porphyrin ring
but located near its edge, because such
groups will be shifted downfield by the
same porphyrin ring current which
shifts methionine methyl resonance up-
field (9) in the diamagnetic form. In
the paramagnetic form a porphyrin
ring methyl resonance is hyperfine-
shifted by contact interaction with the
wave function of the unpaired electron
on the ring (3); this shift can conceiv-
ably be in either direction, depending
on the sign of the unpaired spin density
on the ring carbon to which the methyl
is attached. A group not directly on the
ring will experience little or no shift
from this mechanism (I0), but both
types of groups will experience a “pseu-
docontact” shift as a result of direct
magnetic dipolar interaction with the
electron spin. It is unlikely that this
shift is negative (I11); therefore since by
and b, shift downfield on oxidation,
they are likely to be ring methyls, an
assignment strengthened by the fact that
their position in the reduced protein is
exactly where ring methyl resonances
are found in model hemes (9).

We tentatively assign the remaining
resonances ¢; and c, to the porphyrin
side chain methyls. However, it is
possible that the porphyrin side chain
methyl resonances are not much shifted,

‘and that ¢, and ¢, are amino acid side

chain methyls near the edge of the
heme plane. One of these, ¢y, is shifted
on reduction to nearly a position where
porphyrin side chain methyl resonances
are found in model diamagnetic hemes
9).

The ring methyl resonance b; found
most downfield in the oxidized state is
shifted appreciably upfield relative to
the other ring methyl resonances on re-
duction. This shift could be explained
by assuming that this group is near the
face of an aromatic amino acid side
chain ring. Williams (72) has suggested
that tyrosine may help transfer electrons
to the heme group, and tyrosine could
give such a shift. Resonance cp also

appears shifted upfield in the diamag-
netic state, perhaps by the same, or a
similar, group.

We also investigated the effect of
adding potassium cyanide on electron
exchange between cytochrome ¢ mole-
cules. On adding potassium cyanide to
a partially reduced solution of cyto-
chrome ¢, an NMR spectrum showing
the superposition of resonances arising
from cyanoferricytochrome c¢ and fer-
rocytochrome ¢ was observed. Exchange
seems to be blocked, as indicated by the
absence of any cross-bleaching effects
expected on saturating the hyperfine
shifted methyl resonances of cyanoferri-
cytochrome c if the exchange were
present.

The cross-bleaching experiments can
be done with several of the single spin
resonances which are resolved in the
oxidized state, but are more difficult
because of their weaker intensity. Un-
fortunately, this type of experiment
sheds no light on possible conformation
shift on oxidation.

RaAJ K. GuptA
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IBM Watson Laboratory,
Columbia University, New York 10025
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with Gas-Phase Singlet (A:) Oxygen

Abstract. Singlet molecular oxygen (1A,) produced by the microwave discharge
of ground state oxygen in a flow system was passed over a film of cis-polybuta-
diene. This treatment resulted in the formation, at the surface, of hydroperoxides
which were detected by internal reflection infrared spectroscopy.

Electronically excited molecular oxy-
gen in its singlet state (*A;) has been
frequently discussed as an agent that
in polluted air may be responsible for
the oxidative degradation of various
naturally occurring and synthetic sub-
stances (Z). There has also been specu-
lation on the role of singlet oxygen in
producing cancer on the skins of irradi-
ated animals treated with photosensi-
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tizing substances (2) and in promoting
the photooxidation of polyethylene (3)
and a variety of other substances {(4).
An important question that must be
answered before one invokes a singlet
oxygen mechanism to account for such
surface effects is whether metastable
singlet oxygen (*A,) molecules can in-
deed survive long enough to chemically
react with an environmental surface.
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Fig. 1. Diagrammatic representation of the flow system used for polymer oxidation.
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Our results show conclusively that gase-
ous singlet oxygen impinges on the sur-
face of cis-polybutadiene films causing
the formation of the expected hydro-
peroxides.

The electrodeless discharge of oxygen
either by radio-frequency or microwave
energy is known to produce a variety
of active species including atomic oxy-
gen, excited molecular oxygen (*A, and
15,), ozone, and some ionic com-
ponents (5). The reaction of such a
complex plasma with a large number
of bulk polymers has been used to im-
prove adhesion and alter other surface-
related properties (6). The primary
effects in those cases were attributed
to atomic oxygen. Similar experiments
were performed on thin films of methyl
linoleate with the observation of an
increase in the absorbance at 234 nm,
which was interpreted as indicating the
formation of conjugated hydroperoxides
[R-C=C-C=C-C(OOH)R] from the
attack of singlet oxygen on the 1,4-
diene structure (7). Although singlet
(1A,) oxygen was produced by photo-
sensitization and not electrodeless dis-
charge, the mean diffusion path for
excited molecular oxygen through stea-
rate films has been determined to be
115 A (8). It was estimated that in
traversing that distance in the film one-
half of the diffusing molecules had been
deactivated.

The flow system used in our work
(Fig. 1) has the advantage that all active
species except singlet oxygen (14,) are
removed from the gas stream before
contact with the polymer surface. Tank
oxygen is passed over mercury (25°C)
and into a quartz tube. A wave guide
focuses microwave power (2450 Mhz)
so that energy couples with the gas at
the center of the quartz tube. The
pumping speed based on the capacity of
the vacuum pump is 33.4 liter/min.
The mercury vapor in the stream is
oxidized, forming a mercuric oxide
ring both upstream and downstream
from the plasma glow. This mercuric
oxide is effective in removing oxygen
atoms and ozone and in enhancing the
singlet oxygen (A,) concentration (9).
Ionic species deactivate a few milli-
meters from the glow region (5). The
stream is then passed over ice at —40°C
to quench the singlet oxygen in its 13,
state (/0) and then through a —78°C
trap to remove water and mercury
vapor carried over by the gas flow. The
distance traveled by the excited molec-
ular oxygen before it reaches the sam-
ple chamber is about 100 cm. We esti-
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