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Purified beef heart cytochrome c oxidase is inactivated to the extent of 35 to 50% by the nonpolar mercurial reagents mercuric chloride and ethylmercuric
chloride. The inactivation is complete within 5 min. In
titrations of activity, the plateau level of inactivation is
attained at added ethylmercuric ch1oride:hemea ratios
of about 1:l. U p to 3 mercury atoms/heme a are bound
to the oxidase, although only the first of these affects
its enzymatic activity. Incubation of the ethylmercurymodified oxidase with sulfhydryl compounds reverses
the inactivation, with 2,3-dimercaptopropanol being
most effective of
the reagents tested. Spectrophotometric and polarographic assays of enzymatic activity
show that K,,, v a l u e s f o r the native and the ethylmercury-modified enzymes are practically indistinguishable, and that the partial inactivation observed f o r the
latter is reflected exclusively in a lower value of V,,
compared to that of the native enzyme. Based on these
results, we propose that ethylmercuric chloride reacts
with a single crucial ”SH group per heme a,and that
electron t r a n s f e r processes in the modified product are
partially inhibited.

inactivating it (8-11). Under denaturing conditions or a t very
high ratios of reagent to heme a, more extensive reaction
occurs accompanied by loss of enzymatic activity. Forexample, six equivalents ofpCMB’were found to reactwith native
cytochrome oxidase, whereas treatment with sodium
dodecyl
sulfate permitted reaction with
a 7th molecule of reagent (911).These results are consistent with the sulfhydryl content
of the enzyme (1, 2). It is unclear whether theinactivation is
due to the harsh
conditions or to the modification of an
essential residue.
The susceptibility of the functional groups of proteins to
reaction by modifying reagents depends on the
accessibility of
the targetresidue and on the
lyophilic character of the reagent
above,which are
(15). In contrasttothereagentsnoted
thought to attackresidues on or near the
surfaces of proteins,
hydrophobic compounds most likely act by penetrating to the
nonpolar interior prior to reaction. In crude extractsof cytochrome oxidase, for example,oxidase activity was inhibited 5
times more effectively by basic phenylmercuric nitrate than
by pCMB (6). Incubation of cytochrome oxidase with hydrophobic copper chelators inhibits activity by 40 to 75% and
changes the characteristic spectral features attributed to functional copper; the hydrophilic analogs, however, do not affect
the enzyme(16). Treatmentwithphenylisothiocyanate,
a
Cytochrome c oxidase (EC 1.9.3.1) hasbeen shownby
reagent with apartition ratioof 973 inhexane:water mixtures,
amino acid analysis to contain 7 cysteinyl residues out of a results ininactivation and the apparent modification of a
total of about 720 to 820 amino acid residues/heme a (1, 2). single amino group per heme a (17).
Numerous investigations have sought toclarify the state and
In order to assess the functional role of those sulfhydryl
functional role of the sulfhydryl groups of these residues (3- groups that may be inaccessible to hydrophilic reagents, we
14). Early results obtained by treatment of the oxidase with have studied themodification of sulfhydryl groups of purified
sulfhydryl compounds or disulfides were consistent with the cytochromeoxidase by hydrophobic mercurials.Mercuric
occurrence of cystinyl linkages (7), but subsequent titrations chloride is a relatively nonpolar substance and
does not ionize
showed that all of the cysteinyl residues are accountable as readily. Ethylmercuric chloride dissolves readily in organic
sulfhydryls (8,9). Silver ion andp-chloromercuribenzoateare solvents,havinga
partition coefficient of 12.0 in an ethyl
relatively hydrophilic reagents which have high specificity for acetate-aqueous saline mixture(18). We have shown that
“ S H groups. Under benign conditions and at relatively low these substances partially inactivate cytochrome
oxidase, and
concentration, they react with cytochrome oxidase without that theinhibition is reversible.
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EXPERIMENTALPROCEDURES

Materials-Cytochrome oxidase was isolated and purified from
Keilin-Hartree particles, derived from beef heart muscle, by the
cholate-ammonium sulfate fractionation procedure of Kuboyama et
al. (2). The final product was dissolved in 0.1 M sodium/potassium
phosphate buffer, pH 7.4, containing 0.25% Tween 20 at concentrations of about 0.25 mM heme a. The purified oxidase contained 8 to
10 nmol of heme a/mg of protein andthe absorption ratioA2w:A.mof
the oxidized enzyme was 2.66 to 2.75. It exhibited a maximal molecular
turnover number of 124 to 140 electron equivalents s-’ heme 6 ’ at
pH 6.0 and 25.0”C. The K , for ferrocytochrome c ranged from 1.9 to
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The abbreviations used are: pCMB, p-chloromercuribenzoate;
BAL, 2,3-dimercaptopropanol; EtHg-modified, cytochrome oxidase
modified by reaction with ethylmercuric chloride; EtHgCI, ethylmercuric chloride; SDS, sodium dodecyl sulfate.

Inactivation of Cytochrome c Oxidase
3.7 x 10"' M. The value of S Z . for
~ the purified enzyme was 10.4 to
11.5 S.
Horse heart cytochrome c (type 111) and sodium cholate were from
Sigma. Ultrapure ammonium sulfate was from Schwarz/Mann. Mercuric chloride was Fisher Scientific reagent grade, and EtHgCl was
obtained from K & K Laboratories.
Characterization of Cytochrome c Oxidase-Protein concentrations were measured by the method ofLowry et al. (19) using
crystalline bovine serum albumin as a standard. Heme a concentrations were determined by the difference extinction at 605 nm between
the oxidized and dithionite-reduced enzyme, using the value A€ = 12
mM"cm"
(20), and, in addition, by the pyridine hemochromogen
method (21). Cytochrome oxidase concentrations are expressed in
terms of heme a.
Cytochrome c oxidase activity was measured spectrophotometrically by following the oxidation of ferrocytochrorne c at 550 nm in
0.06 M sodium/potassium phosphate buffer, pH 6.0, containing 0.5
mM EDTA at 25°C (22). The absorbance value for infinite time was
obtained by adding potassium ferricyanide to the assay mixture.
Apparent first order rate constants were obtained using linear least
squares analysis (23).
Oxygen Consumption-Reduction of molecular oxygen catalyzed
by cytochrome c oxidase was determined polarographically using a
Gilson oxygraph equipped with a standard oxygen electrode bearing
a Teflon membrane, according to Ferguson-Miller et al. (24). The
concentrations of cytochrome c were varied between 0.014 and 10
VM. Cytochrome c for these assays was dialyzed exhaustively against
20 mM Tris base and 10 p~ EDTA. It was then reduced with minimal
sodium dithionite and passed through a Sephadex G-75 superfine
column equilibrated with 50 mM Tris/acetate, pH 7.5. Only those
fractions exhibiting less than 8% autoxidizability, as determined by
the ability to bind carbon monoxide (25), were used in the polarographic assays.
Modification of Cytochrome c Oxidase by Mercurial ReagentsThe complexation chemistry of mercuric chloride as a function of pH
and chloride ion concentration has been thoroughly characterized
(26). Conditions were chosen to ensure that added reagent remained
as un-ionized HgCL. Ethylmercuric chloride is known not to undergo
additional ligation under commonly encountered conditions (27).Five
milliliters of2.5 p~ cytochrome c oxidase was prepared in 0.05 M
sodium/potassium phosphate buffer, pH 7.0, containing 10 mM sodium chloride and 0.25% Tween 20. Duplicate 5 - 4 aliquots were
removed and assayed spectrophotometrically for oxidase activity to
establish control values. Then 5 pl of the mercurial modifying reagent
of the desired concentration, dissolved in absolute ethanol, were
added and the mixture was incubated at 25°C.Atspecified
time
intervals, aliquots were removed and assayed for activity. Studies on
the reversal of mercurial inactivation by the addition of thiol reagents
were performed in a similar manner. The reagents were dissolved or
dispersed in nitrogen-purged water at 0°C immediately prior to use
and introduced in a volume of 5 PI.
Assays of Mercury Bound to Cytochrome c Oxidase-Oxidase was
incubated with various amounts of EtHgCl for 30 min at 0°C. Since
alkylmercuric halides form complexes with imidazole, albeit weaker
than with thiols (28), histidine in the ratio of 50:l with respect to
heme a was added and the mixture incubated for another 30 min.
This step was intended to dissociate ethylmercury from nonsulfhydryl
ligands of the enzyme. The mixture was then chromatographed on a
Sephadex G-25 column equilibrated with the startingbufferand
fractions containing the oxidase were collected. The column had
previously been calibrated to verify that theoxidase fraction was well
resolved from the histidine. mercury complex. The eluted oxidase was
assayed for cytochrome c oxidase activity, for heme a content, and
for mercury content. The latter was determined by the flameless
atomic absorption method of Clarkson and co-workers (29).
RESULTS
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than 60 min. Samples retained this level of activity for 3 h
when tested. Thus, the mercury-modified enzyme appearsto
be stable with time.
A thorough titration of cytochrome oxidase with EtHgCl,
in which therate profiies were analyzed according to pseudofirst order kinetics, is shown the
in inset of Fig. 1. A very clean
at about 1:l EtHgC1:heme a,
break inthe titration is observed
with the inhibition in this case leveling off at just under 50%.
In order to determine the extent to which the added mercurial
actually reacts withthe oxidase, simultaneous assaysof inacThe results are
tivation and bound mercury were carried out.
shown inthe main panelof Fig. 1.The curve of bound mercury
uersus added mercuryhas a slope of 1, indicating that reaction
is quantitative. The limit
of EtHgCl with cytochrome oxidase
of reaction is reached at 3 EtHg residues bound/heme a.
Control experiments were carried out in an attempt
to
eliminate possible artifactual sources for
the effects observed.
Assays of activity after incubation for specified time intervals
with reagent-free ethanol showed little or no changethat
from
of thenative(untreated)enzyme.Sedimentationvelocity
profiles were examined in order
to ascertain the effects of t h e
modification on the hydrodynamic properties of the oxidase.
The preparation examined, K-6, was found to be distributed
between three components, a sharp peak with Szn.co = 11.6 S
corresponding to the native enzyme observed by Love et al.
(30) and two broad peaks of apparently aggregated material
having valuesof Szn.u, in the range 16 to 19 S. The proportions
of a
of the various components were estimated by means
Dupont curve resolver. In two experiments the 11.6 S peak
represented 43 and 51%, respectively, of t h e total area. Upon
the ratioEtHgC1:heme
a = 1.3:1, t h e
addingEtHgClin
sedimentation coefficients of the components and their relativeproportionsremainedessentiallyunchangedfromthe
control values. It may be concluded that the gross hydrodynamic shape and volume of the untreated and the modified
that t h e oxidase did not undergo
enzymes are similar, and
as a consequence of reaction. Thus,
association or dissociation
large changes in conformationor state of aggregation may be
ruled outas possible reasons for the partial inhibition obtained
upon modification.

0

2

4

ADDED EtHgCl : HEME a

6

Cytochrome c oxidase was incubated with varying amounts FIG. 1. Dependence of the enzymatic activityof cytochrome
of EtHgCl or HgC12. The effects of both modifying reagents oxidase andof the amount of mercury boundon the amountof
on the enzymatic activity appear to be similar. Activity deEtHgCl added to the incubation mixture.
Inset, titration of the
creases sharply fromthe level of the control between 0 and 1 activity of 1.3 VM cytochrome oxidase (Preparation K-10). The units
equivalent of mercuryadded/heme a a n d then levels off for the axes are the same as for the main panel. Main panel,
between 1 a n d 2 equivalents of mercury added/heme a. T h e simultaneous determination of inactivation of cytochrome oxidase
(Preparation K-10) by EtHgCl and the ratio of bound mercury:heme
plateau level of inhibition, about 3555, is maintained upto 20 a. Various amounts of mercurial were added to 25 p~ cytochrome
equivalents of mercury added/heme a. Maximal inactivation oxidase. The determination of the ratio of bound mercury:heme a is
occurs within5 min and remains essentially constant for more
described under "Experimental Procedures."
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Another criterion for assessing whether nonspecific structuralalterations are induced in the oxidase by mercurial
modification is based on the knowledge that the interaction
between cytochrome c and its oxidase is strongly electrostatic
in character (31, 32). As a result, the activity depends on the
ionic strength of the buffer used in the assay. We, therefore,
examined the relative activity as a function of buffer concentration at the optimal pH, 6.0 (Fig. 2). The profiles for the
native and EtHg-modified oxidase samples have the same
shape, except for the consistently lower activities obtained for
the latter. Thus, no ionic strength-dependent differences develop between the two species, indicating that the constellation of charged groups at the cytochrome c binding site
remains unaffected by the modification.
Steady state Michaelis-Menten kinetics of the native and
EtHg-modified oxidase was next examined. The results of
Lineweaver-Burk analyses carried out on spectrophotometric
assays are given in Table I. The values of K , do not differ
diminished value of V,,, found
greatly. It is apparent that the
with the modified enzyme is sufficient to account for the
decreased relative activity. In order to characterizethese
effects better, the high affinity interactions of cytochrome
oxidase with cytochrome c were examined by means of polarographic assays of oxygen consumption (24). In these experiments, the concentration of cytochrome c was varied from
0.014 to 10 p ~ and
, the conditions of pH and ionic strength
differed considerably from those used in the spectrophotometric assay. The results are plotted according to the EadieHofstee equation (Equation 1) in Fig. 3A and according to
Equation 2 (33) in Fig. 3 8 . The slopes of Equations 1 and 2

and third phases). Phase I covers the range of cytochrome c
concentration examined from about 0.014 to 0.25 p ~phase
,
I1
, phase I11 above about 4 p ~The
.
from about 0.25 to 4 p ~and
latter corresponds to the range used in our spectrophotometric
assays.
The apparent values of K,,, for binding cytochrome c and of
V,,, are given in Table 11. The K , values for the native and
EtHg-modified species are experimentally indistinguishable in
phases I and 11, while for phase I11 the substrate appears to
bind slightly more strongly to the unmodified oxidase. The
latter observation was found in the spectrophotometric assay
as well (Table I), although the conditions are somewhat
different. In all three phases, the V,,, for the EtHg-modified
oxidase isabout 60% of the value found for the native enzyme.
This effect, therefore, may be considered to be responsible for
the partial inhibition observed upon reaction with EtHgC1. It
TABLEI
Michaelis-Menten parameters for native and EtHgCl-modified
cytochrome oxidase, determined spectrophotometrically
Preparation K-6,added EtHgClheme a = 1.3:1.
Cvtochrome oxidase

124
Native
78 Modified

permit the determination of K , and V,,,, respectively, with
greater statistical precision than is possible from one or the
other plot alone. Ferguson-Miller et al. (32) observed three
binding phases in their experiments, the fmt and middle in
polarographic assays and themiddle and third in spectrophotometric assays. We resolved all three phases using the polarographic assay only (Fig. 3A; Fig. 3 B shows only the second

K ,

V."*"

w

e s" heme a-'

3.7
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S ( v M CY!

V (nrngles 0,Irnln)
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FIG. 3. Polarographic assays of the activity of cytochrome
EtHg-modified
oxidase (Preparation K-10). 0, native oxidase; 0,
oxidase, added EtHgClheme a = 2.01. A, Eadie-Hofstee plot (Equation 1);B , plot of [cyt c ]/ v versus [cyt c] (Equation 2).u is expressed
as nanomoles of O2 min" and S is expressed as micromolar cyt c.
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TABLE11
Polarographic assay of activity of cytochrome oxidase
(Preparation K-lo) in 0.025 M Tris-acetate, p H 7.9, at 25°C
The reaction medium contained 6.8 mM ascorbate, 0.68 mM N,N"
tetramethyl-p-phenylenediamine,13.6 p~ EDTA, and 0.0543p~ cytochrome oxidase. The modfied oxidase was prepared with a ratio of
added EtHgC1:heme a = 2.0.
Phase

Cytochrome oxirla9c.

K,"
PM

Native
Modified

0.0525f O.OOO6
0.0500f 0.0016

15.8 0.1
9.7f 0.2

I1

Native
Modified

0.207f 0.009
0.195 f 0.018

23.3 f 0.3
14.2 f 0.3

3.24 f 0.30
Native
4.31 f 0.35
Modified
a Evaluated from Equation 1.
Evaluated from Equation 2.

43.1 f 1.3
24.5 f 0.7

111

FIG. 2. Ionic strength dependence of the activity of cytonative
chrome oxidase (Preparation K-6) at pH 6.0, 25'C. 0,
oxidase; A, EtHg-modified oxidase, added EtHgClheme a

=

1.3:l.

*

I

100

BUFFER CCNCENTRATION, m M

Vmaxb
e s" heme a-l
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may be concluded that an intrinsic electron transfer step in titrated with pCMB when SDS is added. Furthermore, we
the cytochrome oxidase complex is affected by the modifica- found that 3 ethylmercury residues/heme a bind to cytochrome oxidase. Thesepresumablyreactwith
sulfhydryl
tion. It is especially noteworthythat in the highaffinity
groups since excess histidine did not dissociate them from the
binding phases, I and 11, the modification affects only V,,,.
four
These are the phasesconsidered to be physiologically signifi- enzyme (see “Experimental Procedures”). In contrast,
sulfhydryl groups per heme a were shown tobe titrated with
cant for the oxidase in situ (32).
It is well known that the Hg-S bond by which mercurials the highly charged Ag+ ion (11).Since these results add up to
bind to proteins maybe cleaved by exchangewith added thiol the known total of seven sulfhydryl groups (1, 2, 9), they
Ag+ define two classes
of ” S H group
reagents. The reversibility of the partial inactivationof cyto- suggest that EtHgCl and
chrome oxidasewhich had beeninducedby
EtHgCl was in the oxidase whose reactivities aregoverned bythe polarities
therefore examined, using a variety of sulfhydryl-containing of their environments. In addition, these data do not support
compounds. 2.5 PM cytochrome oxidase was incubated with the possibility that disulfide bonds occur.
Second, we have c o n f m e d t h e results of Tsudzuki et al.
mercurial at a ratio of EtHgC1:heme a = 1.3:l. Then either
cysteine, thioglycolate,mercaptosuccinate, orBAL wasadded (9) that 6 mol of pCMB/heme a react with the oxidase, and
at a ratio of RSH:heme a = 20:l. Although the first three that thisincreases to 7 when SDS is added. Theoxidase is not
reagents achieved 20 to 50% reversal of inhibition when as- inactivated until the final step (9). In this work, we have
sayed after5 min, theeffect didnot endure, but rather
receded shown that the first of the three equivalents of EtHgCl per
to 0 to 20% reversal by 90 min. Only the reversal induced by heme a to bind is the one leading to inactivation. It may be
BAL, about 55%,persisted for the durationof this experiment. supposed thatthis essential sulfhydryl groupis the same one
that remains unreactive with the more polar reagent pCMB
It shouldbe noted that BAL is the only one of the four
reagents surveyed which is nonionic, the others being either until SDS is added.
Partial inactivation such as observed in this work could
anionic or zwitterionic. A further experiment revealed that
optimal reversal of inactivation is obtained upon incubating arise from some nonspecific effect such as an overall change
the modified oxidase with abouta 100-fold excess of BAL with in conformation induced by the modification. The following
respect to heme a. Samples with 20-fold or 200-fold excesses observations tend to rule this possibility out. First, reagentshowed lower degreesof reactivation. Under theseconditions, free ethanol incubated with cytochrome oxidase caused no
inactivationto 65% of control induced by the addition of detectable inhibition. Thus, the vehicle used to introduce the
EtHgCl was restored to 92% of control when BAL was added mercurial reagent is notresponsible for the observed effects.
Second, sedimentation velocity profiles demonstrated that
to the modified enzyme.
significant changes in particlesize and shape orin the stateof
DISCUSSION
aggregation do notoccur. Third, theprofides of relative activity
The objective in this study hasbeen to react cytochromec as a function of the ionic strength of the medium were similar
oxidase with a hydrophobic reagent that has the potential
of for the native and the EtHg-modified oxidase. Finally, the
inactivating theenzyme. Earlier work showed that treatment steady state kinetics of cytochrome c oxidase was studied.
of the enzyme with hydrophilic reagents specific for sulfhydryl Both in the spectrophotometric assay, which examines only
groups has little effect on the activity, although up to
six the weak mode of cytochrome c binding to theoxidase, and in
sulfhydryl groups per heme a can be titrated (3-14). It may the polarographic assay, whichdetects all three binding modes
(32), the values of X
be presumed that the reagents are restricted to react with
, for the native and the
modified enzyme
target residues at or near theprotein-solvent interface.
are essentially identical. The relative inactivation detected in
The interiorsof globular proteins areprimarily nonpolar in the titrations of the oxidase with the mercurial reagent is
nature, containing a high proportion of hydrophobic amino mirrored in the values of Vmax,which are lower for the modiacid residues. The absorption of nonpolar gases by proteins in fied oxidase than for the native species. In summary,in none
solution is consistentwith this view (34,35). Thus,in order to of the experiments carried out by us were results obtained
enhance reactivity with groups buried
within proteins, hydro- which are consistent with the notion that nonspecific effects
phobic reagents should be selected. EtHgCl fulfills this re- are responsible for the observed inhibition. Rather, in view of
quirement (18). In addition, it has a pronounced selectivity the distinctions found in the values of V,,,,,, it is concluded
for sulfhydryl residues over other potential nucleophilic lig- that the partialinactivation is due toimpeded electron transands of mercury (28). Other examplesof hydrophobic reagents fer processes between oxidation-reduction centers of the oxithat inactivate cytochrome c oxidase are bathocuproine (16) dase or between the enzyme and 02.
This could arise either
and phenylisothiocyanate (17).
from a direct effect of the EtHgmodification on theoxidationWe have demonstrated that cytochrome
oxidase is partially reductionsitesthemselvesorfrom
local conformational
inactivated when slightly more than one EtHg per heme
a is changes which hinder the normal pathof electron flow.
bound. It appears that because of the hydrophobic character
Since the degree of inactivation attained was only 35 to
of this reagent it penetrates preferentially to the nonpolar
50%, it could be argued that some molecules of the oxidase
interior of the enzyme. There it presumably reacts with a react with the
mercurial and arecompletely inactivated, while
single sulfhydryl, one whose modificationaffects electron others remain unaffected. Partial inactivation of cytochrome
transfer catalyzed by the oxidase. Of thefour sulfhydryl oxidase has also been observed, however, with hydrophobic
compounds assessed for their ability toreverse EtHg-induced copper chelators (16); indeed,different reagents led to differinhibition, BAL was found to be most effective. This is the ent degrees of inhibition. The fact that a variety of effects
only reagent in the group which is not ionic in character. have been found with unrelated systems rendersunlikely the
Thus, this finding also is consistent with the view that the possibility that different populations of cytochrome oxidase
modified ” S H group is in the interior
of the proteinmolecule. molecules exist which manifest differing reactivities to modTwo aspects of our results demonstrate that the stoichiifying reagents. Rather, it mustbe recalled that the functional
ometry of binding EtHgCl to cytochrome
oxidase is consistent unit of cytochrome oxidase contains four metallic 1-electron
with the known reactivities of its sulfhydryl groups. First, oxidation-reduction centers. Itis more likely that theoxidase
during the course of this study, we reproduced the finding of sample is uniformly labeled upon reaction with EtHgCl, and
Tsudzuki et al. (9) that 7 cysteinyl residues/heme a may be that alternative, less efficient paths of electron transfer are
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utilized in each enzyme molecule. This would produce the 11.
12.
partial inactivation observed.
There have been suggestions in earlier work of an associa13.
tion between buried sulfhydryl groups and the copperof the
oxidase. In onecase it was proposedthat an alternative center, 14.
such asa sulfide which might be in close proximity to copper,
actually undergoes oxidation and reduction(36). Okunuki and 15.
co-workers (9) found that release of copper from the oxidase
occurs concomitantly with titration of the seventh “ S H per 16.
heme in the presence of sodium dodecyl sulfate, raising the 17.
possibility of a direct copper-sulfur bond. For this reason, we
compared the electron paramagnetic resonance spectrum of 18.
the EtHg-modified enzyme with that of the native oxidase at 19.
80°K under conditions of saturation of any adventitiously
bound copper (37). The two spectra were essentially super- 20.
21.
imposable, indicating that the presumed modification of in- 22.
ternal sulfhydryl groups has no effect on the EPR-detectable 23.
copper. Further studyshould reveal the nature
of the mercury
binding site, possible effects on the heme a prosthetic group, 24.
and the electron-transfer steps affected by the modification.
Acknowledgment-We wish to thank Dr. F. C. Yong for his suggestions concerning the purification of cytochrome oxidase, and Prof.
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