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Inhibition of Mitochondrial Electron Transport by Hydroxy- 
Substituted l ,4-Quinonest 
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ABSTRACT: Mitochondrial electron transport from NADH,  
succinate, or duroquinol to oxygen is inhibited by 5-w-cyclo- 
hexyl-n- pentyl-6-hydroxy-2,3-dimethoxy- 1 ,4-benzoqui- 
none and 2-w-cyclohexyl-n- pentyl-3-hydroxy- 1,4-naptho- 
quinone. Assays of partial electron transport activities indi- 
cate a site of inhibition in the region between the site of du- 
roquinol oxidation and cytochrome c reduction. Effects of 
the inhibitors on cytochrome spectra indicate the principle 

Previous work (Ball et a/., 1949; Estabrook, 1958; Tappel, 
1960; Howland et al., 1973) has shown that some 1,4- 
naphthoquinones inhibit mitochondrial electron transport in 
the cytochromes b-cl region as does antimycin A and 
HOQNO (Thorn, 1956; Thorn and Jackson, 1959; Low and 
Vallin, 1963; Lightbrown and Jackson, 1956). For example, 
these inhibitors inhibit N A D H  and succinate but not 
T M P D  oxidase activities. In spectra of reduced mitochon- 
drial preparations these inhibitors caused the disappearance 
of the peaks for cytochromes c, c l ,  and aa3. 

Certain dimethoxy-6- hydroxy-5-alkyl- 1 ,4-benzoqui- 
nones have also been shown to inhibit succinate and NADH 
oxidase activity in mitochondrial preparations (Catlin et al., 
1968; Castelli et al., 1971). Inhibition a t  the coenzyme Q 
level was indicated. However, the studies with the benzoqui- 
nones were not as complete as those with the naphthoqui- 
nones. Not eliminated was the possibility that these benzo- 
quinones could also inhibit a t  the cytochrome b-c I level. 

I n  this paper, a new benzoquinone w-cyclohexyl- 
pentyl-2,3-dimethoxy-6-hydroxy-1,4-benzoquinone (C-  
OH-BQ) and a structurally very similar naphthoquinone 
3-w-cyclohexylpentyl-2-hydroxy- 1,4-naphthoquinone (C- 
OH-NQ) are studied. The new benzoquinone differs 
structurally from the naphthoquinone only in that the ben- 
zoquinone has two methoxy groups in place of the four car- 
bons of the naphthoquinone. The similarit) of structure of 
these two new quinones suggests the possibility of similar 
inhibition patterns. 

Methods and Materials 
Heavy beef heart mitochondria were isolated by modified 
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site of inhibition is between cytochromes of the b group and 
cytochrome c l .  The quinones do not induce increased re- 
duction of the b566 as does antimycin A. The benzoqui- 
none can induce a partial antimycin insensitive bypass of 
the cytochromes b-c I region. Uncoupling agents do not af- 
fect the extent of inhibition as has been reported for analo- 
gous naphthoquinone inhibitors. 

Hatefi and Lester procedures (Hatefi and Lester, 1958). 
Mitochondrially oriented particles (MOP) were isolated by 
a modified Hansen and Smith procedure (Hansen and 
Smith, I964), 15 mM magnesium acetate in 0.5 M sucrose 
being used in place of 5 mM MgC12 and 10 mM MnC12 i n  
0.25 M sucrose. Protein concentration was determined by a 
modified biuret method (Yonetani, 1961). 

Assay procedures were modifications of previously de- 
scribed procedures (Low and Vallin, 1963; Yonetani, 1961; 
King, 1967; King and Howard 1967; Tisdale, 1967; RUZ- 
icka and Crane, 1970, 197 1 ). Succinate oxidase rates repre- 
sent maximal rather than initial rates. Maximal rates were 
usually obtained 3 min after the addition of succinate. 
Preincubation of the concentrJted enzyme with succinate 
(25 m v )  did not affect this lag. All activities were mea- 
sured in 0.45 M sucrose-50 mM glycylglycine-12 mw MgO 
(pH 8.0) as were all enzyme spectra. All activities were 
measured a t  3 0 O  after a 3-min incubation of the enzyme 
with any inhibitors. Other modification are given in the leg- 
ends. 

All chemicals were purchased from either Sigma, Calbio- 
chem, or Alrich except for C-OH-BQ and C-OH-NQ which 
were synthesized according to previously described proce- 
dures (Fieser et al., 1948; Bogentoft et al., 1972) and hept- 
yl coenzyme Q which were gifts from Dr. K .  Folkers and 
Dr. T. H. Porter. Duroquinol (DQH2) was made by reduc- 
ing duroquinone (DQ) with borohydride in ethanol as de- 
scribed by Ruzicka (Ruzicka and Crane, 1971) and used as 
a methanol solution saturated at 0'. 

C-OH-BQ changed color and inhibition properties upon 
prolonged storages in methanol even at  -20'. Catlin et al. 
( 1968) have noticed aging effects in  other dimethoxy-h- 
hydroxy-5-alkylbenzoquinones. Therefore, only fresh solu- 
tions of C-OH-BQ were used. 

Results 
Inhibition of Forward and Reverse Electron Transport. 

Table I shows the inhibition patterns of four inhibitors, an- 
timycin A, HOQNO,  C-OH-BQ, and C-OH-NQ, on vari- 
ous oxidase activities. The inhibition patterns of oxidase ac- 
tivities by C-OH-BQ and C-OH-NQ are similar to those of 
antimycin A and H O Q N O  except that complete inhibitions 
of succinate and N A D H  oxidases with C-OH-BQ were not 
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TABLE I :  Inhibition of Oxidase Activities by Hydroxy Quinones." 

(pmol of 2e- per min per mg of Protein) 

Inhibitor or Change NADH Succinate DQH? 
TMPD + 

Dithiothreitol 

None 
0.26 pg of antimycin A 
20 pg of HOQNO 
3.9 pg of C-OH-NQ 
3 . 5  pg of C-OH-BQ 
35.0 pg of C-OH-BQ 
Lower p H  to 6.5 with 

p H  6.5 and 35.0 pg 
HC1 

of C-OH-BQ 

0.47 
0 02 
0.06 
0 
0 22 

0.55  

0 05 (9073 

0 12 (7473 

0 30 
0 02 
0 os 
0 01 
0 18 
0 09 (70z) 
0 12 

0 01 (90%;) 

0 68 
0 16 
0 18 
0 13 
0 24 
0 1 4 ( 7 9 % )  
0 15 

0 03 (80%) 

1 13 
1 16 
1.05 
1 15 
1 13 
1 06 
0 79 

0 80 

a NADH and succinate oxidase activities were measured with 0.66 mg of protein in 1.8 ml of assay medium. The assays were 
started with either 0.72 pmol of NADH or 20 pmol of succinate. DQH. oxidase activities were measured with 0.40 mg of protein 
in 1.8 ml of assay medium and started with 25 yl of methanol saturated at 0' with DQH? (eo. 0.7 pmol). TMFD oxidase activities 
were measured with 0.26 mg of protein and 0.6 pmol of TMPD. The assays were started with 6 pmol of dithiothreitol. All assays 
contained 180 pg of cytochrome c and were measured on a Gilson oxygraph with a Clark electrode. Any CN-  insensitive blank 
rates were substracted. Such blanks were observed in all DQH2 and TMPD oxidase assays. For NADH and succinate oxidase 
assay except at  p H  6.5 in the presence of 35.0 pg of C-OH-BQ no CN- insensitive blanks were observed. 

obtained a t  p H  8.0. Stronger inhibitions of oxidase activi- 
ties were obtained a t  pH 6.5. Both Ball (Ball et al . ,  1949) 
and Howland (Howland, 1965) have found that other alkyl- 
1,4-hydroxynaphthoquinones were better inhibitors in acid- 
ic solutions than in basic solutions. N o  inhibition sites are 
beyond cytochrome c as indicated by the reduced T M P D  
oxidase activities. 

Similar inhibition of N A D H  and succinate oxidase are 
observed if the assay medium is 83 W M  EDTA-83 mM 
phosphate (pH 7.4), in which case the N A D H  oxidase rate 
is three times as fast (Table VIII). Although faster N A D H  
oxidase rates were possible in EDTA-phosphate buffer, re- 
verse electron transport activities were not observed in this 
buffer. The assay medium in which all activities could be 
observed was generally used. The faster rates of N A D H  ox- 
idase in the hypotonic, magnesium-free EDTA-phosphate 
buffer as compared to the isotonic SGM8 buffer could be 
partially due to the breaking of mitochondrially oriented 
vesicles. That  the cytochrome c side of the particles is ex- 
posed in SGM8 is indicated by the fact that the cytochrome 
c reductase rates are nearly as fast as the NADH and suc- 
cinate oxidase rates in SGM8 (Tables I and 11). 

Table I1 shows the effects of C-OH-BQ, C-OH-NQ, and 
antimycin A on cytochrome c reductase activities. Since 
both succinate and N A D H  to cytochrome c reductases are 
inhibited by all three inhibitors, sites of inhibition by C- 
OH-BQ and C-OH-NQ between coenzyme Q and cyto- 
chrome c are indicated. 

The DQ and Fe(CN)63- reductase activities given in 
Table I11 indicate no significant inhibition site for either 
C-OH-BQ or C-OH-NQ between the site of N A D H  dehy- 
drogenation and the cytochromes b. The small amount of 
these activities inhibited by C-OH-NQ is equivalent to that 
per cent of the overall reductase activity which requires cy- 
tochrome b. 

The study of reverse electron transport from succinate to 
NAD+ (Table IV) shows that COOH-BQ does not uncou- 
ple coupling site 1 a t  concentrations sufficient to completely 
inhibit reverse electron transport through cytochrome c ] .  

TABLE II  : Cytochrome c Reductase Activities." 

(pmol of Cytochrome c 
per min per mg of protein) 

Succin- 
ate to 
Cyto- 

NADH to chrome 
Cytochrome c c Re- 

Inhibitor Reductase ductase 

None 0 71 (av 3 runs) 0 50 
0 26 p g  of antimycin A 0 07 0 02 
3 9 pg of C-OH-NQ 0 05 0 01 
35 0 jig of C-OH-BQ 0 30 0 14 

a All assays contained 4.8 pmol of NaCN, 1.8 mg of cyto- 
chrome c, and 0.13 mg of protein in 3 ml total volume. The 
succinate to  cytochrome assays contained 20 pmol of suc- 
cinate and were started with the addition of cytochrome c. 
The NADH to cytochrome c assays were started with the 
addition of 0.72 pmol of NADH. Activities were measured on 
a Unicam spectrophotometer with an external recorder at  
550 nm. 

However, since C-OH-NQ inhibits reverse electron trans- 
port from even coenzyme Q, C-OH-NQ probably interfercs 
with energy transfer. The possibility of inhibition a t  a cyto- 
chrome b is indicated by the inhibition of reverse electron 
transport from DQH. to NAD+ by C-OH-BQ to the same 
extent as by antimycin A and HOQNO.  

Effects on Cytochrome Reduction. Figures 1 and 2 show 
that like HOQNO and antimycin A, C-OH-RQ and C- 
O H - N Q  also inhibit between cytochromes b and el. In all 
cases, when the inhibitor is added the (Y peaks of reduced 
cytochromes aa3 and c~ but not of cytochromes b disap- 
pear. Spectrum C-3 (Figure 2) shows that even in the pres- 
ence of C-OH-NQ, succinate can reduce cytochromes b. 

B I O C H E M I S T R Y .  V O L .  1 4 ,  N O .  I ,  1 9 7 5  117 



-- 
T \ t i l  f I I I .  NADH to DQ and NADH to Fe(CN), Reductnse 
‘\itlLltle\ 
- -  ~-~ . ~ _ _  ~ . _  .__. -. 

ipmol of  NADH per 
min per mg of Protein) 

red uc t a se 
I)(> I-elCN), 

Inhibitor K til ti c t H se 

No,,, 1) 11 : : I  
0 26 p p  of antirnqcin A 0 1 1  71) 
3 9 pp of C-OH-NQ 0 1 1  7 7  
3s 0 p g  of C-OH-RQ 0 O Y  7’ 

_ _ _  . ~ ... ~ ~ .... ..... ~ ~ ~ ~ ~ 

” UCJ rcdi ic tasc asiabh contained 4.8 I.:mol of NaCN. 0.66 
ing of protein. and 0.36 pmol of NADH in ii total \olumc of 3 
mi. The reactions were started uith the addition of 0.30 pniol 
of DQ An) rate not requiring DQ w a j  suhtracted. Fe(CN),:S- 
reductase assays contained 4.8 pmol of NaCN, 0.026 mg of 
protein. iind 2.25 uinol of Fe(CN),;? in a total \olLinie of 
3.0 n i l .  The traction, were started uith (J.30 pmol of NADH. 
Any cn7> me independent blank rates were subtracted. All 
rates were ineastired on a IJnicani uith external recorder at 
310 11111. 

Hence a strong C-OH-NQ inhibition site in complex I1 is 
unlikel?. Only with DQHl as the reducing agent is there 
much difficulty in reducing the h cytochromes in the pres- 
ence of C-OH-NQ. 

Betcoquinorw Bypass ActiiYtj. Increasing the C-OH-BQ 
concentration from 3.5 to 3 5  p g  failed to cause complete in- 
hibition of either NADH or succinate oxidase activities and 
in both cases at least 25% of each of the activities remained. 
Figure 3 shows the titrations of NADH and DQHz oxidase 
activities and DQHz reverse electron transport activity with 
C-OH-BQ. Oxidase activities show saturation of inhibition 
at about 2 pg/nil and reverse electron transport shows max- 
imum inhibition at about 0.6.- I pg/nil. Little additional in- 
hibition by C-OH-BQ on any of these activities in  SGV8 
medium is experienced at  C-OH-BQ concentrations above 5 
Pg. 

‘Table V shows further studies indicating a complex mode 
of inhibition bq C-OH-BQ. As expected, complex I inhibi- 
tors inhibit NADH-cytochrome c reductase but not succi- 
natc cytochromc c reductase independent of the presence 
or  i\bsence of high levels of C-OH-BQ. However. antimycin 

56 I B T i  

T.\RLE I \  : Reverse Electron Transport ActiLities.” 
-~ -~ ~ ~~ ~ ~~ ~. . 

Electron Source 

c‘o - 

Q -  
DQH, 7 CiPD enrqnic 

S~ic-  Dithio- Dithio- Dithio- 
cinate threitol threitol threitol 

ipmol of NADH per min per 

.. 

Inhibitor mg of Protein) 

None i) 13 0 O Y  1) 0 8  0 030 
20 p g  of HOQNO 0 08 0 0 5  0 0, 
0 . 2 6  p g  of antimqcin A 0 1 1  0 . 0 2  0 0 . 0 2 3  
3 . 9  p g  of C-OH-NQ 0 02 0 01 0 0 004 
3 . 5  p g o f ~ - ~ ~ - ~ ~  o i o  n 03 o 

~ ~ __ . -. 

All assays contained I m\i N A D ’ .  1.6 nni NaCN, a n d  
0.66 mg of protein in a total \oIume of 3.0 nil.  The reactions 
were started uith the addition of 1 0  p,iiiol of ATP and uei-c 
followed on a Unicam spectrophotometer \vith external re- 
corder a t  340 m p .  The succinate a \ i a j s  alxo contained 70 
pmol of succinate; the DQH. assays. 2.5 pl of methanol satiira- 
tedat O’hith DQH2and2.4ptiiol ofclithiothrcitoi: theTMI’D 
assays. 0.6 pmol of TRIPD and 6.0 ptiiol of dithiothreitol: 
the coenzyme Q assays. 50 p g  of heptyl coenzqmc Q and 3 . 8  
pmol of dithiothreitol. The rate with dithiothreitol onlq MEIS 

zer o . 

A inhibition of both activities is reduced by the presence of 
high levels of C-OH-BQ. Not shown are similar (although 
smaller) effects on NADH and succinate oxidase activities. 
Antimycin A inhibition of DQH oxidase activity is u n a l -  
fected by C-OH-RQ. High levels of C-OH-NQ and low lev- 
els of C-OH-BQ have little effect on antimycin A inhibition 
of cytochrome c reductase activities. Figure 4 shows that 
C-OH-NQ reverses the antimycin A inhibition rather than 
preventing the establishment of the inhibition. The abovc 
phenomenon can be explained i f  C-OH-BQ could be enzy- 
matically reduced before the antimycin A site and the hy- 
droquinone form could then reduce cytochrome c. Since 
NADH and succinate oxidase activities in MOP are stimu- 
lated I .6-2.0-fold by cytochrome c, the reduced cytochronic 

I 561 D I D 

--. /-----\/-’- - 
525 550 575 600 625 525 550 575 600 625 

F I G ~ .  K t i  I :  For all spectra reference and sarnplc cuvets each containcd 1 . 1  rng of protein in assay medium total volume I .I) ml. For :ill spectra hets 
qpcctruni I was t h e  base line and the sample cuvet i n  spectrum 2 \ b i t s  reduced with 1 . X  prnol of N A D H .  For spectruni A - 3 .  2 5 n r n o l  of antimkcin A 
u a s  then added to  the sample cuvet: for spectrum B-3. 3.9 pg of C-OH-NQ was added: for spectrum C-3. 3.5 pg of C-OH-BQ was  added: and for 
hpectriim D 3. 178  nmol of H O Q N O  \\as added. Spectra uere  rccorded on 3 Car! 1 i recording spectrophotometer at room temperature 



I N H I B I T I O N  O F  E L E C T R O N  T R A N S P O R T  B Y  Q U I N O N E S  

I \ -4 

L 
525 
- 

550 

B 

.01 AI 

550 575 600 

C 

56 I 

, l l I l I I  

525 550 575 600 625 

FIGURE 2: For all spectra, reference and sample cuvets each contained 
1 . 1  mg of protein in a total volume of I .O ml. For all spectra of spectra 
sets A and B, all cuvets also contained 6 mM dithiothreitol. Spectra A- 
I ,  B-I, and C-l were base lines. For spectra A-2 and B-2 the sample 
cuvets were reduced with 25 fi1 of methanol saturated at  0' with 
DQH2. The sample cuvet for spectrum C-2 was reduced with 20 fimol 
of succinate; 3.9 fig of C - O H - N Q  was then added to the reduced sam- 
ple cuvets to produce spectra A-3 and C-3; 3.5 pg of C-OH-BQ was 
used instead to produce spectrum B-3.  

c could be oxidized by the cytochrome oxidase of MOP. A 
partial bypass around the antimycin A site would then be 
created by the addition of an electron transport inhibitor, 
C-OH-BQ. That C-OH-BQ can interact with the electron 

.o ' 
pG C-OH-BO 

F I G U R E  3: DQH2 and N A D H  oxidase assays were run as for Table I 
except that the amounts of C-OH-BQ which were added before the ini- 
tiation of the 3-min incubation period were varied. Protein was 0.66 mg 
for the N A D H  oxidase assays and 0.40 mg for the DQHz oxidase as- 
says in 1.8 ml. DQHz + dithiothreitol reverse electron transport was 
run  as for Table IV.  Protein was 0.66 mg in  3.00 mi. (0 )  NADH oxi- 
dase; (A) DQH2 oxidase; (0) DQH2 + dithiothreitol reverse electron 
transport. 

transport chain in a redox type reaction is indicated in 
Table VI. While dithiothreitol by itself will not serve as an 
electron source for reverse electron transport, dithiothreitol 
can reduce certain quinones such as menadione (Taggart 
and Sanadi, 1972) or D Q  (unpublished work), and the re- 
duced quinones can then donate electrons for ATP depen- 
dent reverse electron transport. (Table VI shows that C- 
OH-BQ can also mediate electron transport from di- 
thiothreitol to M O P  for an ATP-dependent reverse electron 
transport which is completely rotenone sensitive and par- 
tially chloroquine sensitive.) 

Effect of Coenzyme Q6 on Inhibition. Folkers et a/.  (Ca- 
tlin et al. 1968; Castelli et al., 1971) have found that inhi- 
bition of N A D H  and succinate oxidase activities by certain 
other dimethoxy-6-hydroxy-5-alkyl-1,4-benzoquinones can 
be reversed by various coenzyme Q's. Tables VI1 and VIII, 
however, show that for N A D H  and succinate cytochrome c 
reductase and N A D H  and succinate oxidase activities such 
a reversal can occur only if the C-OH-BQ concentration is 
low. 4 6  also has little effect on the C-OH-BQ bypass of an- 
timycin A inhibition. 

Effect of Coupling on Inhibition. Howland et al. (How- 
land, 1965; Howland et al., 1973) have shown that uncou- 
plers will reverse the inhibition by either HOQHO or cer- 

TABLE v:  Effects of Complex I Inhibitors and Antimycin A on Cytochrome c Reductase Activities in the Presence or Absence of 
High Levels of C-OH-BQ.' 

(pmol of Cytochrome c per min per mg of Protein) 

Additions 

None 
1 . 5  pmol of chloroquine 
1 . 2  pg of rotenone + 

0 nmol of Q 6  

1 . 2  pg of rotenone 
60 nmol of QG 
0 . 5  nmol of antimycin A 

NADH to Cytochrome c Reductase Succinate to Cytochrome c Reductase 

+35.0 pg of 
NO C-OH-BQ C-OH-BQ 

0.71 0.30 
0.08 0 .08  

0.06 

0.05 
0.69 0.24 
0 .07  0.22 

+35.0 pg of 
NO C-OH-BQ C-OH-BQ 

0.49  0.14 
0.57 0 .13  

0 .15  

0.56 
0.60 
0 .02  

0.15 
0.09 

All assays were run according to procedures used for Table 11. All inhibitors were added before the initiation of the 3-min 
incubation period. Protein was 0.13 mg. 
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T A B L ~  \ I :  Reverse Electron Transport from Dithiothreitol 
Reduced Benzoquinone.' 
~ ~ ~ ~~~ ~~~ ~-~~ ~ ~ _ _ _ _ _ _ _ _  ~~ ._._ - ~ 

pmol of 
NAD per 

min per mg 
Benzoquinone Inhibitor of Protein 

~~ ~ ~~ 

Experiment 1 
DQH? None 0.078 
None None 0 
35 pg of C-OH-BQ None 0 013, 0.008 
35 p g  of C-OH-BQ 0 . 5  mhi chloroquine 0,005 

DQHY None 0.024 
17 .5  p g  of C-OH-BQ None 0.014 
None None 0 
17 .5  pg of C-OH-BQ Rotenone 0 

Experiment 2 

~~ ~ 

'' Assays for experiment 2 were performed according to the 
procedure for Table IV. The above values represent rate in- 
creases upon addition of ATP. A significant ATP and enzyme 
independent rate was observed in the presence of C-OH-BQ. 
Assays for experiment 1 were performed according to the 
procedure for experiment 2 except that an Amino SPF 125 
fluorometer with external recorder was used. No  significant 
C-OH-BQ dependent blank rate was observed using this 
instrument. Protein was 0.57 mg. For all assays, 6 pmol of 
dithiothreitol was present. 

tain naphthoquinones of electron transport in whole coupled 
mitochondria. Table IX shows that M O P  are coupled, but 
CCCP only slightly stimulates the C-OH-BQ and C-OH- 
N Q  inhibited oxidase activities. For an uncoupler to truly 
reverse the effect of an inhibitor, not only must the uncou- 
pler stimulate the inhibited activity, but the uncoupler must 
stimulate the inhibited activity more than it stimulates the 
uninhibited activity. However, the uncoupled rate is inhibit- 
ed to a greater extent than is the uncoupled rate especially 
at  low inhibitor levels. 

Discussion 
Assays of electron transport activities and spectra of 

FIGURE 4: The cytochrome c reductase assay was performed accord- 
ing to the procedure for Table I1 except that  60 nmol of Qh was added 
prior to incubation. The protein was 0.13 rng. The amount of rotenonc 
used was 1.2 pg. The amount of antimycin A used was 0.5 nmol.  Thc 
amount of C-OH-BQ used was 35.0 gg. 

MOP using the conventional electron sources, NADH,  suc- 
cinate, and reduced TMPD, show that the major sites of in- 
hibition by both C-OH-BQ and C-OH-NQ are i n  the cyto- 
chromes b-c I region. Activities, such as NADH to DQ and 
N A D H  to ferricyanide reductases, succinate reverse elec- 
tron transport, and cytochrome oxidase, which do not re- 
quire cytochromes b-c 1 are not inhibited by C-OH-BQ. Of 
the C-OH-BQ insensitive activities C-OH-NQ only inhibits 
the ATP requiring reverse electron transport activities. 
Since C-OH-NQ inhibits reverse electron transfer from 
coenzyme Q,  a reaction which is chloroquine stimulated 
(unpublished data), C-OH-NQ probably inhibits this activ- 
ity by interferring with energy transfer. All activities which 
involve the cytocrome b-cl region (NADH and succinate 
oxidases, N A D H  and succinate to cytochrome c '  reductases. 
and reduced TMPD reverse electron transport) are inhibit- 
ed by both C-OH-BQ and C-OH-NQ. Both C - O H - h Q  and 
C-OH-BQ cause the disappearance of the cytochromc c' I 
and a03 peaks in spectra of NADH,  succinate, or DQHl  
reduced MOP. These inhibition patterns are similar to 
those of the known cytochrome b-cl inhibitors, HOQNO 
and antimycin A. Antimycin A has been shown to specifi- 
cally bind in the cytochrome 6-c 1 region (Pumphrey, 1962; 
Gupta and Rieske, 1973). Other alkylhydroxy- 1,4-naphtho- 
quinones besides C-OH-NQ have previously been shown t o  
be cytochrome b-c 1 region inhibitors (Ball et al.. 1949; Es- 
tabrook, 1958; Tappel, 1960; Howland, 1965; Howland et 
al., 1973). 

TABLE vi[: Effect of Q6 on Cytochrome c Reductases." 

Inhibitor 
____. 

Experiment 1 
None 
3 . 5  pg of C-OH-BQ 

Experiment 2 
None 

0.25 pg of antimycin A 
35 pg of C-OH-BQ 
35 p g  of C-OH-BQ + 0.26 pg 

(pmol of Cytochrome c per min per mg of Protein) 
~ _. ~ ~ -- 

NADH to Cytochrome c Reductase Succinate to Cytochrome c Reductase 
---_____- ~- ~ 

60 nmol of Q6 NO Q b  60 nmol of Q, 
~~ ~ 

N O  QG ___ 

0.86 0.99 
0 . 4 0  0.47 

0.71 0 . 6 9  0.50 0.60 
(av 3 runs) 

0 .07 0.07 0.02 0 . 0 3  
0 . 3 0  0.24 0.14 0 .15  
0.22 0.23 0 .09  0.08 

of antimycin A 
~ ~ . .. . 

'L All assays were performed according to the procedure for Table 11. For both experiments protein was 0.13 nig. Also, Qr and 
any inhibitors were added prior to the initiation of the 3-min incubation period. 
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TABLE VIII: Effect of Q6 on NADH and Succinate Oxidase 
Activities in EDTA-Phosphate Buffer.“ 

(pmol of 2e- per min per mg of 
protein) 

Succinate 
Oxidase 

60 
NADH Oxidase 

60 nmol nmol 
Inhibitor N o Q s  o fQs  NoQ6 OfQs 

None 1 .55  1.50 0.33 0.31 
0.52 pg of Antimycin A 0.04 0.03 0.02 0.03 
4 pg of C-OH-BQ 0.07 0.10 0.03 0.03 
4 p g  of C-OH-NQ 0 0 0.01 0.01 

a Assays were run as for Table .I except that the assay 
medium was 83 p~ EDTA-83 mM phosphate (pH 7.4). Pro- 
tein was 0.15 mg. 

Other dimethoxy-6-hydroxy-5-alkyl- 1,4-benzoquinones 
have been previously shown to inhibit succinate and NADH 
oxidase activities (Catlin et al., 1968; Castelli, 1971). 
Based on the differential reversal by various coenzyme Q’s 
of these inhibitions of these two activities the site of inhibi- 
tion was though to be at coenzyme Q. C-OH-BQ does not 
appear to inhibit a t  coenzyme Q as NADH to DQ reductase 
activity which requires coenzyme Q (Ruzicka and Crane, 
1971) is not inhibited significantly more by C-OH-BQ than 
by antimycin A. However, the antimycin A bypass created 
by C-OH-BQ may begin at or just below coenzyme Q, as 
this bypass is inhibited by chloroquine, a coenzyme Q inhib- 
itor (Skelton et al., 1968). 

The incomplete inhibition by C-OH-BQ of activites using 
either succinate or NADH as electron sources may be due 
to any of a number of possibilities. The bypass phenomenon 
can account for much of the C-OH-BQ insensitive NADH 
and succinate oxidase and NADH and succinate to cyto- 
chrome c reductase activities. Related to the above phe- 
nomenon is the possibility that reduced C-OH-BQ may be a 
poor inhibitor. Because of insufficient quantities of C-OH- 
BQ, we were unable to demonstrate enzymatic reduction of 
C-OH-BQ by first exposing C-OH-BQ to substrate reduced 
enzyme, then extracting the reduced C-OH-BQ. Also, the 

ionized C-OH-BQ may be a poor inhibitor compared to the 
un-ionized form. In acidic assay media C-OH-BQ becomes 
a better inhibitor than is H O Q N O  in basic assay media. 
This p H  effect has been previously demonstrated for certain 
alkyl-hydroxy- 1,6naphthoquinones. However, the pH ef- 
fect for C-OH-BQ may be a pH effect only on the ability of 
ETPH to reduce C-OH-BQ. 

The partial inhibitions by C-OH-BQ and C-OH-NQ on 
activities using DQ and DQH2 become consistent with the 
above inhibition and bypass sites if one considers the possi- 
bility that there may be at  least two sites for DQH2 dehy- 
drogenation, one at a non-heme iron discovered by J. Hare 
(Hare and Crane, 1971, 1973) just before cytochromes b 
and a second site in the cytochromes b region as indicated 
by Boveris et al. (Boveris et al., 1971, 1972). That the an- 
timycin-insensitive, NADH to DQ reductase activity, which 
was first discovered by F. Ruzicka (Ruzicka and Crane, 
1970; 1971) is four to five times greater than the antimycin 
A sensitive reductase activity in M O P  is one indication that 
Hare’s and Ruzicka’s site is active in MOP. In the presence 
of dithiothreitol at least 20% of the DQH2 reverse electron 
transport activity becomes insensitive to C-OH-BQ, an- 
timycin A, and H O Q N O  at  inhibitor concentrations suffi- 
cient to completely inhibit reverse electron transport from 
reduced TMPD (this paper as well as unpublished data). 
That both DQH2 dehydrogenation sites are a t  the same 
and/or higher potential than the proposed C-OH-BQ re- 
duction site is indicated by the fact that C-OH-BQ does not 
reverse the antimycin A inhibition of DQH2 oxidase and 
also by the facts that the extent of C-OH-BQ inhibition of 
DQH2 oxidase is greater than the extent of C-OH-BQ inhi- 
bition of NADH oxidase (Tables I and IX) and also is 
equal to the extent of antimycin A inhibition of DQH2 oxi- 
dase activity. 

The use of C-OH-BQ and C-OH-NQ should shed some 
light on the functioning of the cytochromes b-c, region. 
For instance, in a Wikstrom (Wikstrom and Berden, 1972) 
type experiment where the combination of both anaerobi- 
city and an electron mediator such as PMS or TMPD pre- 
vent the antimycin A induced, increased reduction of cyto- 
chrome b 556, C-OH-BQ could conceivably function in the 
place of both antimycin A and the electron mediator. 
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TABLE IX: Effect of Uncoupling on C-OH-BQ and C-OH-BQ Inhibition of Oxidase Activities.a 

Experiment 1 
None 
4 . 0  pg of C-OH-NQ 
35 pg of C-OH-BQ 

Experiment 2 
None 
1 . 8  pg of C-OH-BQ 
7 . 0  pg of C-OH-BQ 

(patoms of 0 per min per mg of Protein) 

NADH Oxidase 

No CCCP 1.02 pg of CCCP 

0.47 0.84 

0.12 (74%) 0.13 (84x)  
0 (100%) 0.01 (9973 

0.49 0.79 
0.35 (2273 0.54 ( 3 2 z )  
0.22 (54%) 0.34 ( 5 6 z )  

DQHz Oxidase 

No CCCP 1.02 pg of CCCP 

0.66 1 .01  
0.13 @Ox) 0.15 (85%) 
0.14 (7973 0.16 (84x)  

0 .85 1.38 
0.45 (47 %) 0.55 ( 5 8 % )  
0.21 (7573 0.23 (82 %) 

a All assays were run according to the procedure for Table I. All assay contained 180 pg of cytochrome c .  Protein for NADH and 
oxidase activities were respectively 0.66 and 0.40 mg. Values in parentheses represent percent inhibition. 
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Modification of Histone Binding in Calf Thymus Chromatin 
by Protamine? 

Thomas K. Wong and Keiji Marushige* 

ABSTRACT: When calf thymus chromatin is incubated with 
protamine, the protein binds to DNA, forming a chromatin- 
protamine complex. The binding reaches a saturating level 
at the weight ratio of protamine to DNA of approximately 
G.5. Although the saturated binding of protamine to DNA 
does not cause major displacement of histones from calf 
thymus chromatin, examination of the dissociation profiles 
by salt in combination with urea of protamine-treated chro- 
matin shows that the histone-DNA interactions are mark- 

c h r o m o s o m a l  DNA becomes tightly packaged during 
transformation of spermatids into spermatozoa at the ter- 

- ~~~ - __ _ _ _  ~ 
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edly altered by such binding. The dissociation of histones 
from the chromatin-protamine complex requires less NaCl 
but the same concentration of urea as that for untreated 
chromatin, suggesting that the electrostatic interactions be- 
tween the histones and DNA are decreased as a result of 
protamine binding. When protamine concentration is in- 
creased beyond that required for saturated binding to DNA 
during in vitro exposure of calf thymus chromatin to prota- 
mine, lysine-rich histone is completely displaced. 

minal stages of spermatogenesis. In  the salmonid and relat- 
ed fish, the packaging of DNA occurs as a result of replace- 
ment of the entire complement of somatic-type histones by 
protamine (Alfert, 1956; Ingles et al., 1966; Marushige and 
Dixon, 1969). The mechanism by which somatic-type his- 
tones are totally displaced has not been fully understood. 
Histones isolated from nucleohistone portions of trout sper- 
matid chromatin show chromatographic profiles and amino 
acid compositions indistinguishable from those of calf thy- 
mus chromatin (Marushige and Dixon, 197 1). Further- 
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