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Alteration of Mitochondrial Function by 
Bungarus fasciatus Venom" 

F. D. Ziegler, Leila VQzquez-Col6n, W. B. Elliott, Aaron Taub,? and Carl Gans 

ABSTRACT : Respiration and phosphorylation were 
studied following treatment of rat liver mitochondria 
and whole homogenates with krait (Bungurus fusciutus) 
venom. One effect was the uncoupling of energy transfer 
and inhibition of maximal respiration with excess sub- 
strate and adenosine 5 '-diphosphate. The uncoupling 
activity was associated with oxidation of reduced di- 
phosphopyridine nucleotide, while other carriers were 

S nake venoms are powerful inhibitors of mitochon- 
drial respiration (Ghosh and Chatterjee, 1948 ; Edwards 
and Ball, 1954; Ambe and Crane, 1959). The respira- 
tory inhibition is associated with mitochondrial swelling 
(Petrushka et ul., 1959; Taub and Elliott, 1964) and 
release of respiratory carriers (King and Howard, 
1960, 1962; Ringler er ul., 1960). It has been suggested 
that phosphorylation intermediates are among the first 
mitochondrial components to be attacked by venoms, 
and that inhibition of respiratory activity occurs as the 
venom subsequently attacks other components of the 
respiratory chain (Petrushka et ul., 1959). 

We have found that freshly reconstituted banded 
krait (Bungurus fasciutus) venom contains at least two 
activities, one that causes uncoupling of energy transfer 
and another that induces reverse acceptor control. The 
uncoupling activity (I) can be produced by phospholi- 
pase A and is more stable than the activity-inducing 
reverse acceptor control (11). As shown below, both the 
inhibition of respiration and the uncoupling produced 
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little affected. Following treatment of mitochondria 
with about 5-10 pg of venom per mg of protein, 
adenosine 5 '-diphosphate inhibited respiration (reverse 
acceptor control). As adenosine 5 '-diphosphate in- 
hibited respiration, cytochrome b and flavoprotein 
became reduced while pyridine nucleotide became oxi- 
dized. This reverse acceptor control was produced only 
by freshly reconstituted or freshly collected venom. 

by venom action affect the oxidation states of 
respiratory carriers. 

the 

Materials and Method 

Venom activity was tested on whole-tissue homog- 
enates or mitochondria prepared from rat liver. Rat 
liver mitochondria were prepared in 225 mM mannitol, 
75 mM sucrose, and 0.01 mM EDTA, pH 7.1 (Chance 
and Hagihara, 1962). The reaction medium contained 
45 mM mannitol, 15 mM sucrose, 4 mM KCI, 2 mM 
MgCh, 2 mM potassium phosphate buffer, and 0.002 
mM EDTA, pH 7.4. 

Homogenates were prepared in the mannitol-sucrose- 
EDTA medium as described by Ziegler et ul. (1962). 
Specimens of Bungurus fusciutus were imported from 
southern Thailand. Venom was lyophilized immediately 
after it was collected (in our laboratory) by milking into 
a precooled wine glass, and then stored in a desiccator 
at -20". The venom was reconstituted just before use, 
in deionized distilled water, to a concentration of 10 
mg/ml. Commercial krait venom (Pure Toxin) was pur- 
chased as a lyophilized powder from the Miami Serpen- 
tarium. The commercial venom was stored and recon- 
stituted in the same manner as the locally lyophilized 
venom. Fatty acid-poor bovine serum albumin was 
obtained from Pentex Corp., Kalamazoo, Mich. 

Determination of respiratory activity was made in a 
sealed oxygen electrode respirometer (Strickland, et ul., 
1961). Simultaneous recording of respiration and the 
oxidation state of the respiratory carriers was made 
with a dual-wavelength spectrophotometer (Aminco 
Chance), equipped with an oscillating platinum cathode 
(GME) in an open vessel. A silver wire anode was 
connected to polarizing and recording circuits previously 
described (Strickland, et uf., 1961). The change in 
absorbance due to DPNH oxidation was measured at 
340-374 mp, to cytochrome b oxidation at 430-410 
mp, and to cytochrome c oxidation at 550-540 mp. 555  
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FIGURE 1 : Uncoupling of homogenate respiration by venom (A) and reversal of uncoupling by albumin (B). Venom 
was added at a concentration of 10 pg/mg of protein. The respiratory rate is shown in p~ Oi/sec under the electrode 
trace. Protein concentration was 1.6 mg/ml in both (A) and (B) (3.5 ml). 
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FIGURE 2: Effect of venom treatment on respiration and pyridine nucleotide oxidation state. Similar results were ob- 
tained with P-hydroxybutyrate (A) and succinate (B). Reaction medium was phosphate-buffered sucrose-mannitol- 
EDTA, pH 7.3. Respiration is shown in p~ 02/sec under the electrode trace. Venom Concentration was 4.5 pg/mg 
of mitochondrial protein. Total mitochondrial protein was 1.8 mg/ml. Temperature was 20' (3.2 ml total volume). 

Oxidation and reduction of flavoprotein was followed 
at 465-510 mp. 

Results activity. 

When mitochondria or whole homogenates were 
treated with freshly reconstituted venom, two effects 
were observed: an uncoupling effect (I) and a reverse 
acceptor control (11). The uncoupling activity persisted 
after the venom was subjected to the classical procedure 

for phospholipase A preparation (Hayaishi, 1955). 
The second activity was extremely labile and was 
accompanied by activity I. We have not found a satis- 
factory method to separate and/or preserve the second 

Activity I uncoupled oxidative phosphorylation in 
mitochondria as shown in Table I .  Identical activity 
was demonstrated with whole homogenates. The un- 
coupling effect of the venom treatment was different 
from that observed with an uncoupling agent such as 556 
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FIGURE 3: Effect of Amytal (A, upper) and succinate (B, 
lower) on respiration and pyridine nucleotide oxidation 
in venom-treated mitochondria. In (A), 40 pg of venom 
was added to 4.8 mg of mitochondrial protein. In (B), 

20.0 pg of venom was added to 2.36 mg of mitochondrial 
protein. Reaction medium and other experimental con- 
ditions were the same as in Figure 2. 
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dinitrophenol, which allows respiration on substrate 
alone to proceed as rapidly as respiration in the presence 
of substrate and phosphate acceptor (Lardy and Well- 
man, 1952; Chappell, 1961a; Chance er al., 1963). 
Rather, the effect more closely resembled the uncoupling 
observed in aged mitochondria by Chance and Hagihara 
(1962). 

Treatment with venom having only activity I un- 
coupled both types of preparations (Figure 1). Addition 
of ADP did not alter the rate of increase of respiration. 
The addition of 0.1 serum albumin (fatty acid poor) 
reversed the uncoupling effect as indicated by the con- 
trolled succinate oxidation. The subsequent addition of 
ADP stimulated respiration about 6-fold giving an 
ADPjO of 1.5. Freshly reconstituted venom, as well as 
boiled venom containing phospholipase A activity, 
was equally effective in uncoupling phosphorylation. 

Respiration in the presence of substrate and no phos- 
phate acceptor was stimulated by venom, while maximal 
respiration with substrate and ADP was inhibited 
(Table I). As the venom concentration was increased, 
the rate of respiration on substrate alone was corre- 
spondingly increased. However, at a concentration of 1 
pg venom per mg of mitochondrial protein, venom did 
not affect respiration in presence of succinate or p- 

RLYl ~uccinotr 
Trace 

-1 

-Spectrophotometric 
T Trace (430-416 mp) 

Log I,/I=0.004 l-4 1. 

,Spectrophotometric 
Trace (550-540 

T 
Log 1,/1=0.004 

I 
-L 

I Cytochrome c 

FIGURE 4: Effect of venom-induced uncoupling on respiration and oxidation states of cytochrome b (A) and cyto- 
chrome c (B). Reaction medium and experimental conditions were the same as in Figure 2. Venom concentration was 
about 5 pg/mg of mitochondridal protein. Mitochondrial protein concentration was 1.5 mg/ml. 557 
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FIGURE 5 : Reverse acceptor control following treatment 
with freshly reconstituted venom. Venom (100 pg) was 
used to treat 10 mg of mitochondrial protein. Other 
conditions were the same as in Figure 2. 

TABLE I :  Effect of Venom-uncoupling Activity on Res- 
piration and ADP/O Ratio: 

Respiration 
(mpmoles o,/ 

sec/mg N) Treat- 
ment 

(pg/mg 
Substrate protein) 

Succinate 0 .0  
1 .o  
2 . 0  
3 . 0  

P-Hydroxy- 0 .0  
butyrate 1 . o  

2 . 0  
3.0 

Sub- 
strate 

0.85 
0.83 
0.95 
1.21 
0.29 
0.31 
0.46 
0.52 

+ADP ADPjO 

6 . 3  1 . 8  
6.35 1 . 7  
4.05 1 . 4  
2.91 1 . 1  
2.46 2 . 9  
2 . 0  2 .5  
1.73 2 . 1  
1.67 1 .7  

~ ~~~ 

a Rat liver mitochondria were suspended in phos- 
phate-buffered sucrose-mannitol-EDTA reaction me- 
dium, pH 7.3. Venom treatment was carried out for 
2 minutes at 0" before measurements were determined 
polarographically at 25 '. 

hydroxybutyrate or respiration in the presence of succi- 
nate and ADP. The maximal rate of succinate oxidation 
with excess ADP present was increasingly inhibited by 
greater amounts of venom. 

Maximal P-hydroxybutyrate oxidation in the presence 
of excess ADP was inhibited by all levels of venom that 
were employed. 

The addition of venom to mitochondria caused 
stimulation of respiration and oxidation of DPNH 
(Figure 2). The oxidation of pyridine nucleotides eventu- 
ally reached a new steady state. As is evident from 
Figure 2, similar results were obtained with both succi- 
nate and P-hydroxybutyrate. After 5 minutes the con- 558 
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FIGURE 6: Effect of reverse acceptor control on respira- 
tion (m), pyridine nucleotide oxidation (A-A), 
and cytochrome b reduction (0-0) as a function of 
ADP concentration. Pyridine nucleotide oxidation is 
shown as the increase in p~ of DPN+ at 340-374 mk. 
Cytochrome b reduction is shown as the appearance of 
reduced cytochrome b at 430-416 mp. 

centration of oxidized pyridine nucleotides increased 
by 3 m~ (of a total of 40 m~ pyridine nucleotide). 
Respiration showed a sharp increase after 1 minute, 
reaching a new steady rate after 3 minutes. 

Following uncoupling by venom, respiration was 
inhibited by Amytal, but the pyridine nucleotides con- 
tinued to  become oxidized (Figure 3 ~ ) .  In a control 
experiment, addition of Amytal to  mitochondria respir- 
ing on P-hydroxybutyrate caused reduction of DPN+ 
as well as inhibition of respiration. In contrast with the 
failure of Amytal to cause pyridine nucleotide reduction 
following venom treatment, oxidized pyridine nucleo- 
tide was reducible by succinate after venom treatment 
(Figure 3 ~ ) .  No change in the oxidation states of cyto- 
chromes b and c could be detected even after 5 minutes 
of venom treatment (Figure 4). 

Following incubation with 5-10 mg of freshly recon- 
stituted venom (as defined earlier) per mg mitochondrial 
protein, ADP inhibited respiration. At saturating con- 
centrations, ADP inhibited P-hydroxybutyrate respira- 
tion by 90% (Figure 5) while succinate respiration was 
inhibited by only 70 %. Half-maximal inhibition of mito- 
chondrial P-hydroxybutyrate respiration was obtained 
with 25 p~ ADP, while half-maximal inhibition 
of succinate respiration was obtained with 60-150 p~ 
ADP. Succinate oxidation in whole homogenate was 
80 inhibited by ADP following the venom action. 

Treatment with triglyceride (olive oil, safflower oil) 
did not have any effect on respiration. However, when 
the triglycerides were added in the presence of freshly 
lyophylized whole venom, a respiratory inhibition of 
40-60 was consistently observed. This inhibition was 
not reversed by ADP or DNP. Neither could DNP 
release the inhibition caused by ADP, but ADP could 
inhibit respiration after treatment with venom, even 
in the presence of DNP. 
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FIGURE 7 : Flavoprotein reduction following the addi- 
tion of ADP to mitochondria pretreated with 10 m~ 
succinate and 10 pg venom/mg protein. Treatment was 
carried out for 2 minutes prior to ADP addition. Mito- 
chondrial protein, 4.6 mg in 3.0 ml. 
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FIGURE 8: Effect of reverse acceptor control on cyto- 
chrome c. Venom concentration was 10 pg/mg protein. 
Conditions were the same as in Figure 2. 

x-I 

The data presented in Figure 6 show that ADP inhi- 
bition of respiration caused reduction of cytochrome b, 
while the strong uncoupling activity permitted oxidation 
of DPNH to continue, an effect similar to that found in 
the presence of Amytal and venom (cf. Figure 3). 
Flavoprotein entered a more reduced state as respira- 
tion was inhibited by ADP (Figure 7). Inhibition of 
respiration by ADP in the presence of venom did not 
cause reduction of cytochrome c (Figure 8). 

Our commercial specimen of B. fusciurus venom did 
not produce either uncoupling or reverse acceptor 
activity in homogenates or mitochondria. Likewise, 
locally lyophilized venom that had been stored at -20” 
for more than 1 week lost activity 11, while that allowed 
to warm to room temperature lost both activities. 

Discussion 

The preceding data indicate that freshly reconstituted 
venom from B.fuschtus venom has at least two different 
effects on respiration and energy transfer in broken-cell 
preparations. One activity (I) uncouples energy transfer 
and the other (11) induces ADP to inhibit respiration. 
This last effect has been termed “reverse acceptor con- 
trol” (Lehninger and Gregg, 1963; Gregg and Lehnin- 
ger, 1963). 

The uncoupling effect is due to the activity of phos- 
pholipase A. That this is so is indicated by the reversal 
of uncoupling by albumin and by the similarity of 
behavior between venom having only activity I and 
phospholipase A prepared from the same venom. 
Similar conclusions have been reported by Petrushka 
et al. (1959) as to  the factor responsible for activity I in 
Nuju nuju venom. 

The spectrophotometric observations show that the 
uncoupling activity promotes the oxidation of DPNH. 
Moreover, Amytal in the presence of B-hydroxybutyrate 
caused no reduction of the pyridine nucleotide. DPNH 
oxidation is typical of the uncoupled system (Chance 
et nl., 1963; Chance and Hagihara, 1962) and, in these 

SUCCINATE - FP, 

FIGURE 9: Schematic diagram of the respiratory chain 
showing probable sites of activities I and 11. Activity I 
is responsible for uncoupling of the phosphorylative re- 
actions (S-I) and activity I1 blocks electron transport at 
the cytochrome c level. Activity I1 may also have an ef- 
fect at some of the phosphorylative steps. 

experiments, suggests that transfer of reducing equiva- 
lents from P-hydroxybutyrate to  DPNf is inhibited. 
The fact that succinate caused reduction of DPN+ in 
this inhibited system lends support to  the hypothesis 
(Chance and Hollunger, 1961; Chance and Hagihara, 
1962) that the succinate-reducible DPN+ compartment 
is independent of that reducible by pyridine nucleotide- 
linked substrates. 

Reverse acceptor control causes reduction of cyto- 
chrome b and flavoprotein, identifying a site of inhibi- 
tion between cytochrome b and cytochrome c. Pyridine 
nucleotide, on the other hand, continues to  become 
oxidized, probably because of activity I. Activities I 
and I1 seem consistent with the scheme shown in 
Figure 9, where activity I is responsible for both un- 
coupling and the highly oxidized state of DPN+, while 
activity I1 blocks electron transfer following addition of 
ADP. Activity I is due to phospholipase A in the pres- 
ence of which free fatty acids are liberated from phos- 
pholipids (Edwards and Ball, 1954; Fleischer et al., 
1964). Phospholipids are necessary for the transfer of 
reducing equivalents from DPNH to cytochrome c and 
CoQ (Fleischer et a[., 1964) and, since free fatty acids 
are efficient uncouplers of phosphorylation (Pressman 
and Lardy, 1955; Lehninger and Rommert, 1959; Huls- 
mann et ul., 1960), the same acids could also account 
for the observed decrease in the ADP/O. 

Activity I1 is due, mainly, to  an esteraselike activity. 
This follows from the data on the effect of triglycerides 559 
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on respiration. Addition of triglycerides to the prepara- 
tion in the absence of venom has no effect, but in the 
presence of venom a pronounced respiratory inhibition 
is observed that responds to neither ADP nor albumin. 
Reverse acceptor control, due to  the addition of ADP 
in the presence of substrate and venom, is not released 
by addition of triglyceride. From this and other experi- 
ments (Leila Vkquez-Colbn, unpublished), it appears 
that activity I1 is a powerful esterase which liberates 
large amounts of free fatty acids. The respiratory inhibi- 
tion caused by triglycerides and ADP was not released 
by DNP, while ADP still inhibited respiration after 
treatment with venom and DNP (up to  2 X M). 
This would indicate that the site of action of venom 4- 
ADP is closer to the respiratory chain than the site of 
action of DNP. 

Solubilization of DPNH dehydrogenase (Ambe and 
Crane, 1959; King and Howard, 1960; Ringler et al., 
1960) through breakdown of phospholipids could possi- 
bly account for the inhibition of pyridine nucleotide- 
linked respiration. However, the experiments reported 
here show that mild treatment with phospholipase 
probably does not liberate appreciable amounts of 
DPNH dehydrogenase since DPNH was readily oxi- 
dized following venom treatment. Moreover, intact 
mitochondria were used in the present experiments 
while the work dealing with solubilization of dehydro- 
genase employed mitochondrial particles or heart 
particles. Since intact mitochondria are presumably 
less sensitive to phospholipase activity solubilization 
would not be expected under the conditions of these 
experiments, and DPNH dehydrogenase liberation is 
eliminated as a primary site of venom activity. Further 
support for this conclusion is drawn from the fact that, 
under similar conditions, no appreciable amount of 
respiratory pigments was found in the suspending 
medium (Taub and Elliott, 1964). 

The exact mechanism of ADP inhibition of respira- 
tion is not known. The DPNH dehydrogenase or DPN+ 
reductase seem to be intimately involved. In our experi- 
ments, as well as those of Lehninger and Gregg (1963) 
and Chance and Hollunger (1961), reverse acceptor con- 
trol was found associated with high levels of DPN+. 

It seems unlikely that reverse acceptor control is 
mediated by oxalacetate accumulation and depletion 
of endogenous substrate (Chappell, 1961b; Chance and 
Hagihara, 1962) because, in our experiments, inhibition 
of respiration by ADP was accomplished before the 
endogenous substrate pool could be exhausted. More- 
over, there was no initial stimulation of respiration by 
ADP, and the inhibition was observed with a substrate 
other than succinate. It seems more likely that ADP, 
possibly acting in conjunction with free fatty acid, acts 
directly to produce the inhibition. Considering the 
phosphorylation scheme proposed by Chance, by 
Lehninger, and by Slater : 

Electron Transport 

x-I + Pi - x-P + I (2) 

X-P + ADP - X + ATP (3) 

Where DNP is effective at the level of X-I, ADP in- 
hibits respiration in the presence of DNP. Hence, 
inhibition must occur at equation (1) or at the level 
of electron transport. Another possibility is a competi- 
tive interaction with DNP and/or phosphate for a site 
in equation (2). 
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