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The role of fumarate and TPN in steroid enzymic 118-hydroxylation

We have shown! that suspensions of ox-adrenocortical mitochondria prepared in o.25 M
sucrose catalyse 118-hydroxylation of 11-deoxycorticosterone (DOC) if a member of the citric
acid cycle is oxidized at the same time. The “intact” mitochondria do not show the specific
requirements for fumarate referred to by Havano aND DorFMaN?. The requirement for fumarate
and for triphosphopyridine nucleotide (TPN) becomes evident when the mitochondria are treated
with hypotonic solutions of electrolytes or if they are acetone-dried®. The role of fumarate has
now been investigated further using enzymes extracted from acetone-dried mitochondria, and
it has been found that this substance is required for the reduction of added TPN* probably via
malate and with the intervention of OcHoa’s malic enzyme?!. TPNH is required for 11 8-hydroxy-
lation of DOC.

Ox-adrenal mitochondria were prepared in sucrose, dried with acetone and the acetone
removed with ether. Enzymes were extracted from the dry powder with ten times its weight of
0.154 M KCl, and were obtained as a clear red solution by centrifuging at o° for o.5 hour at
2-10% g and occasionally for 1 hour at 10® g. Reaction mixtures contained 2 ml enzyme solution,
40 mM TRIS buffer (pH 7.4), 10 mM fumarate and about o.1 mM TPN* in a total volume of
3 ml. These mixtures were incubated with 500 ug DOC for 1 hour at 37° in air.

The general arrangement of controls and methods of steroid analysis have been described
elsewherel. Under these conditions 8o—go %, of the added DOC was converted to a product which
was almost exclusively corticosterone as judged by paper chromatography and direct determi-
nation of this steroid. Hydroxylation did not occur in the absence of oxygen. It was markedly
inhibited if the TRIS buffer was replaced by phosphate, in the presence of 10 mM versene or
by dialysing the enzyme solution. The activity of the dialysed enzyme was partly restored by
1 mM MnCl,. KCN 10 mM was slightly inhibitory. Fumarate could be replaced by r-malate or
L-isocitrate but not by ¢-oxoglutarate which is the most potent ““activator’’ of 118-hydroxylation
with intact mitochondrial.

On addition of fumarate to reaction mixtures containing TPN* but no DOC a marked
increase in optical density at 340 my was observed (Fig. 1, I and III). When DOC was present
from the start the increase in optical density was less pronounced (Fig. 1, IV). These results
suggest that TPN* is reduced by reactions involving fumarate. Evidence for the formation of
pyruvate in the reaction mixture containing fumarate and TPN* was obtained by the paper
chromatographic method of EL HawaRry aND THoMmpsoNS. This supports the suggestion that the
malic enzyme? is involved in the reduction of TPN*. In the absence of fumarate added TPNH
is reoxidized (Fig. 2).
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Fig. 1. The reaction mixtures contained 2z ml
enzyme, 40 mM TRIS buffer pH 7.4, 0.1 mM
TPN* in a final vol. of 3 ml. I contained no
fumarate, IV contained 500 g DOC in o.04 ml
propyleneglycol. At zero time fumarate was
added to II and IV to give ro mM final con-
centration and to III to give 1 mM final con-
centration. The cell contents were maintained

Fig. 2. The reaction mixture contained 2 ml

enzyme and 40 mM TRIS buffer pH 7.4, in a

final vol. of 3 ml. At zero time TPN* reduced

by Na,$,0, was added to give a final concen-

tration of about o.r mM. The cell contents

were maintained at 37° and were stirred at 2
min intervals to assist oxygenation.

at 37° and were stirred at 2 min intervals to assist oxygenation.
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It would thus appecar that a curve of the type ITI, Fig. 1 might be explained by a higher
rate of TPN* reduction during the first 1o minutes whercafter fumarate concentration hecomes
the limiting factor and TPNH oxidation is the dominant reaction.

The requirement for TPNH for 11f-hydroxylation of DOC was confirmed by observations
(Table I) that this reaction occurred on the slow addition of TPNH (final concentration 0.0 ma/,;
to a reaction mixture containing no fumarate. No reaction occurred when TIPN or DPNH were
added under the same conditions.

TABLE 1

THE [1f3-HYDROXYLATION OF DOC BY OX-ADRENAL ENZYMES IN THE PRESENCE OF REDUCED TPN

Additions to reaction mixtures containing DOC added DOC hydroxylated "

2 ml encvme 1 go mM TRIS pH 7.4 { semoles) (1t moles) lz\drn\l\t[u[z(m
o1 md TPN- « 1o mM fumarate 1.33 1.33 100
0.6 mM TPN? v.33 O 0
0.6 mA/ TPNH 1.33 0.57 13
0.6 mA DPNH 1.33 O 0

Incubations were for 1 hour at 37g in air. Coenzymes were added at intervals to give the
final concentrations shown.

The results described above show a remarkable similarity to those ol BrobIE ¢/ «l% who
found that TPNH and oxygen are required for the metabolism of certain drugs by liver micro-
somes. They suggested that TPNH oxidation in their system could involve the production of
hydrogen peroxide which might be used in the drug transformations observed. MIToMa aAND
UbpENFRIEND? have shown a requirement for DPNH and oxygen for the oxidation of phenyl-
alanine to tyrosine.

BropIE? has confirmed the production of H,0, on TPNH oxidation in his enzyme system
and has found that TPNH cannot be replaced by H,0, generating enzyme systems?®, although
this may be due to failure of H,O, to enter the microsomes. A mechanism of 11 8-hydroxylation
of steroids involving H,0, might offer an explanation of the observations of HaNavo aNp Dorr-
MAN? with D,O and H,80 that water does not take part in the reaction. Experiments to investigate
the possible role of H,O, in 118-hydroxylation are in hand. It is important, however, to point
out that the production of H,0, on TPNH oxidation may be a normal occurrence, when the
reduced flavoprotein formed reacts directly with oxygen in microsomal particles which are
deficient in cytochrome oxidasel’. “‘Intact’ mitochondria however which catalyse steroid 11f-
hydroxylation will normally oxidize TPNH via the flavoprotein and cytochrome systems without
the production of H,0,. The saline washed residues of Havaxo aND Dorrman? show a special
requirement for fumarate and cannot be considered to contain “intact” mitochondria. Acetone
drying as used in our preparations is known to destroy cytochrome oxidase't. The possibility
must therefore be considered that under these very artificial conditions steroid 11f-hydroxylation
may proceed by mechanisms not involved in “intact’” mitochondria.
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