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Figure 2. HPLC product analysis of P-450, reaction with steroid 1 on
a Whatman Partisil PXS: ODS-2 column. Methanol: water, 85:15, v/v;
1.5 mL/min. The solid line indicates refractive index response, and bars
indicte radioactivity in dpm. The radioactive steroid 1 (tritium at C-7)
was synthesized as in ref 10 except [7-*H]pregnenolone (20300 dpm/
nmol) was used. The incubation contained 83 nmol P-450,,, S0 nmol
adrenodoxin, and 1.5 nmol adrenodoxin reductase. After a 4-h incuba-
tion, the reaction mixture was extracted exhaustively with ethyl acetate.
The isolated steroids were dissolved in methanol before HPLC injection.
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timated as earlier described,!? was 0.78 uM. Incubation of 1 with
P-450, in the presence of an NADPH-generating system led to
a time-dependent absorbance decrease in the Soret region (¢,
~ 2 min, data not shown). A 10-fold molar excess of 1 was
sufficient to titrate the system (Figure 1a). The partition ratio
(r),” calculated from the final A4 at each value of [steroid]/[P-
450], is 5.5 £ 0.5 (Figure 1b).

Preincubation studies!* with steroid 1 showed a time-dependent
loss of enzyme activity (¢;/; ~ 2 min) in the presence of NADPH
and O, (Figure 1c¢). No inactivation was observed in the absence
of NADPH and/or O,, suggesting that inactivation is catalysed
by P-450,,.. The irreversibility of the inhibition was suggested
by the inability of inactivated enzyme to regain its activity after
gel filtration. Furthermore, incubations were carried out in the
presence of 2-10 mM B-mercaptoethanol, dithiothreitol, or NaF
as a scavenger for reactive electrophiles. There was no protection
from the inactivation, by these reagents, which suggested that the
enzyme-generated inactivator does not become accessibile to other
solutes prior to inactivation.

Incubation of C-7 tritium-labeled steroid 1 with P-450 in the
presence of NADPH and O, produced at least four steroid
products. Figure 2 shows an HPLC analysis of the extracted
steroids after a 4-h incubation. No products were found in the
absence of NADPH. The assignments for the structure of ma-
terials in peaks b, ¢, and e were made on the basis of comigration
during HPLC with authentic steroids under several solvent con-
ditions and on GC-MS analyses. The peak d was assigned to be
the diol because periodate treatment of the material in d produced
pregnenolone. The partition ratio () estimated from the total
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products, assuming complete inactivation, was 5.8, agreeing with
the titration study. While the products are consistent with the
cationic mechanism shown in Scheme II, an alternative mechanism
would involve oxidative cleavage to a Me,Si radical plus ethylene
as observed by Trahanovsky.’> Ethylene is produced (0.6 mol/mol
enzyme) in the turnover of steroid 1 with kinetics similar to those
for inactivation.!® In each alternative, trimethylsilylation of some
group in the holoenzyme is predicted, a point under current in-
vestigation.

In summary, we have described a novel mechanism-based in-
hibition of P-450, by steroid 1. The rate of the Soret absorbasnce
decrease, the enzyme activity loss, and ethylene formation are
indistinguishable with a t,;, of 2 min. The partition ratio is
estimated to be approximately 5.5 from the product analysis and
the Soret absorbance titration. Detailed mechanistic studies of
the inactivation process and in vivo inhibition studies are being
conducted.”” We are also investigating whether Me,Si compounds
will be generally useful as a new class of monoxygenase mecha-
nism-based inhibitors.
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There is now ample evidence,! both experimental and theo-
retical, that the unimolecular loss of alkyl radicals R+ from gaseous
cation radicals having the general structure 1 cannot be described
in terms of a direct, radical-induced carbon—carbon bond cleavage
(Scheme I, 1 — 2). Instead, energetically more favored is the
multistep reaction 1 — 3 — § — 6, despite the fact that this
sequence contains such unusual steps as consecutive [1,2] mi-
grations of a protonated carboxyl group (1 — 3)? and hydrogen.}
For R? = H the eventually generated product ion 6 differs from
2 in that in the former the protonated carboxyl group is attached
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to C(B), whereas in the latter the original carbon skeleton sequence
C(a)-C(8)-C(OH)OR remains unchanged. In fact, all evidence
accumulated* clearly indicates that alkyl radical elimination occurs
only from the enol ion §; R- losses from “unconjugated” cation
radicals 1 and 3 have transition states (TS) that lie substantially
higher in energy than any of the transition states involved in the
overall process 1 =3 — 5§ — 6.

In distinct contrast with this result is the explanation put
forward some time ago® for the unimolecular equilibration and
decomposition of ionized methyl isobutyrate (7), a case that is
now widely accepted as the prototype for the operation of “hidden”
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hydrogen rearrangements.” By combination of experimental
techniques as different as ion cyclotron resonance, field ionization
kinetics, collisional activation mass spectrometry, kinetic energy
release measurements, and investigation of labeled precursors, it
was suggested that 7 first undergoes a rate-determining hydrogen
migration (Scheme II, 7 — 8) followed by a fast C-C cleavage
(8 —9), which generates protonated methyl acrylate (9). Whereas
there is neither doubt concerning the structure of the [M—-CH,]*
ion of 7, i.e., ion 9, nor the operation of a rate-determining hy-
drogen migration 7 — 8, the sequence 7 — 8 — 9 conflicts with
the results outlined in Scheme I, in that 8 is not an enol/ cation
radical and, thus, should not act as the actual precursor for the
generation of protonated methyl acrylate (9).

We present here unambiguous experimental evidence that
methyl elimination from 8 is indeed preceded by a combination
of rearrangement processes that include (i) the migration of
C(OH)OCH,* via TS,, (ii) [1,2]-hydrogen migration via TS,
and (iii) dissociation of 11 via TS, to 9a and CH;- (the numbers
given in parentheses in Scheme II refer to MNDO-calculated
energies (kcal/mol) of completely geometry-optimized species and
rigorously characterized transition states®). The proof for the
interchange of C(a)/C(8) comes from the analysis of the colli-
sion-induced dissociations of ions generated from the precursors
shown in Chart I. Among the many collision-induced fragments
of the [MH]* ion of 12 (generated by protonation of methyl
acrylate with C;Hy*) and the [M—CH;]* ions from 7 it is the weak
(3% relative intensity) but highly indicative signal corresponding
to the loss of CH, that provides an answer to the problem outlined
above. The [MH]* ions from 12 as well as from 12a undergo
collision-induced loss of 12CH,; protonated 12b, however, gives
rise only to the loss of *CH, (this signal coincides with that for
the elimination of '2CHj,; important is that there is no signal
corresponding to the loss of 12CH,). The collisional activation
mass spectrum of the [M-!13CH,]* ion of 7a, isobaric with the
[MH]* ions of 12a and 12b, contains a signal for 12CH, loss only
with a relative intensity comparable to that for the elimination
of 12CH, from protonated 12 and 12a. Thus, we have to conclude
that methyl loss from the cation radical 8 is preceded by the
rearrangements depicted in Scheme II. In conclusion, the rear-
rangement /dissociation features of ionized methyl isobutyrate do
not constitute an exception; in contrast, its behavior is perfectly
in line with the one observed for many other structurally quite
different systems.* The central intermediate from which eventual
dissociation takes place is, in all cases studied so far, an enol
cation radical of the general structure 5.
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