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i. Introduction

Contrary to ecarlier ideas (e.g. ref. 1) about the composition of the Earth’s primordial
atmosphere, it is now gencraiiy held that this atmmp'nere consisted principaiiy of a reiativciy
unfeaciive mi ‘ure of CO, N,, and H,O, with omy traces of H, and reduced suiphur gases.™’
Lumenun& the existence of life under these anaerobic conditions is

cellular organisms seem to have dppearea dppr0x1mately 3.4 biliion years
ago. ' p‘ur‘remiy, it is considered lixeiy t"at life originated at the deep sea nyaromermal vents
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rationalized in terms of a cationic enzyme-mediated attack on the terminal double bond of an

to the ancient origin of polyprenoids.

evolution of living matter® and offered protection against harmful solar ultraviolet radiation in

aquatic, since the archaic oceans appear to have afforded conditions uniquely conducive to the
The elaboration of cyclic and polycyclic polyprenoids under anaerobic conditions can be

acyclic and cyclic polyprenoids as structural components of their membranes,” thereby attesting

the absence of a shielding ozone layer.” These anaerobic organisms are likely to have used both
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pyriformis.**** In the absence of steroidal substrates T. pyriformis activates its dormant biosyn-
thetic processes and produces polyprenoids according to the sequence:

The biosynthesis of tetrahymanol (1-3) proceeds anaerobically,” the overall process being

equivalent to acquisition of the elements of water by squalene.” - In certain organisms
non-oxidative and oxidative squalene cyclization mechanisms coexist, as evidenced by the
isolation of both tetrahymanol and C-3 oxygenated phytosterols from the fern Oleandra
wallichii.'™"***

Blue—green algae, which appeared some 3.4 billion years ago, introduced photosynthetic
production of dioxygen and initiated a slow phasing out of the anaerobic atmosphere.*™
Substantial quantities of O, probably did not begin to accumulate before the widespread
establishment of cyanophytic photosynthesis some 1.8-2.0 billion years ago, approaching its
present atmospheric proportion of approximately 20% only about a half-billion years ago.!
When the atmospheric oxygen achieved a concentration of approximately 10% of its current
level a layer of ozone started to form, which provided protection from the devastating
ultraviolet radiation. Under its shield, aquatic organisms continued to evolve and eventually
emerged from the seas to populate the land.™ Estabiishment of an oxidizing terrestriai
atmosphere was accompanied by a transition from an exclusively anaerobic to a predominantly
aerobic metabolism, with concurrent development of organeiies designed to take advantage of
the low-potential electron sink which molecular oxygen affords living cells and tissues.™

2. Oxidative metabolism

The pivotal role of oxygen in anabolic and catabolic processes is the subject of a massive
literature which will not be reviewed here. Suffice it to say that attachment of only one of the
two oxygen atoms of molecular oxygen to an unactivated carbon atom to yield an hydroxylated
product is an important enzymic process:

RH+0O,+2H-ROH+H.,O
That the oxygen atom of the hydroxyl moiety derives from molecular oxygen is evidenced by the
incorporation of isotopic oxygen™ when enzymic incubations are performed in an "O,
atmosphere but not in a [""O}H,0O-enriched medium. Mixed-function oxidases can also catalyze
other types of reactions, including hydroxylations at heteroatoms, dehalogenations, dealkyl-
ations, deaminations, denitrosations, epoxidations, and lactonizations.”*

In the context of studies on the mechanism(s) of reactions catalyzed by mixed-function
oxidases, the stereochemistry of the incorporated hydroxyl moiety has been investigated. In this
report we summarize work performed in our laboratory on the steric mode of hydroxylation at
primary carbon atoms. To facilitate an understanding of the subject we briefly review the
stereochemistry of enzymic hydroxylation at unactivated secondary and tertiary carbon atoms.
No attempt is made to exhaustively cover the literature, and only selected examples immedia-
tely related to the topics under discussion are cited.
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[T = tritium, *H; * = 1C]

]

Scheme 3.

@DR;=R;=R4=H,R3=Rs=3H
(4-2)R;=Ry;=R4=H,R3;=OH, Rs =3H
(4-3)Ri=R3=R4=Rs=H,R; =2H
@49 R, =R4=Rs5=H,R;=2H,R; = OH

OM/ 4-S)R;=R3=Rs5=2H,Ry=R4=H

(4-6)R; =Rs5=2H,R; =Ry =H, R3 = OH

4-T)R;=R3=3H,R;=R4=Rs=H
(4-8)R1=R3=3H,Ry=Rs=0H,R4=H

49HR=Ry=R3=Rs=H,R4=3H

(4-10) R; =R3=H, R =Rs = OH, R4 = 3H

Scheme 4.
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I1x-hydroxy analogue (4-6) with loss™ of 112-*H. The fungus Calonectria decora metabolized
[11%,122-"H,|progesterone (4-7) to [11ax,122-"H,]12,15x-dihydroxyprogesterone (4-8) with
retention of both tritium atoms.™ Similarly, incubation of [158-*H]progesterone (4-9) with
C.decora gave a 12f,15x-diol (4-10) which retained the 15f-tritium atom.” Incubation
of [154-"Hjprogesterone (4-9) with Penicillium spp. ATCC 11598 produced [158-"H]152-
hydroxyprogesterone (4-10) without loss of the isotope.”

From the known stereochemistry of incorporation of hydrogen atoms of MVA into
squalene™ and the mode of cyclization of (2,35)-epoxysqualene into protosterol (1-3), which in
turn is metaboiized to fusidic acid,™ the (R)-fusidic acid (5-1) produced from [2R-*H]MVA, and

\[(CHZT \n/CHZT

(-1)R, =H, R, =3H (5-3)R; =3H, Ry = H
(5-3) R, =H, R, = OH (5-4) R, =3H, R, =0H
COOMe
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.
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Scheme 5.

the (S)-fusidic acid (5-2) produced from [2S-'H]MVA should contain a 72-*H atom and a 7-'H
atom, respectively.” Location of the isotopes was confirmed by incubating samples of 5-1 and
5-2 with a helvolic acid-producing strain of Acremonium persicinum,” which metabolizes fusidic
acid to its 7x-hydroxy analogue. Conversion of 5-1 to 7x-hydroxyfusidic acid (5-3) proceeded
with loss of the 7x-'H atom, and no further loss of tritium occurred upon oxidation of 5-3 to the
corresponding 3,7,11-trione (5-5).*" In contrast, formation of 7x-hydroxyfusidic acid 5-4 from
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5-2 did not entail a loss of tritium, though a tritium atom was lost upon oxidation of 5-4 to the
trione (5-5).""

Hydroxylation at secondary carbon atoms of steroids by plants also proceeds with retention
of configuration. Following administration of [4-"C;16x-"H]pregnenolone (6-1) [*H/"C,

[*="C]

1 H 1 R, EHDR=R;=H

/\]L;I:j/ TPk o
/L )\) OH (6-4)R, =OH, R,=H
HO” e HO

n)J\ .
|
. (6-5) R, = CHO, R, = OH

B J\/H\Jij (6-6)R, = CHs, R, =H
—~ 1
IOOL
OH
TIN v -
nuv H
Ry

e}

Scheme 6.

ar (1:1)] to Digitalis purpurea (the common foxglove), the recovered digitoxigenin (6-2) and
gitoxigenin (16x-hydroxydigitoxigenin, 6-3) retained all the tritium present in the administered
substrate.”'

Mammalian hydroxylation at secondary steroidal carbon atoms similarly proceeds stereo-
specifically in the retention mode. Bovine adrenal perfusion of [112,122-"H,]progesterone (4-7)
resulted in ['H,]cortisol (7-1) and ['H,]corticosterone (7-2).** Insertion of the 11f-hydroxyl
occurred  without loss of tritium from substrate 4-7.% Transformation of
[4-"C;7x-"H]cholesterol in rats yielded cholic acid (7-3) devoid of tritium, demonstrating that
insertion of the 7x-hydroxyl proceeds with retention of configuration.®

The very large body of evidence, some of which is summarized previously, establishes beyond
reasonable doubt that microbial, plant, and mammalian hydroxylations at unactivated secondary
carbon atoms proceed stereospecifically in the retention mode. The possibility that
15f-hydroxylation of a hypothetical cholesterol precursor proceeds with inversion of configura-
tion was suggested;”’ however, experimental evidence in support of this hypothesis has not been
forthcoming.
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While hydroxylation reactions at unactivated secondary carbon atoms uniformly proceed in
hg rete ntion mode, the \tere(\(‘hemlstrv of Pn7vmlc hw‘lr(wvlahnn& at fertiary carbon atoms
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t
seems t) be species-dependent and may occur w1th elther retention or inversion of configura-
tion. H-droxylation at C-20 of (22R)- 2 -hydroxycholesterol (8-1) by adrenal enzymes tak_cs
place ir the retention mode to give (20R,22R)-20,22-dihydroxycholesterol (8-2).* Similarly,
insertion of the C-20 hydroxyl in the elaboration of 20-hydroxyecdysone (3-3) from cholesterol
also prceeds in the retention mode.™

A striin of the fungus Colletotrichum antirrhini® (SC 2144) metabolized progesterone to
several sroducts, including 14x-hydroxyprogesterone (8-3), 14x-hydroxy-1-dehydroprogesterone
(8-4), ar.d 14x-hydroxyandrosta-1,4-diene-3,17-dione (8-5).” Insertion of the 14x-hydroxy group
proceedzd with retention of configuration. Likewise, introduction of a I14x-hydroxyl group
during »iosynthesis of ecdysones 3-1 and 3-2 from cholesterol by locusts proceeds in the
retentior mode.™

Biosy 1thesis of the cardenolides digitoxigenin (6-2), gitoxigenin (6-3), and digoxigenin (6-4)
from piregnenolone, progesterone,”””” deoxycorticosterone,” cholesterol,””" sitosterol,* and
(205)-2( -hydroxycholesterol (8-6)" has been documented. Cardenolides 6-2, 6-3, and 6-4 cach
have a 14f-hydroxyl group, while the administered substrates all have the 14x-H stereo-
chemist:y. It is apparent that introduction of the 14f-hydroxyl moiety of cardenolides involves
an overa/l inversion of configuration at C-14. 14-Hydroxylation during biosynthesis of the plant
bufadier olide hellebrigenin (6-5) from progesterone proceeds with inversion of configuration;”
bufalin 6-6) biosynthesized from cholesterol or bile acids by the toad Bufo marinus also has a
14f-hyd "oxy moiety.
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Ry, R
A (8-1)R, =Ry = H, R, = CHj, R, = OH

g é' N
'I\/\r (8-2)R, =R, =OH, Ry = CHy, Ry = H
PN \

(8-6)R; =OH,R, =CH;,R3=R;=H
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(8-3) (8-4) (8-5)
Scheme 8.
The question naturally arises how to rationalize the various stereochemical options for
hydroxylations at unactivated tertiary carbon atoms. To simplify matters we will focus on C-14
hydroxylation of steroidal substrates hdvmg the 14x-H stereochemistry. As indicated previously,

o
5 ~ Vi i: ) 4 | K93 Cr IStry. ¢ ed
¢ species, either 14x- or 14f-hydroxylated products are obtained.™"
ydroxylations at tertiary carbon atoms with retention of configuration may be viewed as
roceeding in a manner analﬂg ous to hydroxylations at secondary carbon atoms. In contrast,
S

everal mechanisms can be envmdged for hydroxylation reactions proceeding in the mversnon
%! The latter reaction may involve a process formally equwalent to a Walden inversion.*

implying that the eliminated hydrogen atom departs from the xz-face, opposite to the trajectory
of the incoming hydroxyl group. A simple, straightforward Walden-type hydroxylation at C-14
seems unlikely on mechanistic grounds. The ease with which a carbon center undergoes an Sy2
reaction decreases in the order primary>secondary > tertiary;* the steroidal C-14 position,
being crowded and rigid, is an unlikely candidate for a classical Walden inversion reaction.
Moreover, a classical Walden inversion at the C-14 position implies departure of a hydride ion
(H ") which, unless somehow ‘assisted’, is a poor leaving group; indeed, there seems to be no
precedent for the unassisted nucleophilic displacement of a hydride ion from an unactivated
carbon center.* ™

We have considered several alternative mechanisms consistent with known biochemical
transformations and which are amenable to experimental evaluation. We started with the
premise that a cardenolide precursor such as 9-1 could be hydroxylated in the ‘normal’ manner
with retention of configuration to generate a 14x-hydroxy intermediate (9-2); dehydration of 9-2
would yield either the 14(15)-olefin (9-3) or the 8(14)-olefin (9-4). Epoxidation at the f-face of
olefin 9-3 gives 14f(15)-epoxide (9-5) which, following reductive opening of the oxirane ring,
yields the 14f-hydroxy compound 9-6. A similar sequence of transformations can be postulated
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tfor olefin 9-4. Note that olefins 9-3 and 9-4 can also be derived via dehydration of the C-15 or

C-8 alcohols, respectively.
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To test the hypothetical oxyradical sequence 9-7—9-8 59-6 we administered a mixture of
[1-'H]14x-hydroxyprogesterone and [4-"*C]progesterone to D. lanata. The recovered digitoxi-
genin contained "“C but was devoid of tritium, suggesting that 14x-hydroxyprogesterone either
is not transported to the site of cardenolide biosynthesis, or else is not a precursor of cardeno-
lides in this plant. However, these results do not preclude the intermediacy of other
14x-hydroxy C,,-compounds.

Initial formation of 14xz-hydroperoxide 9-12 was also considered. Collapse of 9-12 to 14x-oxa
radical (9-7), followed by the aforementioned sequence 9-7—-9-8 »9-9, would ultimately yield
the 14f-hydroxy compound 9-6.

Should the hypothetical 14-keto-15-radical 9-8 be sufficiently long lived to allow scrambling
of the C-15 hydrogen atoms, then digitoxigenin biosynthesized from samples of [153-"H]proges-
terone (10-1) or [15x-"H]progesterone (10-2) would be deuteriated at both the 15x and 15§

- =12 =
/\')\ (10-1) R, =7H, R, =H
' ', (10-2) R, =H R; =2H
nmlR2 A s o0 2T
R (10-3) R, =R, =2H
Scheme 10.
positions. We sought to evaluate this possibility by distinguishing between 15x and 158
deuterium signals by NMR spectrometry. [158- H]ngeqtemne (10-1), Hix-'Hlnmge%temne

(10-2), and [15-*H,]progesterone (10-3) were synthesmed and thelr deuterlum NMR spectra

Tabie 1
Deuterium NMR spectral data of 15-deuterio-

progesterones

i I i mgestemnc Chemical shift (ppm)
(10-5 ) 1.66 1.22
(10-3) 1.70

(10-4) 123

recorded” (Table 1). The deuterium signals in 10-1 and 10-2 are separated by 0.47 ppm, and
the 154 and 15x deuterium signals in 10-3 are clearly resolved (though not to the baseline). We
are confident that these observations will remain valid for cardenolides biosynthesized from
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stereospecifically-labelled 15-deuterioprogesterones and therefore will enable isotopic differen-
tiation of the relevant hydrogen atoms in diosgenin.

The steric outcome of hvdmxvl,mnn at Awmmetn( and nm(‘hlral terudry and p;och_!_rdl
secondary carbon atoms may be determmcd from the chlralny of the obtained alcohols. Using
substrates stereospecifically labeled with isotopic hydrogen at pertinent secondary carbon
atoms, the overall mechanism of the enzymic process can be deduced. However, these strategies
are not directly applicable to studies of stereochemical processes at primary carbon atoms.

Ogston”'** rationalized the course of enzymic reactions at prochiral centers by proposing that
a ‘...three-point combination occurs between the symmetrical substrate and the enzyme...". In
a prochiral molecule R,R,CX, X, (R,;#R,, X,=X,) the enzyme distinguishes between R, and
R, by virtue of their size, stereochemistry, and eclectrostatic properties. Substituents R, and R,
of R/R,CX, X, fit into their respective binding sites, which imposes on the substrate a particular
orientation within the enzyme cavity. Under these circumstances only one of the two ‘identical’
X moieties (either X, or X,) can reach the catalytic site of the enzyme and undergo reaction.”

Evaluating the steric pathway of enzymic hydroxylations at primary carbon atoms poses a
more complex problem. In a freely-rotating methyl group cach of the three equivalent hydrogen
atoms has an equal probability of entering the catalytic site of the hydroxylase and being
displaced. Since the resulting alcohol is also achiral, it is impossible to determine the steric
mode of introduction of the hydroxyl moiety simply by looking at the structure of the product.
The availability of procedures, however, for the synthesis of chiral methyl groups™ ' of known
configuration does render the problem amenable to solution.

The small differences in size between protium (H), deuterium (D), and tritium (T)
(H>D>T) will most likely not be recognizable by an enzyme, in which case Ogston’s classical
formulation of stereochemical differentiation by three-point attachment between substrate and
enzyme is not applicable to the analysis of enzymic transformations at chiral methyl moieties.
However, should hydroxylation proceed with a sufficiently large isotope effect, the overall
stereochemistry of the reaction can, in principle, be established.™**

If we assume that C-1 hydroxylation of a chiral terminus of an n-alkane R-CTDH proceeds
with an adequate normal primary kinetic intramoiecuiar hydrogen isotope effect kyy >kp >k,
the hydroxyiation product wiii be a mixture of aicohols in the reiative amounts R-CTDOH >
R-CTHOH > R-CDHOH. Then, by determining the chiraiity of the predominant tritiated
alcohol derived from a chiral methyl substrate of known configuration, the overall steric course
of the hydroxyiation reaction may be defined.

We seiecied n-octane, which is efficienti
1-octanol, as the model substrate for our initial studies.

SRS TR LSS S SN » NSNS SNy SRS
y metanotized Uy rcuaornonas oweovorary o

5.1 H\!fhnn)/ﬂt{nn at chiral n 1\)/ termini nf n-octanes

Hydroxylation at a primary carbon atom can proceed with retention, inversion, or racemiza-
tion. Options for the outcome of hydroxylation of (1R)[1-H,D,T]n-octane and (15)[1-H,D,T]n-
octane with retention or inversion and with a normal hydrogen isotope effect are summarized
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§ 0
—_— i
réLﬂz)s R

H. N v
N (18)-octanol (1R)-octanol
(1R)-octane major product minor product
/\
H [

D‘g" i ngiT HojEI
| R T + C‘
(CHy)s — R 1'(
Hs (1R)-octanol (18)-octanol
(15)-octane major product minor product

e rmboneadsnon
= ICLCIILIULL
= inversion

-y

(11?\[1 H n T]n octane wnth retention and inversion nf r‘nnﬁonmtm are (15) 1 Qctangl and

(ETAYE E ST vULiiar 2 OIS a

(1R)-1 octanol, respectively. In contrast, the expected major trltlatcd alcohols derived from
hydroxylation of (15)[1-H,D,T]n-octane with retention and inversion of configuration are
(1R)-1-octanol and (15)-1-octanol, respectively. Were hydroxylation to proceed with racemiza-
tion or stereospecifically in the absence of an isotope effect, then equal amounts of tritiated (1R)-
and (15)-1-octanol would be formed irrespective of the chirality of the substrate.

When this work was undertaken, substrates with only relatively low specific activities of
tritium could be produced. We opted to use enzymic methods of analysis, since none of the
physicochemical techniques then available were sensitive enough to assay the chirality of the
minute amounts of tritiated biosynthesized octanols expected. (Alcohols lacking a C-1 tritrium
atom are radioisotopically invisible and therefore disregarded.)

The required substrates, (1R)[1-H,D,T]n-octane (11-3) mixed with [*C]n-octane and
(18)[1-H,D, T|n-octane (11-6) mixed with [“C]n-octane, were synthesized.'"*'™ Reduction of
[1-T]octanal (11-1) with NADH/horse liver alcohol dehydrogenase (HLAD), using dithionite to
recycle NAD*->NADH, gave (15)[1-T]l-octanol (11-2a), which was then admixed with
[1-“Cloctanol. The mixture was mesylated (11-2b), and the resulting mesyl esters hydro-
genolyzed with LiEt;BD to give the required (1R)[1-H,D,T]n-octane (11-3) containing
[1-D;1-"*C]n-octane (11-4) (i.e. (1R)[1-H,D, T;1-"*C]n-octane).

A portion of 11-2a was treated with diethyl azodicarboxylate/benzoic acid/triphenylphosphine
in THF," and the resulting benzoate saponified. The (1R)[1-T]1-octanol (11-5) obtained was
admixed with [1-"*CJoctanol and processed as above to yield (15)[1-H,D,T]n-octane (11-6)
containing [1-D;1-"“C]n-octane (11-4) (i.e. (15)[1-H,D,T;1-"*C]n-octane). While the enantio-
meric purities of the synthesized chiral n-octanes were not determined, the results of the
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T T
/l V4
CH3(CH)sCTO “‘3(C“2)6CC'“OR CH}(CHz)g\C:-"H
D
ar-n H (11-3)
{1i-2a)R=H
14
(11-2b) R = SO,CH3 CH;3(CHy)s —C'\_'H
a4y O
H D
Y A P
CH3(C 2)6(,':!"() C 3(CH2)6C{“'“
T T
(11-5) (11-6)

Scheme 11.

enzymic hydroxylation reactions (vide infra) imply that their enantiomeric purities must have
been very high.

Assuming that enzymic hydroxylation of (1R)[1-H,D,T;1-"*C]n-octane at the chiral terminus
proceeds with retention of configuration and a normal hydrogen isotope effect, the radioactive

S
[C=14C]
T
HOHzc _'(CH2)5—C' wH
T \
HyC—(CHp)g—CowH major b s
3C(CHg)—C l + HOH,C—(CHy)s—CDH,
D

(11-3) + J
H3C—(CHy)s—C,OH

Toco pphaa deiae
eSS aounaari D

o
< k0 ¥ e YT N\ CMLINLY
H3;C—(CH,)s—CDH, — N . + HC—(CH,)—CDHOH
]
11-4) HsC—(CHy)—ClH
minor OH

Fig. 2.

products shown in Fig. 2 will be formed in the indicated relative amounts. Hydroxylation will
occur at both termini of chiral n-octane, but only a transformation at the chiral terminus of the
molecule is germane to establishing the stereochemistry of enzymic hydroxylation at primary
carbon atoms. To quantify the extent of enzymic attack at the chiral terminus vis-a-vis the
achiral terminus, the mixture of recovered [1-T]- and ["*C]l-octanols would be oxidized with
Jones’ reagent'” to yield a mixture of octanoic acids (Fig. 3). From the loss of tritium
evidenced by changes in the T/"C ratio, the percentage of hydroxylation at the chiral terminus
of the octanes was calculated. The amount of tritium lost during Jones’ oxidation also indicates
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Jones’ oxidation of aliquots of the alcohols to octanoic acids. Other aliquots of biosynthesized
l1-octanols and samples of synthetic (1RS)[1-T;1-"*C]1-octanol were separately incubated in
parallel with HLAD/NAD(H)/diaphorase for 24 h. The equilibrated 1-octanols were recovered,
purified, converted to 3,5-dinitrobenzoate esters, and their T/"C ratios determined. The results,
corrected for percentage loss of 1-pro-S tritium deduced from reference exchange reactions
with (1RS)[1-T;1-"*C]1-octanol,’'™ are summarized in Table 2. They show that hydroxylation
at the chiral terminus proceeded to the extent of 20-30%, whereas enzymic attack occurred
predominantly (70-80%) at the achiral terminus. This is consistent with the operation of a
normal intramolecular hydrogen isotope effect during hydroxylation. It is also evident that
hydroxylation of (1R)[1-H,D, T|n-octane and (15)[1-H,D, T|n-octane by Ps. oleovorans strain
TF4-1L proceeded with retention of configuration, in which the incoming hydroxyl assumed the
orientation of the displaced hydrogen atom.

Table 2
Hydroxylation of (1R)- and (15)-n-octanes by homogenates of Ps. oleovorans strain TF4-1L.

Experiment Chirality % of T at % of (1R)-octanol C-1 Chirality of Stercochemistry
of octane C-1 of octanols the major octanol of hydroxylation
I IR 26 3842 IN retention
1S 22 8246 IR retention
2 IR 29 3743 1S retention
1S 29 7445 IR retention
After establishing the Qtprpnrhpmmtr\/ of h

bacterial s system, we turned our d[tentmn to the pr(vblem of mmhyl h d:nxvlation hy rat liver
microsomes. Hydroxylation is a mandatory step in the metabolic dlspmltlon of many xenobiotic
substances in mammals,'"'~'"* and occurs mainly in the liver.!"™'""7 A major route of elimination
of n-alkanes in mammals is initiated by tgrmmdl hydroxylation in the liver to vyield
n-alcohols,"""'** which are subsequently metabolized to water-soluble products. The hydroxy-
lases of Ps. oleovorans and rat liver microsomes are structurally dissimilar: both are sidero-
proteins, but whereas the liver enzyme is a b-type cytochrome containing protoporphyrin IX at
the active site,'** the prosthetic group of the bacterial enzyme contains nonheme iron.'* It was
therefore of great interest to compare the steric course of hydroxylation by these two analogous
but non-homologous enzymes.

Samples of (1R)[1-H,D,T;1-"*C]n-octane and (1S)[1-H,D,T;1-"*C]n-octane were incubated
with rat liver microsomes, and the biosynthesized 1-octanols recovered, purified, and their
chiral compositions determined as described above. The results, summarized in Table 3,
indicate that enzymic attack occurred mainly at the achiral terminus, demonstrating that in this
system, too, hydroxylation proceeded with a normal hydrogen isotope effect. It is further clear
that hydroxylation of n-octane by the rat liver monooxygenase proceeded with retention of
configuration."”® Thus, methyl hydroxylation in both the bacterial and rat liver microsomal

systems occurred in the retention mode.
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Table 3
Hydroxyiation of (1R)- and (15)-n-octanes by rat liver microsomes®

Experiment Chirality % of T at % of (1R)-octanol C-1 Chirality of Stercochemistry
of octane C-1 of controls the major octanol of hydroxylation
1 IR 25 24+2 1S retention
1S 29 85+6 IR retention
2 IR 32 2642 1S retention

1S 29 63+4 IR retention

“Counted as octyl p-tolylurethanes.

It is worthy to note that a doctoral dissertation by A. E. Gautier'” described results
analogous to ours for hydroxylation of primary carbon atoms. Samples of (12R)- and
(125)[12-H,D,T; 1-"C]lauric acid were incubated with cell-free extracts of the yeast Candida
tropicalis to yield specimens of 12-hydroxylauric acid; introduction of an hydroxyl group at C-12
of both samples proceeded in the retention mode. More recently, Floss and coworkers'**'*
demonstrated that hydroxylation of (1R)- and (1S5)[1-H,D,T]ethane by the methane monoox-
ygenases (MMOs) of some methylotrophic bacteria proceeded with a normal intramolecular
kinetic hydrogen isotope effect and with net retention of configuration. These results are
discussed in more detail in Section 6.

e kl] /vl (€9 A1 A& ) L s -~ L e LSS
c..allenging problem of consxdcrab!e biochemical interest, namely the biosynthesis of estrogens

of androstenedione and testosterone to estrogens, catalyzed by
a human nlA(‘anl ‘aromatase’ enzyme complex, is initiated by hydroxylation at the C-19 methyl

......... arOlialast LILYINL LIt il tewl Uy

>strogen  biosynthesis f,rom dndrogen proceeds in three
oxidative stages, each requiring one mole of O, and one mole of NADPH per mole of
ansformed'* (Fig. 4). It has been proposed that the primary oxidation product,

19-hydroxvs ngmgcn | dcrgoes a second hydroxylation at C-19 in Wthh the 19-pro-R hydrogen
136

The overall process of
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3
-
_
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is eliminated.”” " The resulting diol is thought to dehydrate to a 19-aldehyde with loss of the
oxygen atom introduced during the second hydroxylation step.”*'*" A third oxygenation then
takes place, and the C-19 moiety is extruded as formic acid with concomitant formation of
estrogen.'”

Two of the three C-19 hydrogens of the androgen substrate ultimately find their way into the
water of the reaction medium, whilst the third hydrogen, corresponding to the 19-pro-$
hydrogen atom of the 19-CH,OH primary hydroxylation product, is retained in the formic acid,
which also contains the two oxygen atoms introduced in the first and third oxidative
steps'" '™+ (Fig. 4).

We undertook to define the steric course of the initial C-19 hydroxylation of androgens by
human placental microsomal aromatase.""'"** As in our studies with n-octane, we assumed that
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the stereochemistry of hydroxylation at C-19 of androgens could be determined using androgen
substrates bearing a C-10 chiral methyl group (=19-CHDT). Determining the chirality of
biosynthesized tritiated 19-hydroxyandrogens is not feasible with the alcohol dehydrogenase/
NAD(H)/diaphorase exchange reaction which proved so useful for the analysis of biosynthe-
sized 1-octanols. Therefore we adopted an indirect approach predicated on established aspects
of estrogen biosynthesis.

Hydroxyiation of steroidai C-19 methyi groups can proceed either with retention, inversion,
or racemization. Hydroxyiation of, e.g., (19R)[19-H, D, T|3/-hydroxyandrosi-5-en-i7-one with a
normal hydrogen isotope effect in either the retention or inversion mode will yield the products
shown in Fig. 5 in the indicated qualitative proportions; reciprocai resuits are to be expecied for

H Hs
et /\/j\<o
androgen — i e o

estrogen po-&,_ 4~ °
Fig. 4.
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the (1995)-analogue. The products of hydroxylation of a (195)-substrate in the inversion mode
correspond to those obtained by hydroxylation of a (19R)-substrate in the retention mode,
whereas products obtained by hydroxylation of a (195)-substrate with retention of configuration
are the same as those derived by hydroxylation of a (19R)-compound with inversion of
configuration.

As previously mentioned, initial hydroxylation at the C-19 methyl moiety is foliowed by a
second hydroxylation at C-19; introduction of this second 19-hydroxyl group proceeds without
an isotope effect."** Dehydration of the 19-gem-diol results in a 19-oxoandrogen, which is then
converted via reaction with the third mole of O,+NADPH to estrogen and formic acid. The
sequence of events subsequent to primary hydroxylation of (19R)-androgen with retention of
configuration is presented in Fig. 6. At the end of this process much more tritium shouid be
found in formic acid than in water. Conversely, were initial hydroxylation of (19R)-androgen to
take place with inversion of configuration, more tritium shouid be found in water than in formic
dacCld.

H
T :..D
retention /\;([};‘%7’ inversion
S~/
j HO (19R)-androgen
v
H
Ty ? /‘D T\? o
[T o =T o
' = //\‘,/\‘
HO major product HO major product
T 1 OH T QHH
NAA H
¢, g
~7=L77 +pHo [ ~7=F77 +oHo
S/ {
o’ wo’ T
menur prouuct mtnO"prOdIlCl
g HO2 H
HO
least product least product
A A
| u I
D : T
inversion /\M retention
S~
HO'

(195)-androgen
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The reasoning is equally applicable to (195)-androgen, for which hydroxylation in the
retention mode should result in the accumulation of more tritium in water than in formic acid;
whereas hydroxylation of a (195)-substrate in the inversion mode should lead to formic acid
containing more tritium than what would be found in water.

Were initial hydroxylation to occur with an isotope effect but with racemization, the expected
results are as depicted in Fig. 7. If the first hydroxylation of (19R)-androgen proceeds with 50%
retention and with 50% inversion, the isotope effect for both processes will have been the same.
If the second hydroxylation proceeds without an isotope effect'* and the 19-hydroxy
intermediates are completely converted to estrogen, then at the completion of aromatization
the total amount of tritium retained by the formic acid must equal the total amount found in
water:

[TCOOH]=[THO] (la)
or
In the unlikely event that the first hydroxylation were to procecd with a ncgligiblc isotopc
effect, a significant amount of tritium will be released in the form of water. Under these
~ B
1\é,u
T~
HO”
l02+NADPH
OHD OH
T E
g T i OH

/\4‘\%7, 0, - i e 4 estradiol

-0 Ty [rcoou] e
major product T
- - nwwv
T : CH HO : CH .
¢ —~— P ~— s estradiol
[T - ——
= ~ NADPH o — ~/ HCOOH
HO' +HDO HO +
minor product minor
¢H
HO, H D HO  : .D
0 estradiol
2 —_ +
£ NADPH P PR
HO” HTO HO + DCOOH
least product H,0

Fig. 6.
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circumstances considerably more tritium will occur in water than in formic acid, and the ratio of
tritium in formic acid to tritium in water will be significantly less than one:

[TCOOH]/[THO] <1 (2)

However, If the initial hydroxylation involves a normal isotope effect, only small amounts of
tritiated water wili be produced and the ratio will be significantly greater than one:

[TCOOH]/[THO|> 1. (3)
If the first hydroxylation step does not invoive an lSO[()pC cffect, then irrespective of the C-19
chirality of the substrate (19R, 195, 1SRS) and mode of hydroxyiation (retention, inversion
raccmization) all three isotopes of hydrogen will be absiracied with equai frequency. The
sequence of events for hydroxylation with retention of conﬁguratlon but without an 1sot0pe
effect is illustrated f";r (19R)-androgen in Fig. 8, in which it will be seen that aromatization is
accompanied by the appearance of twice as much tritium in water than in formic acid:
[THOJ/[TCOOH]=2. (4)
Identical results are to be expected for the (195)- and (19RS)-androgens
Thus, by knowing the C-19 chirality of the androgen incubated with placental aromatase, the
steric course of the first C-19 hydroxy!ati(,.. can be ascertained from the relative amounts of
tritium in the recovered formic acid and water.
H
T D
\':‘/
HO
(19R)-androgen
retention ! inversion
I ]
oH estrogen : estrogen L
T~&=D o o + ; + - - T\ﬁ::’OH
7 s ,
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12-7, respectively. The derived (195)-iodide 12-11 and (19R)-iodide 12-8 were each hydrogeno-
lyzed with LiEt,BH and processed to give the (195)-derivative 12-6a and (19R)-derivative 12-9a.
Hydrolysis of the 3f-methoxyl moieties provided the required (195)-androgen 12-6b and
(19R)-androgen 12-9b.

At this point the configurations of the C-19 chiral methyl moieties of the synthesized
androgens were not known. The chiralities of the C-19 alcohols and C-19 iodides had been
firmly established by NMR spectrometry, but no information was available on the stereo-
chemical course of hydrogenolysis of iodides with LiEt;BH. To determine the C-19 chirality of
the four samples of synthesized androgens we intended to subject them to Kuhn-Roth
oxidation, recover the acetic acids thus formed, and assay their chiralities with malate synthase/
fumarase.™ =" However, under conventionali conditions of Kuhn—Roth oxidation some
20-30% of acetate methyl hydrogens were exchanged.”” An alternative two-step oxidation
procedure was therefore developed, in which a maximum of 5% of acetate methyl hydrogen
atoms were exchanged.”* The synthesized 19-chirai androgens were oxidized by this aiternative
method and the isoiated acetic acids assayed with maiate synthase/fumarase. The resuits are
summarized in Table 4. The F-values of the acetates, and hence the C-19 chiralities of the
androgens from which the acetates were obtained, were the same for the itwo (195)-androgens

/\ . )
O HO 'R, _ 1 \__¢«

S NN
LA

weor A WO

(iz-ia) R, =D 12-2)R, =D, R, =H
(12-1b)R; =H 12-3)R;=H,R,=D
(12-ig) R, =T
? 12-4) R,=0H, R; =T, R; =H, X =M
Rl\‘%iR:;A ' JL (12-4) R= ,Re=T,R3=H, €
(I‘: ( ﬁ (12-5) R, =L R, =T, R, =H, X=Me

w (12-6a)R, =D, R, =H, Ry = T, X = Me
X0

(12-6b)R; =D, Ry =X =H,R; =T
(12-7)R, =OH, R, =T, Ry =D, X = Me (12-8)R, =1, R, =T, Ry =D, X = Me
(12-92) R, =T, R, =H, Ry =D, X =Me (2-9b)R, =T, R,=X=H,Ry =D
(12-10) R, =OH, R, =D, R3 =T 2-1DR, =L Ry =D, Ry =T

Scheme 12.
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Table 4

L \J. | A A
F-Values and calculated ¢

Androgen F-value Cal&uldtcd thl’dl Composmon (onulud thml mmpmnmn
19R 64 76% 19R + 249 198 R1% 19R + 199 198
198 33 80G% 195 +20% 19R 85% 195 +15% 19R

procédue results n exr‘hanvf' nf up to ﬁo/r nf the hydrog O acetate methyl groups,

it may be further calculated that the (19R)-androgens 12-9b each contained up to 81% of

(19R)-methyl moieties, whereas the (IQS\ -androgens 12-6b each contained up to 85% of

(195)-methyl moieties. These results also mdmatc that hydrogenolysis of the iodide derivatives
t

d now with the necessary Suh%tl‘dt es and an analytical methodology, we undertook to
determine the steric mode of the first C-19 hydroxylation of androgens by Dldcentdl aromatase.
Samples of (19R)-, (195)-, and (19R9)[19 H, D T]3p- hvdroxvandrost—S -ene-17-one (100 pg,
2.1y were admixed with [4- “CHB hvdroxvandrost 5-en-17-one (35 pg, 1 1Ci of “C) and
aerobically incubated with an aromatase preparation (1h, 35-37°C). Experiments were
performed in triplicate using aliquots from the same batch of aromatase. Reactions were
terminated by acidification with phosphoric acid, then reaction mixtures frozen in liquid
nitrogen and lyophilized. Freeze-dried residues were reconstituted with water and the steroids
recovered with ethyl acetate. The ethyl acetate extracts were partitioned with 1.25 M NaOH,
and the alkaline solution processed in the conventional manner to yield crude phenolic
fractions. The phenolic fractions were treated with NaBH,, resolved by HPLC, and the samples
of estradiol isolated.

The “distillate’ from each lyophilized reaction mixture was alkalized, frozen, and lyophilized
again. The final ‘volatile fraction’ contained THO. The TCOONa remained in the residue. and

Table 5§
Hydroxylation of (19R)-. (19RS)-. and (195)-3f-hydroxyandrost-5-en-17-ones by human placental microsomal aromatase
Experiment Chirality of androgen [TCOOH/THO] Stereochemistry of hydroxylation
! 19R 1.45 retention
19RS 0.94
198§ 0.68 retention
2 19R 1.47 retention
19RS 0.97
198 0.70 retention
3 19R 1.41 retention
19RS 0.92
198 0.69 retention
was counted as benzyl formate. The results, shown in Table 5, are corrected for recovery
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of the relevant components as per control experiments. The percentage conversion of
[19-H,D,T]androgen into estrogen was calculated from the sum of tritium in TCOOH and
THO. The percentage of [4-"*Clandrogen aromatized was determined from the quantity of
[*C]estradiol recovered. In all cases the amount of estradiol derived from [4-"“Clandrogen
exceeded by about 20% that derived from the [19-H,D,T]-substrate. The turnover ratio of
[4-"C;19-H;]androgen versus [19-H,D,T|androgen is 1.24 and should approximate the overall
hydrogen isotope effect ky/(ky,kp,kT). Although this value is somewhat low, it nonetheless
indicates that initial hydroxylation at C-19 indeed proceeds with a normal intramolecular
hydrogen isotope effect.

That the average [TCOOH]/[THO] ratio for the (19RS)-substrate was 0.94 (Table 5) shows
that there was almost an equal distribution of tritium between water and formic acid, as
expected for racemic C-19 androgen. The formic acid recovered from placental incubations
with (19R)-androgen contained more tritium than the water (average [TCOOH]/[THO] = 1.44).
In contrast the water recovered from placental incubations with (195)-androgen contained
more tritium than the formic acid (average [TCOOH]/[THO] ratio of 0.69). These resuits are
consistent with the view that initial hydroxylation at C-19 of androgens proceeds with retention
of configuration.

it was previously mentioned that the enantiomeric purities of the synthesized [19-H,D.
androgens were nearly the same, each enantiomer constituting ca. 80-85% of molecules with
the mdmated chiral methyl mmety It is therefore noteworthy that reciprocal esults were

N YA C CIMOA TAsTeNt oy

Y-an (1 AA__ 1) 0\ . al
Y3 )-di IUIUgt,lls {(1.44=1/U.07), Sifncc lcuplut,al
. .

¥
-t
1

t primary carbon atoms
Rections catalyzed by monooxygenases at unactivated sp* carbon atoms exhibit different
gioselectivities and stereoselectivities, depending upon the source of the enzyme and the
1ature of the substrate. It has been euggcstcd‘“ that the prosthetic group controls the basic
mechanism of the reaction while the apoprotein largely controls regio- and stereoselectivity.
The issue of regioselectivity per se was not addressed in our studies, but a few words on the
subject are warranted.

n-Octane,'™'* lauric acid,'” and geraniol'™ each offer primary and secondary carbon atoms
as prospective hydroxylation sites, while the androgens'™ additionally afford tertiary carbon
atoms as prospective sites for hydroxylation. The aim of our work was to define events at
primary carbon atoms.'”® Barring unexpected migration of radioisotope to other sites the
substrates employed were labeled with tritium only at primary carbon atoms.

In terms of simple chemical reactivity, the relative ability of a C-H bond to undergo
hydroxylation may ‘be estimated from the relative stability and ionization potential of the
resulting radical'™ (vide infra), which for hydrogen abstraction generally follows the order
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tertiary >secondary > primary. However, enzymic factors can override chemical reactivities, as
illustrated by cytochrome P51 Ay from clofibrate-induced rat liver, the active site of which is so
structured as to suppress (»— 1)-hydroxylation of lauric acid in favor of the chemically less
reactive methyl terminus.'®
Hamiiton™" postulated that monooxygenases interact with O, to form electrophilic ‘oxenoid’
species capable of inserting a singlet oxygen into a C—H bond to produce an alcohol (see ref.
i62). Oxenoid transfer was envisioned as proceeding by attack of electrophilic oxygen [O]. at a
a-bond to generate a triangular ‘Skell-Doering transition state’'**'** which collapses to product
with retention of configuration. Recent caicuiations'® have indicated that high energy electro-
phiies such as OH® react with methane without a barrier so that direct C~-H insertion or
carbon attack pathways are not differentiated, though the most favorabie binding arrangements
involve OH™ bound dlrectly to the carbon atom.
A decade afier Ham IllUH s pr p I, similarities were noted between hydroxyiations at
at 0 nations"’'"" (see aiso refs
>-deteri 1i11i11g step in the hydroxylation process is
s a ferryl ion-like speues contammg pentava-
e T

(LY
o
o
Q»"
NI
éh
=
=
@
=i
o
=
ac
G

o
~J =n
Nl

=

=0

@]

=h
<

jmp

3

o
=
=t
Q

of Fe'"-OH prior to hydroxylation is unllkely, an th't hydr

hnmnlvtlr‘ cubgtitution (Q..?\ at oxveen of carbon for iron (Fio
............................. (Ol yge tor ron (g,
TN
R /
| 4+ R 3+
,C/:' HO---- A ---~Fe—PA<n —_— —.-':C"‘OH + Fg-"P,gs‘()
™7 D _r ¢

5
Fig. 9.

Mechanisms of oxygenation at unactivated carbon atoms were the subject of semi-empirical
quantum mechanical calculations,'” which predicted a deuterium isotope effect of ~ 1.6 for
singlet (‘D) oxygen insertion and 8-9 for the triplet (‘P) oxygen reaction proceeding by the
so-called ‘oxygen rebound’ mechanism. In fact, these values correspond well to the overall
values found for hydroxylation at the methyl termini of n-octane'™' and geraniol."™
Intramolecular deuterium isotope effects on the order of 4-5 have been obtained for hydroxyl-
ation of (1R)- and (15)[1-H,D, T]ethane by methylotrophic bacteria.'**'*

As mentioned earlier, the overall isotope effect observed for hydroxylation of C-19 chiral
methyl groups of androgen, 1.24, a ‘composite’ isotope effect for several reactive steps in the
transformation of androgen to estrogen, is relatively low. However, the intrinsic isotope effect
on C-H bond breakage can be significantly or even totally masked by other rate factors in an
enzymic process.”™ Some studies suggest that hydroxylation at the C-19 methyl moiety of
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androgen proceeds with a relatively small tritium isotope effect (ky/kr+~3)"™ (see also refs
183-185). Our results on the distribution of tritium extruded from the C-19 methyl moiety of
[19-H,D,T]androgens into formic acid and water are only consistent with the operation of a
relatively large hydrogen isotope effect during the ‘first’ hydroxylation reaction. This lends
further credence to speculation'™ that all P, reactions proceed by stepwise radical mechan-
isms. Homolytic cleavage of a C—H bond in a chiral methyl moiety will give rise to a chiral
radical pair assembly or a chiral radical-hydroxyferryl assembly. In either case, homolysis of the
C-H bond at the chiral terminus of, e.g., (1R)[1-H,D,T]n-octane generates an assembly in
which the si face of the planar l-octanyl radical is oriented towards the hydroxyl radical;

Fest 0, Fes —ooH 120 { Fes'=—0 | ferryl ion-like
— | S I e R species
i 2¢ i I
Pyso - RH P50 »RH Py~ RH
R R
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< HO----Fesr Paso Vs
| o7 l
L ]
: : inversion
re-radical pair assembly product

combination of this assembly yields the retention product (15)[1-D,T]1-octanol (Fig. 10). In the
absence of mitigating circumstances, a primary carbon radical can be reasonably assumed to be
torsiosymmetric, and an out-of-plane 180° rotation about the R-— C- axis will produce the
enantiomeric assembly with the re face of the 1-octanyl radical directed towards the hydroxyl
species. Combination of this assembly will yield the inversion product, (1R)[1-D,T]1-octanol.
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The stereochemical outcome of the reaction will depend upon the relative rates of radical
rotation k,,, and assembly combination k., within the active site of the hydroxylase. Since
delivery of oxygen to primary carbon atoms occurs with a discernible stereospecificity, namely
retention of configuration, it stands to reason that k, <k.... These resuits are consistent with
the observation that ‘cage’ reactions initiated by single-bond homolyses proceed with a high
degree of retention of configuration."™' The best value to date of k.., for P, -catalyzed
reactions is estimated'™ to be on the order of 1.5x10"s '. A value for k,, can be calculated
from the Arrhenius rate equation k=Ae ““®". If n-alkyl radicals have C-C- rotational
barriers (E,) of ~0.15 kcal/mol," and if the corresponding value" of the Arrhenius
pre-exponential factor (A) is 10'*°, then at 37°C the value of k,,~3x10"s '. Since k., IS
estimated to be some five times greater than k., were substitution of hydrogen by hydroxyl to
proceed with an infinite intramolecular hydrogen isotope effect and with 100% stereoselectivity,
15-20% of inversion product would be expected simply from substrate rotation about the
R-C-axis. Because 20-35% of inversion product is obtained from incubation of chiral
n-octanes with cell-free extracts of Ps. oleovorans, and 15-35% from incubation with rat liver
microsomes, hydroxylation must proceed within the confines of the enzyme (Fig. 10) both with
a large intramolecular hydrogen isotope effect and with a high degree of stereoselectivity. That
abstraction—combination proceeds within an enzyme and/or solvent ‘cage’ is also significant in
so far as it explains why these ubiquitous biochemical processes are also not toxication reactions
liberating carbon-centered free radicals.’”

In 1992, Floss and coworkers reported on the hydroxylation of (1R)- and (15)[1}-H,D,T}-
ethane by the soluble MMO of Methylosinus trichosporium OB3b. Using substrates with very
high tritium specific activities and examining recovered ethanols by tritium NMR spectrometry,
they obtained results quantitatively very similar to those obtained by our group more than a
ecade earlier,’”'™ namely (i) hydroxylation proceeds with a normal intramolecular kinetic
vdrogen isotope effect, (ii) hydroxylation proceeds with some degree of inversion (M. tricho-

"""" 7
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