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Terpenoid biosynthesis and the stereochemistry of
enzyme-catalysed allylic addition—elimination reactions

DAVID E. CANE, CHRISTOPHER ABELL, PAUL H. M. HARRISON,
BRIAN R. HUBBARD, CHARLES T. KANE, RENE LATTMAN,
JOHN S. OLIVER anp STEVEN W. WEINER

Department of Chemustry, Brown Unwersity, Providence, Rhode Island 02912, U.S.A.

SUMMARY

Allylic addition—elimination reactions are widely used in the enzyme-catalysed formation of terpenoid
metabolites. It has earlier been shown that the isoprenoid chain elongation reaction catalysed by farnesyl
pyrophosphate synthase involving successive condensations of dimethylallyl pyrophosphate (DMAPP)
and geranyl pyrophosphate (GPP) with isopentenyl pyrophosphate (IPP) corresponds to such an Sg,
reaction with net syn stereochemistry for the sequential electrophilic addition and proton elimination
steps. Studies of the enzymic cyclization of farnesyl pyrophosphate (FPP) to pentalenene have now
established the stereochemical course of two additional biological S reactions. Incubation of both (9R)-
and (95)-[9-*H, 4,8-*]FPP with pentalenene synthase and analysis of the resulting labelled pentalenene
has revealed that H-9re of FPP becomes H-8 of pentalenene, while H-9s: undergoes net intramolecular
transfer to the adjacent carbon, becoming H-lre (H-1la) of pentalenene, as confirmed by subsequent
experiments with [10-H, 11-"*C]FPP. These results correspond to net anti-stereochemistry in the
intramolecular allylic addition—elimination reaction. The stereochemical course of a second S reaction
has now been examined by analogous incubations of (4.5, 85)-[4,8-H, 4,8-"*C]FPP and (4R,8R)-[4,8-*H,
4,8-"*C]FPP with pentalenene synthase. Determination of the distribution of label in the derived
pentalenenes showed stereospecific loss of the original H-8s: proton. Analysis of the plausible conformation
of the presumed reaction intermediates revealed that the stereochemical course of the latter reaction
cannot properly be described as either syn or anti, since cyclization and subsequent double bond
formation require significant internal motions to allow proper overlap of the scissile C-H bond with the
developing carbocation.

One of the most fundamental bond-forming motifs

INTRODUCTION . . . . . .
in the biosynthesis of cyclic terpenes is the generation of
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Clyclic sesquiterpenes are widely distributed plant and
microbial metabolites. Although so far some 200
different sesquiterpene carbon skeletons have been
identified, it is believed that all of these are derived
from a single acyclic precursor, farnesyl pyrophosphate
(FPP) (1) by variations of a common cyclization
mechanism (Ruzicka et al. 1953; Ruzicka 1959;
Ruzicka 1963). According to the currently accepted
picture, ionization of the allylic pyrophosphate ester is
followed by electrophilic attack of the resulting allylic
cation on one of the remaining two double bonds of the
substrate (figure 1). The resulting cationic inter-
mediates can undergo further electrophilic reactions,
including chemically well-precedented rearrange-
ments, with eventual quenching of the positive charge
by deprotonation or capture of an external nucleophile,
such as water. Support for these schemes has come not
only from classical biosynthetic precursor-product
experiments with intact organisms (Cane 1981; Cro-
teau 1981), but from detailed studies of a small group

a new carbon—carbon bond by the addition of a
carbenium ion to a double bond, followed by loss of
one of the original allylic protons with formation of a
new double bond (Cane 1980) (figure 2). In principle,
this transformation can occur with net suprafacial or
antarafacial stereochemistry, depending on whether
the allylic C-H bond undergoing cleavage is syn or
anti to the face of the double bond undergoing
electrophilic attack. The prototype of this electrophilic
allylic addition—elimination sequence, formally an S,
transformation, is the terpenoid chain-elongation re-
action carried out by the family enzymes known as
prenyl transferases (Poulter & Rilling 1981) (figure 3).
For example, farnesyl pyrophosphate synthase cata-
lyses the condensation of dimethylallyl pyrophosphate
(DMAPP) (2) with two equivalents of isopentenyl
pyrophosphate (IPP) (3). Ionization of DMAPP yields
an allylic cation which forms a new C-C bond by
electrophilic attack on C-4 of the co-substrate IPP.
Subsequent loss of one of the C-2 protons generates the
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intermediate allylic pyrophosphate, geranyl pyro-
phosphate (GPP) (4), which itself undergoes an

of sesquiterpene synthases and related monoterpene
cyclases (Cane 1990; Croteau 1987).
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Figure 1. Cyclization of farnesyl pyrophosphate to cyclic
sesquiterpenes.

Anti Ha
Hg
.

Figure 2. Syn and anti electrophilic allylic addition—
elimination (S, reactions.

analogous condensation—elimination with IPP to yield
farnesyl pyrophosphate (l). Analogous chain-elonga-
tion reactions account for the formation of poly-
isoprenoids ranging in length from four to several
thousand isoprenoid units.

The stereochemical course of the farnesyl pyro-
phosphate synthase reaction was established nearly 25
years ago by Cornforth & Popjak as part of their
landmark studies of cholesterol biosynthesis (Don-
ninger & Popjak 1966 ; Cornforth et al. 19664, b). In an
elegant series of experiments, these investigators
showed that displacement of the pyrophosphate moiety
from C-1 of both allylic substrates, DMAPP and GPP,
takes place with net inversion of configuration (figure

/l\./HC\OPP

P

Allylic addition—elimination reactions

3). They also showed that electrophilic attack by each
allylic cation takes place exclusively on the re-face of
the IPP double bond coupled with stereospecific loss of
the 2re proton (Hy, in figure 3), corresponding to net
syn or suprafacial stereochemistry for the Sy, reaction.
In a related series of experiments, it was also found that
formation of the ¢is double bonds of the polyisoprenoid
rubber involved loss of the 2si proton of IPP. These
results were interpreted as reflecting an alternative
folding of the IPP substrate at the active site of the
prenyl transferase with preservation of the overall syn
stereochemistry of the allylic addition—elimination
reaction. Remarkably, recent studies have shown that
the inherent prenyl transferase activity of Hevea latex is
indistinguishable from farnesyl pyrophosphate syn-
thase in chain length specificity and stereochemical
preference (Light ef al. 1989; Dennis & Light 1989;
Dennis et al. 1989). Instead, the ability of the rubber
prenyl transferase to mediate the formation of poly-
meric c¢is-isoprenoids is modulated by a low molecular
mass protein designated as rubber elongation factor.

The prenyl chain-elongation reaction is the inter-
molecular counterpart of the intramolecular cycliza-
tion reactions catalysed by sesquiterpene and mono-
terpene synthases. For example, the first step in the
enzymic conversion of farnesyl pyrophosphate to
aristolochene (5) is believed to be an electrophilic
attack at C-10 of the distal double bond followed by
loss of a proton from the C-12 (¢is) methyl group of
FPP to generate the enzyme-bound intermediate,
germacrene A (6) (Cane et al. 19894 ; Cane et al. 1990 a)
figure 4). Similarly, the last step in the conversion of
farnesyl pyrophosphate to B-trans-bergamotene (7) is
thought to be cyclization of the derived bisabolyl
cation 8 by attack on the cyclohexene double bond and
loss of a proton from the attached methyl group (Cane
et al. 1989q) (figure 5).

For the past few years we have been studying the
enzymic cyclization of farnesyl pyrophosphate to the
tricyclic sesquiterpene pentalenene (9), the parent
hydrocarbon of the pentalenolactone family of anti-
biotics (Cane & Tillman 1983 ; Cane ef al. 1984 ; Cane
et al. 19905). This intriguing transformation, which is
catalysed by a soluble, monomeric enzyme of M,
43+ 1.5 kilodaltons (kD) isolated from Streptomyces

R, ~OPP
| Hp
Ha Hg'® 3 !
W, I W B .
( opp A
2
)\./HC\OPP He He
H ) A\Hf') He Hg
o ,
Hp Ha “Hg 7 7z =
7 I - Ha Ha OPP

Figure 3. Formation of farnesyl pyrophosphate () by stepwise condensation of DMAPP (2) with IPP (3)
catalysed by FPP synthasc.
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H+v)
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5

T'igure 4. Enzymic conversion of FPP (1) to aristolochene (5),
illustrating S, reaction in the cyclization of FPP to

germacrene A (6).
V!
) /
7

> N
m’wo?/ m
opP —
1 H

Figure 5. Enzymic conversion of FPP (1) to [-trans-
bergamotene (7) involving S, cyclization of bisabolyl cation
817

8

UC5319, involves two formal S reactions (figure 6).
In the first, ionization of FPP and electrophilic attack
of the resulting cation on C-11 of the distal double
bond is thought to generate the humulyl cation 10
which undergoes deprotonation to form the inter-
mediate humulene (I11). Following reprotonation and
further cyclization, the derived protoilludyl cation 12
can undergo a hydride shift, setting the stage for a
second S, reaction. In the course of the latter
transformation, transannular attack on the remaining
trans double bond in 13 and subsequent deprotonation
yields pentalenene.

Incubation of [9-*°H|FPP (I, H,=H_,=T) with
pentalenene synthase and determination of the dis-
tribution of isotopic label in the derived pentalenene
had shown that the product retained the bulk of the
original tritium, with half at the expected position C-

13

12
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Figure 7. Enzymic cyclization of (9R)- and (95)-[9-°H, 4,8-
“CIFPP (I, H,=T,H,=H; and I, H,=H,H,=T) to
pentalenene (9).

Pk

Hg
H e Y =
Ha ‘),,Ha S e W\/\\/\‘
Ha OPP
(“orp
2 DMAPP 1

Figure 8. Enzymic synthesis of (9R)- and (95)-[9-*H, 4,8-
MCIFPP (I, H,=T, H,=H; and I, H,—H, H,=T) from
(1R)- and (15)-[1-*H]DMAPP (2, H,=T, H,=H; and 2,
H,=H, H,=T) and [4-*C]IPP (3).

8, the remainder having been transferred to C-1 (Cane
et al. 1984) (figure 7). Although formation of humulene
requires loss of one of the original C-9 protons of FPP,
this same proton is returned in the subsequent
deprotonation step, without apparent exchange with
the medium. To determine the stereochemical course
of the allylic addition—elimination reaction, we
required samples of FPP stereospecifically tritiated at
C-9. The individual samples of (9R)- and (95)-[9-°H,
4,8-"*C]JFPP (I, H,=T, Hy,=—H; and I, H,=H,
Hy=T) could be prepared by using avian prenyl
transferase to catalyse the condensation of (1R)- and

18)-[1-*H|DMAPP (2, H,=T, H,=H; and 2,
A B

+5-(F)
.

—
‘OPP

=

11

i
'
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Figure 6. Enzymic cyclization of FPP (1) to pentalenene (9). The conversion of I to humulene (11).
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Figure 9. Chemical and microbial degradation of pentalenene (9) derived from (9R)- and (9S)-[9-°H, 4,8-
14C]FPP (I’ HA=T> HB:H; and 1, HA:H> HB—_—T>.

H,=—H, H,=T), respectively, with [4-'*C]IPP (3)
(figure 8). Incubation of the resulting stereospecifically
labelled FPP samples with pentalenene synthase gave
labelled pentalenene, which was analysed by a com-
bination of chemical and microbial degradation
methods (Cane et al. 19905) (figure 9). Thus treatment
of pentalenene derived from (9R)-[9-*H, 4,8-*C]FPP
with diborane followed by oxidation with PCC gave
the ketone 14 (H,=T, Hy,=H) which lost all tritium
upon base catalysed exchange. In a complementary
series of experiments, the tritium corresponding to H-
9si of FPP was located at C-1 of pentalenene by
refeeding labelled pentalenene derived from (9S)-[9-
*H, 4,8-"*C]FPP to growing cultures of Streptomyces
UC5319. Whereas the *H:™C ratio of the resulting
epipentalenolactone F methyl ester (15, H,=H,
H,=T) was unchanged with respect to the original
FPP and derived pentalenene, the corresponding
sample of pentalenic acid methyl ester (16) was devoid
of tritium. Since earlier experiments involving [**C]-
labelled substrates had already established that the
initial electrophilic attack takes place on the si face of
the 10,11-double bond of FPP, the allylic addition—
elimination must take place with net anti-stereo-
chemistry, in contrast to the demonstrated syn stereo-
chemistry of the prototype prenyl transferase reaction.
The observed stereochemistry of the pentalenene
synthase-catalysed reaction suggests that the folding of
the substrate prevents access of the enzymic base to the
H-9r¢ proton (figure 7).

In a related series of experiments we have also
determined the stereochemical course of the repro-
tonation reaction in which the original H-9s: proton of
FPP undergoes net intramolecular transfer of H-1 of
pentalenene (Cane et al. 19904) (figure 10). Thus
incubation of [10-*H, 11-"*C]FPP with pentalenene
synthase and analysis of the derived labelled penta-
lenene by a combination of '*C and *H nuclear
magnetic resonance (NMR) spectroscopy established
that the deuterium atom from C-10 of FPP occupied
exclusively the H-1s¢ (H-1B) position in 9, indicating
that protonation occurred on the 10 re face of the C-
9,10 double bond of the intermediate humulene.

Phil. Trans. R. Soc. Lond. B (1991)

12 9

Figure 10. Cyclization of [10-*H, 11-**C]FPP (1) to
pentalenene (9).

R
R, Ry Hg He
3

17a R,=Br, Ry=H 13
17b Ry=H, R,=Br

Figure 11. Preparation of (E)- and (X)-[4-*H]isopentenyl
pyrophosphate (3, H,=T, H,=H; and 3, H,=H, H,=T)
from (£)- and (X)-bromoisopentenols (17a and 17b).

We have earlier shown that the formation of
pentalenene involves loss of one of the two hydrogen
atoms originally attached to C-8 of farnesyl pyro-
phosphate, presumably in the final step of the overall
cyclization reaction (Cane & Tillman 1983). To
establish the stereochemical course of this second S,
process, we turned once again to the prenyl transferase
reaction as a means of preparing the requisite samples
of FPP, in this case stereospecifically labelled with
tritium at C-8. To this end, (£)- and (Z)-bromoiso-
pentenols (I7a and 17b), prepared by literature
methods (Cornforth et al. 19665), were separately
protected as the t-butyldimethylsilyl (TBDMS) ethers
and metallated by treatment with ¢-butyllithium (Ito
etal. 1987; Cane et al. 19904) (figure 11). The resulting
vinyllithium intermediates were each quenched with

[ 20]
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Figure 12. Enzymic synthesis of (45, 8S)-[4,8-°H, 4,8-
UCIFPP (I, H,=T, H,=H) and (4R,8R)-[4,8-°H, 4,8-
14C]FPP (1, H,=H, H,=T) from stercospecifically tritiated
IPP (3).

Figure 13. Cyclization of (4S5, 89)-[4,8-°H, 4,8-"*C]FPP (I,
H,=T, H,=H) and (4R, 8R)-[4,8-*H, 4,8-“C]FPP (1,
H,=H, H,=T) to pentalencne (9).

tritiated trifluoroacetic and deprotected to yield the
individual (E)- and (Z)-[4-*H]isopentenols (18,
H,=T, Hy=H; and 18, H,—H, H,=T). n~Mr
analysis of the corresponding deuterated isopentenols
confirmed the essentially complete stereospecificity of
the isotopic labelling procedure. Tosylation and dis-
placement with tris(tetrabutylammonium) pyro-
phosphate gave (E)- and (Z)-[4-*H]isopentenyl pyro-
phosphate (3, H,=T, Hy;=H; and 3, H,=H,
H,=T), respectively (Davisson et al. 1986). The
individual tritiated IPP samples, mixed with [4-
1 C]IPP were then incubated with DMAPP and avian
prenyl transferase to generate the desired samples of
(4S5,88)-[4,8-°H, 4,8-**C]FPP (I, H,—=T, H,—H) and
(4R,8R)-[4,8-°H, 4,8-"*C]FPP (I, H,=H, H,=T)
(figure 12). Incubation of (4S,88)-[4,8-*H, 4,8-
1“C]FPP with pentalenene synthase gave pentalenene
(9, H,=T, Hy;=H), which had lost half of the original
tritium, based on comparison of the *H:**C ratio of the
derived crystalline diols 19 with the corresponding
isotope ratio of the diphenylurethane derivative of the
original farnesol (figure 14). Hydroboration—oxidation
of 9 in the manner described above gave the derived
ketone 14 (H,=T, Hy=H) without further loss of
tritium. In the complementary series of experiments,
cyclization of (4R,8R)-[4,8-°H,4,8-"*C]FPP gave
pentalenene of unchanged *H:*C ratio, which upon
conversion to the ketone 14 (H,=H, H;=T) lost the
expected one equivalent of tritium. These results
establish that the second allylic addition—elimination

Phil. Trans. R. Soc. Lond. B (1991)
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reaction catalysed by pentalenene synthase involves
exclusive loss of the H-8si proton of farnesyl pyro-
phosphate.

Intriguingly, the latter Sy, transformation involves
neither simple syn nor anti stereochemistry, but rather
initial electrophilic attack orthogonal to the C—H bond
to be broken (figure 15). Based on the absolute
configuration of the eventually formed pentalenene, it
is clear that cyclization of the bicyclic protoilludane
intermediate 13 involves electrophilic attack on the si
(inner) face of the trans-6,7-double bond. Considering
the presumed conformation of the latter intermediate,
it is evident that the p-orbital at C-7 is essentially
staggered with respect to the adjacent pair of allylic
protons. As the new C—C bond is formed, the attached
methyl group at the now positively charged C-7
carbon atom must rotate outwards. Remarkably,
although a rotation of approximately only 30° would
suffice for proper overlap of the vacant p-orbital with
the adjacent B-proton (originally H-8r¢ of FPP), the
demonstrated loss of H-8s: of FPP implies a rotation of
some 90°. Interestingly, the latter rotation brings the
lobe of the p-orbital originally on the si face of the 6,7-
double bond (i.e. syn to the newly formed C-C bond)
into overlap with the C—H bond undergoing cleavage.
In the latter sense, therefore, the allylic addition—
elimination sequence may be considered to take place
with net syn stereochemistry, although in the most
likely reactive conformation, both protons are orig-
inally anti to the attacking electrophile!

Taken together, the above results show that there is
no stereochemical imperative governing biochemical
Sy reactions. The overall stereochemistry of such
electrophilic allylic addition—elimination reactions is
most likely the result of the relative arrangement at the
active site of the electrophile and the base which
eventually quenches the positive charge. For example,
IPP isomerase catalyses the prototropic rearrangement
of IPP to DMAPP (figure 16). In contrast to the prenyl
transferase reaction, protonation at C-4 and loss of the
H-2r¢ (H,) proton of IPP have been shown to take
place with net anti stereochemistry (Poulter & Rilling
1981). Interestingly, in recent experiments with cloned
IPP isomerase, Poulter has reported that equilibration
of IPP and DMAPP in deuterated buffer results in slow
exchange not only of H-2s: (Hy) but of all six allylic
methyl protons as well (Street et al. 1990). It is
proposed that the overall stereochemical course of the
allylic addition—elimination reaction is invariant, but
that the observed scrambling results from binding of
different conformations of the substrate at the active
site of the isomerase. Significantly, this relaxation in
binding specificity would have no observable conse-
quence on product structure or geometry, and would
be unrecognizable in the absence of isotopic labelling.
Poulter, based on an earlier suggestion of Popjak, has
also proposed that, for the prenyl transferase-catalysed
condensation reaction, the base is in fact the inorganic
pyrophosphate counter ion which is released in the
initial ionization step, thereby accounting for the net
syn stereochemistry of isoprenoid chain elongation
(Poulter & Rilling 1978). Indeed, consistent with this
hypothesis, Poulter has shown that incubation of

[ 21 ]
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Figure 14. Determination of the distribution of tritium in
pentalenene (9) derived from (45, 85)-[4,8-*H, 4,8-*C]FPP
(I, H,=T, H,=H) and (4R, 8R)-[4,8-*H, 4,8-*C]FPP (I,
H,=H, H,=T).

suitably designed bisubstrate analogs with FPP syn-
thase results in formation of cyclic products (Davisson
et al. 1985).

For the pentalenene synthase reaction, we have
proposed that a single base is responsible for the
sequential deprotonation—reprotonation—deprotona-
tion events taking place at C-9,-10, and -8 of the farnesyl
pyrophosphate substrate (figure 13). The above-
described elucidation of the stereochemical course of
the individual proton transfer processes is consistent
with, but does not require, the action of a single
enzymic base. For example, in removal of H-9a from
the pentalenyl cation 20, the C—H bond being broken
is roughly parallel to the C-1-H-la bond which has

Allylic addition—elimination reactions

a—— X OPP
Hi Hg
3 IPP 2 DMAPP
H'O'
‘\)\A — " N
h, OPP
Hg OPP

Figure 16. Isomerase catalysed interconversion of IPP and
DMAPP by allylic proton addition—elimination with net
anti-stereochemistry. The minor reaction leading to the same
products but by anomalous binding of substrate is also
shown.

been generated in the earlier reprotonation step.
Identification of the actual active site base should
become possible once cloned pentalenene synthase is
available.

This work was supported by a grant no. GM22172 from the
U.S. National Institutes of Health.
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