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Enzymatic formation of pyrrole-containing novel cyclic
polyprenoids by bacterial squalene:hopene cyclase
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Abstract—A convergent synthesis provided two pyrrole-containing squalene analogues, in which a C20 isoprene unit is connected to
pyrrole, 2-(geranylgeranyl)pyrrole and 2-(farnesyldimethylallyl)pyrrole. When incubated with recombinant squalene:hopene cyclase
from Alicyclobacillus acidocaldarius, 2-(farnesyldimethylallyl)pyrrole was enzymatically converted to a 10:1 mixture of a tricyclic
and a bicyclic unnatural novel polyprenoids, whereas 2-(geranylgeranyl)pyrrole was not a substrate for the enzyme.
� 2006 Elsevier Ltd. All rights reserved.
The broad substrate tolerance and catalytic potential of
squalene:hopene cyclase (SHC) (E.C. 5.4.99.7) from a
thermoacidophilic bacteria Alicyclobacillus acidocalda-
rius is remarkable.1–3 The enzyme normally catalyzing
cyclization of squalene (1) into a 5:1 mixture of hop-
22(29)-ene (2) and hopan-22-ol (3) (Scheme 1A) accepts
a variety of substrate analogues (C15–C35) and efficiently
performs sequential ring-forming reactions to produce a
series of unnatural cyclic polyprenoids. One of the most
impressive examples is the cyclization of a C35 squalene
analogue (4) into a ‘supra-natural’ hexacyclic polypre-
noid (5) with a 6.6.6.6.6.5-fused ring system (Scheme
1B).3a Further, we have recently reported formation of
indole-containing novel cyclic polyprenoids (7 and 8)
from 3-(farnesyldimethylallyl)indole (6) (Scheme 1C).3b

Here we now describe synthesis and enzymatic cycliza-
tion of two new substrate analogues in which a C20 iso-
prene unit is connected to pyrrole. It was anticipated
that incorporation of the less bulky pyrrole ring, instead
of indole, would not significantly disturb the cyclization
reaction and thus lead to the formation of novel unnat-
ural cyclic polyprenoids with highly fused ring systems.
In addition, interesting biological activities of the cycli-
zation products were also expected due to the presence
of the heteroaromatic ring moiety.
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The convergent synthesis of the substrate analogues, 2-
(geranylgeranyl)pyrrole (9)4 and 2-(farnesyldimethyl-
allyl)pyrrole (10),5 involved regioselective alkylation of
pyrrole at C-2 by geranylgeranyl bromide or farnesyl-
dimethylallyl bromide, which was mediated by zinc tri-
flate as described before (Scheme 2).3b When incubated
with purified recombinant A. acidocaldarius SHC,6 2-
(geranylgeranyl)pyrrole (9) was completely inactive
and did not afford any reaction products (Scheme 3A),
which was confirmed by HPLC and GLC analysis. This
was consistent with the previous observation that
3-(geranylgeranyl)indole was not a substrate for A. aci-
docaldarius SHC,3b suggesting that the enzyme is parti-
cularly sensitive to structural changes on the pro-C14b
face and thus fails to bind the substrate analogue
(Scheme 3A). Presumably, a-orientation of the pro-
C14 methyl group is crucial for the correct folding of
the substrate as in the case of the folding of squalene
(Scheme 1A).3a–d The alternative b-orientation of the
pro-C14 methyl group may interact repulsively with
the pro-C10 methyl or a nearest neighbor from the sub-
strate binding pocket of the enzyme; possibly with the
residue I261 on the basis of the crystal structure of A.
acidocaldarius SHC1,2 (Fig. 1).

In contrast, 2-(farnesyldimethylallyl)pyrrole (10), in
which a farnesyl C15 unit is connected in a head-to-head
fashion to a dimethylallyl C5 unit, was converted to a
10:1 mixture of the two novel tri- and bicyclic products
11 and 12 (Scheme 3B), whose structures were
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Scheme 2. Synthesis of the pyrrole-containing substrate analogues.

Scheme 1. Proposed mechanism for the conversion of (A) squalene (1) to hop-22(29)-ene (2) and hopan-22-ol (3); (B) a C35 squalene analogue (4)
into a supra-natural hexacyclic polyprenoid (5); (C) 3-(farnesyldimethylallyl)indole (6) to indole-containing novel cyclic polyprenoids 7 and 8 by
recombinant Alicyclobacillus acidocaldarius SHC.
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Scheme 3. Proposed mechanism for the enzymatic conversion of the pyrrole-containing substrate analogues.

Figure 1. Proposed interactions between the active-site amino acid residues of Alicyclobacillus acidocaldarius SHC and 3-(farnesyldimethyl-
allyl)indole (6) (adapted from Ref. 1c).
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determined by NMR (1H and 13C NMR, HMQC,
HMBC, NOESY, and differential NOE) and MS spec-
troscopy.7,8 Thus, the 1H NMR spectrum of the major
product 11 (1.0 mg, 1.0% yield) revealed the presence of
four methyl singlets (d 0.64, 0.76, 0.77, and 0.80) and
two vinylic protons (d 4.71 and 4.82), in addition to
the signals due to the pyrrole ring. A structure with
the 6.6.5-fused tricyclic ring system was uniquely consis-
tent with both biogenetic reasoning and the hetero-
nuclear correlation spectroscopy (HMQC and HMBC).
Further, the ring junctions and the stereochemistry of
ring substituents were established by NOE experiments.
The stereochemistry of C-13 was confirmed by NOEs
observed between Me-18 and Me-19, but absent be-
tween Me-19 and H-20. Interestingly, the core structure
of 11 with the D14(20) double bond was different from
that of the previously reported indole-containing
6.6.5-tricyclic product 7 with the D9(11) double bond
(Scheme 1C).3b On the other hand, the 1H NMR of
the minor product 12 (0.1 mg, 0.1% yield) indicated
the presence of one methyl doublet (d 0.85), three
methyl singlets (d 0.61, 1.02, and 1.06), one vinylic
methyl (d 1.56), and one vinylic proton (d 5.95), which
was in good agreement with those of the indole-contain-
ing minor product 8 with a 6.6-fused ring system
(Scheme 1C).3b Indeed, NMR data (HMQC, HMBC,
and NOE) unambiguously established the bicyclic struc-
ture with the D5 double bond. This was the first demon-
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stration of the enzymatic formation of pyrrole-contain-
ing cyclic polyprenoids.

As in the case of 3-(farnesyldimethylallyl)indole (6),3b

the enzymatic cyclization of 2-(farnesyldimethylallyl)-
pyrrole (10), folded in all pre-chair conformation,
was interrupted at the bicyclic or tricyclic intermediate
cation (Scheme 3B). From the 6.6.5-tricyclic tertiary cat-
ion, proton elimination at H-20 yielded 11 as the major
product (Scheme 3B), whereas, in the case of the indole-
containing analogue 6, an alternative backbone rear-
rangement (H-13b!14, CH3-8b!13b, H-9a!8a) with
elimination of H-11b afforded 7 with the D9(11) double
bond (Scheme 1C).3b Presumably, the presence of the
bulky indole moiety caused perturbation in the folding
conformation of the intermediate cation, which resulted
in the irregular rearrangement reaction and the proton
abstraction at the different position. On the other hand,
from the 6.6-bicyclic tertiary intermediate cation, a
backbone rearrangement (H-9a!8a, CH3-10b!9b, H-
5a!10a) with elimination of H-6b yielded the minor
product 12 (Scheme 3B). In both cases, it is remarkable
that the stereochemistry of the cyclization reactions of
the unnatural substrates was strictly controlled by the
enzyme in a regio- and stereo-specific manner.

Here it should be noted that the less bulky pyrrole-con-
taining analogue 10 was not as a good substrate as the
indole-containing analogue 6. The yield of the pyrrole
product 11 was five times less than that of the indole
product 7. This may be due to the stereoelectronic effect
of the heteroaromatic ring. Thus, the p-electron rich in-
dole ring moiety fits better into the active-site of the en-
zyme because of more efficient p–p interactions with the
active-site aromatic residues; possibly with W169 and/or
F605 lining the active-site cavity of A. acidocaldarius
SHC1,2 (Fig. 1). Manipulation of the enzyme reaction
by combination of newly designed substrate analogues
and structure-based modulation of the active-site geo-
metry of the enzyme would lead to further production
of structurally distinct ‘supra-natural steroids’, which
is now in progress in our laboratories.
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