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The Rv3378c gene product from Mycobacterium tuberculosis encodes a diterpene synthase to produce
tuberculosinol (3), 13 R-isotuberculosinol (4a), and 13S-isotuberculosinol (4b) from tuberculosinyl
diphosphate (2). The product distribution ratios are 1: 1 for 3 to 4 and 1: 3 for 4a to 4b. The substrate
specificity of the Rv3378c-encoded enzyme was examined. The 3 labdadienyl diphosphates, copalyl
diphosphate (CDP) (7), ent-CDP (8), and syn-CDP (9), underwent the conversion reaction, with good
yields (67-78%). Copalol (23) and manool (24) were produced from 7, ent-copalol (25) and ent-manool
(26) from 8, and syn-copalol (27) and vitexifolin A (28) from 9. The ratio of 23 to 24 was 40:27, that of
25:26 was 22: 50, and that of 27:28 was 16: 62. Analysis on a GC-MS chromatograph equipped with a
chiral column revealed that 24, 26, and 28 consisted of a mixture of 13R- (a) and 13S-stereoisomers (b)
in the following ratio: ca. 1: 1 for 24a to 24b, ca. 1: 5 for 26a to 26b, and ca. 1:19 for 28a to 28b. The
structures of these products indicate that the reactions of the 3 CDPs proceeded in the same fashion as
that of 2. This is the first report on the enzymatic synthesis of natural diterpenes manool, ent-manool,

and vitexifolin A. Both Rv3377¢ and Rv3378c¢ genes are found in virulent Mycobacterium species, but
not in avirulent species. We found that 3 and 4 inhibited the phagocytosis of opsonized zymosan
particles by human macrophage-like cells. Interestingly, the inhibitory activity was synergistically
increased by the coexistence of 3 and 4b. Other labdane-related diterpenes, 13-16 and 23-28, had little
or no inhibitory activity. This synergistic inhibition by 3 and 4 may provide further advantage to the
impairment of phagocyte function, which might contribute to pathogenicity of M. tuberculosis.

Introduction

Despite over a century of research, Mycobacterium tuberculosis
infection is still a leading cause of death worldwide.! In previous
studies, we have reported the interesting finding that Rv3377¢
and Rv3378c¢ genes are found in virulent Mycobacterium species,
but not in avirulent species.>* The Rv3377c gene product con-
verts geranylgeranyl diphosphate (GGPP, 1) into tuberculosinyl
diphosphate (2) with a halimane core.**® Thus, this enzyme is
classified as a Type B (Class II) diterpene cyclase. In 2005 and
2006,%7 we presented at research conferences the preliminary result
that the flanking gene Rv3378c¢ encodes a diterpene synthase,
which afforded both tuberculosinol (3) and isotuberculosinol (4;
alternative name, nosyberkol)® from 2.* In contrast, in 2009, Peters
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and coworkers reported that the Rv3378c enzyme gave 5 as the
single enzymatic product, which they named edaxadiene.® They
concluded that the Rv3378c enzyme is a Type A (Class I) cyclase.
However, the edaxadiene structure of 5 has been revised to 4
by recent chemical syntheses of 4,'*'' which we first proposed
as being one of the enzymatic products of Rv3378¢.%” In our
previous study,* we have established that the Rv3378c enzyme
affords both 3 and 4 in a 1:1 ratio and that 4 consists of a
mixture of the diastereomers 13 R-isotuberculosinol (4a) and 13S-
isotuberculosinol (4b) in a 1: 3 ratio.* Thus, this enzyme is a new
type of diterpene synthase.* This reaction mechanism is shown in
Scheme 1.

Dairi and coworkers isolated the cyc2 gene from Kitasatospora
griseola, which encodes the diterpene synthase to afford ter-
penetetriene (12) from terpentedienyl diphosphate (6)."> The
CYC2 enzyme also accepts acyclic GGPP (1) and farnesyl
diphosphate (FPP, 10) as the substrates to produce 17-22,
involving 1,3-butadiene moiety in the structures, but not tol-
erating geranyl diphosphate (11, GPP)."> Recently, we have
demonstrated that the CYC2 enzyme further accepts a vari-
ety of bicyclic diterpene diphosphates as the substrate, such
as copalyl diphosphate (CDP, 7), ent-copalyl diphosphate
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Chemical mechanisms for the conversion of GGPP 1 into tuberculosinol 3 and isotuberculosinol (nosyberkol) 4 through the intermediary

tuberculosinyl diphosphate 2. The Rv3377c enzyme is a Type B diterpene cyclase affording 2 from 1.>* Peters group reported that the Rv3378c-encoded
enzyme is a Type A cyclase to produce the tricyclic edaxadiene 5 from 2 (path ¢).” However, our careful analysis “*” demonstrated that the Rv3378c
enzyme catalyzes the OPP-releasing reaction to afford the incipient C15-cation, to which a water molecule attacks to give 3 (path «), and the allylic
migration concomitantly occurs to afford C13-cation, followed by the nucleophilic attack of a water molecule, leading to the production of 4 (path b).
Very recently, the structure 5 was also revised to 4 by other workers who reported the chemical synthesis of 4.'%!!

(ent-CDP, 8), syn-copalyl diphosphate (syn-CDP, 9), and
halimane-type diphosphate (2), yielding sclarene (13), (Z)-
biformene (14), and unnatural novel products of (4aS,5R,8aS)-
1,1,4a-trimethyl-6-methylene-5- (3-methylenepent-4-enyl)decahy-
dronaphthalene (15; named griseolaene) and halima-13(16),
14(15)-diene (16; named tuberculosene), respectively (Fig. 1)."
The conversion yields were ca. 50-60%." These findings indicate
that the CYC2 enzyme is also classified as a new diterpene synthase
that does not belong to diterpene cyclases and has great plasticity
for various substrates.

Next, we examined whether the Rv3378c enzyme also toler-
ates the bicyclic diterpene diphosphates 6-9. These experiments
allowed us to perform the first enzymatic synthesis of natu-
rally occurring manool (24), ent-manool (26), and vitexifoin
A (28); however, the acyclic terpenes 1, 10, and 11 were not

accepted as substrates. Therefore, the Rv3378¢ enzyme has broad
substrate specificity like the CYC2 enzyme, although it is less
plastic than CYC2. Interestingly, we have found that 3 and 4
inhibited the phagocytosis of opsonized zymosan particles by
human macrophage-like cells. It is notable that the inhibitory
activity was synergistically increased by the coexistence of 3
and 4b. This biological activity was specifically found for 3
and 4, but other bicyclic diterpenes (13-16 and 23-28) that we
have created by enzymatic reactions had little or no inhibitory
activity. These findings may imply that the production of 3 and
4 by the Rv3378c enzyme might be related to the virulence of
M. tuberculosis. In this paper, we describe the substrate specificity
of the Rv3378c enzyme and report the biological activities of
3, 4, and other labdane-related diterpenes against macrophage
phagocytosis.
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Enzymatic products catalyzed by the CYC2 enzyme from Kitasatospora griseola. This enzyme catalyzes the formation of terpentetriene 11

from terpentedienyl diphosphate 6 as the original substrate.'> However, the CYC2 enzymes exhibits the broad substrate specificity to accept the bicyclic
diterpene diphosphates'® of CDP 6, ent-CDP 7 and syn-CDP 8 and acyclic terpenes of GGPP 1 and FPP 10," but GPP 11 are not recognized.”

Results and Discussion
Substrate specificity of the Rv3378¢ enzyme

We checked the substrate specificity of the Rv3378c enzyme
by using the bicyclic diterpene diphosphates 6-9, which were
enzymatically prepared in accordance with previous reports.'>*
The 3 CDP (7-9) synthases (N-terminal GST-fusion protein
expressed by pGEX-4T-3 vector)™!® and terpentedienyl-PP (6)
synthase (called the CYC1 enzyme, N-terminal Hiss-tagged pro-
tein expressed by pQE-30 vector)'® were expressed in Escherichia

coli BL21 (DE3); the cultures were grown in 2xX YT medium and
Luria-Bertani medium, respectively. Previously, we found that
cell-free extracts obtained from E. coli cells exhibit phosphatase
activity.>® To remove the endogenous phosphatase, each of the
expressed proteins from 6-L cultures was purified by affinity
column chromatography by using a glutathione-Sepharose 4B or
Ni-NTA column. Optimal temperatures for the synthases of (-)-
ent-CDP ' and syn-CDP,'” and the CYC1 enzyme,'? were reported
to be around 30 °C and that for (+)-CDP synthase was reported
to be 25 °C." At an approximately neutral pH range of 6-7.5,
high activities were observed for the above 4 cyclases. On the other
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hand, the optimal temperature and pH for the Rv3378c enzyme
were 45 °C and 7.0 (active at a pH range of 5.5-9.0), respectively.*
The divalent metal ion Mg** is essential for the enzymatic activities
of all diterpene cyclases, including the Rv3378c enzyme. GGPP (1)
was incubated under the following conditions to prepare 6-9: 1
(3 mg, 50 uM), MgCl, (1 mM), DTT (2 mM), each of the purified
cyclase enzymes from the 6-L culture, Tris-HCI buffer (pH 7.5,
50 mM) containing 0.1% Triton X-100 (total volume, 150 mL),
30 °C for 15 h. The reaction mixtures were then treated with acid
phosphatase. The lipophilic materials were extracted with hexane,
and then the hexane extracts were subjected to GC analyses. The
peaks of (+)-copalol,”® (=)-ent-copalol,' and syn-copalol® were
detected by GC analyses of each incubation mixture, and their
structures were determined by comparing the resulting NMR data
with those in the literature®" (see ESI, Fig. S1-S47 for the EIMS
and detailed NMR analyses including DEPTs, 'H-'"H COSY,
NOESY, HMQC, and HMBC, measured in C;Dg). However,
no geranylgeraniol was detected by GC analyses of the hexane
extracts from each of the incubation mixtures, demonstrating that
the cyclization reactions for the formation of 6-9 had completed
in the absence of 1 in the incubation mixture.

Next, we examined whether 6-9 were accepted as substrates of
the Rv3378cenzyme. Each of these purified diterpene cyclases were
mixed separately with the purified Rv3378c enzyme (13.7 uM),
and the samples were incubated at 30 °C. At an incubation
temperature of 45 °C (optimal temperature for the Rv3378c
enzyme), bicyclic products were hardly detected; this was possibly
due to the deactivation of all the cyclase enzymes (the CDP
synthases and the CYC1 enzyme). The enzymatic reactions were
terminated by adding 15% KOH/MeOH, followed by extraction
of the enzymatic products with hexane. The hexane extracts, from
which Triton X-100 was removed with a short SiO, column eluting
with hexane:EtOAc (100:30), were subjected to GC analyses
(ESI, Fig. S5t). No enzymatic product was detected from the
incubation mixture of 6 (Fig. S5A), but the 3 CDPs (7-9)
were converted by this enzyme (Fig. SS5B-Dt). These figures
show that two enzymatic products were produced from each of
the incubation reactions. All enzymatic products were purified
through SiO, column chromatography eluting with hexane:EtOAc
(100:0-100: 5) and then subjected to NMR and MS analyses (ESI,
Figs. S1-S4 and S6-S9+). Products 23 and 25 were assigned to be
(+)-copalol and (-)-ent-copalol, respectively; [o]p** = +31 (¢ 0.12,
CHCY,) for 23 (lit."”® [of]p* = +31.2 (¢ 1.14, CHCL;) and [o]p* =
=30 (¢ 0.11, CHCI,) for 25 (lit."”® [a]p? = —35.5 (¢ 1.14, CHCL,).
Product 27 was determined to be syn-copalol: [a],* = + 16.2 (¢
0.17, CHCL,) for 27 (lit.” [a]p* = + 17.7 (¢ 2.39, CHCL,). Products
23, 25, and 27 were not produced in the absence of the Rv3378c
enzyme. Furthermore, treatment of 7-9 with 15% KOH/MeOH
did not produce 23, 25 and 27. Thus, compounds 23, 25, and 27
that were produced are not chemical artifacts but true enzymatic
products. As shown in Fig. S5 (ESIf), other products, 24, 26,
and 28, besides 23, 25, and 27 were found and were subjected to
detailed NMR analyses, including 2D NMR. In addition to the
bicyclic cores, 24, 26, and 28 all had a vinyl group in the side chain.
For product 28, the following '"H-NMR data were found: H,-15
(1H, 6y 5.06, dd; Jypismie = 10.8 HZ, Jyyi5me15 = 1.6 Hz), H,-15 (1H,
0 5.31,dd; Jyas.m14 = 17.2 Hz, J ya15.u015 = 1.4 Hz) and H-14 (1H, 6y
5.89, dd; Jyaisms = 17.2 Hz, J 1501 = 10.8 Hz). The chemical shift
of C-13 was found at 72.91 ppm (s), indicating that the tertiary

alcohol group is positioned at C-13. In addition, the following
HMBC cross peaks were found: Me-16/C-12, Me-16/C-13, and
Me-16/C-14. Therefore, a moiety of 3-methylpent-1-en-3-ol was
connected to the bicyclic skeleton. The above-mentioned NMR
data were also observed for 24 and 26. Therefore, 24, 26, and 28
were determined to be manool, > ent-manool, % and vitexifolin
A,* respectively (ESI, Figs. S6-S107). Fig. S11 in ESIf depicts the
"H NMR spectra of product 24 (A), the authentic (13R)-manool
24a (B), and product 26 (C). Comparison of Figs. SI1AT with
S11Bt shows that the enzymatic product 24 involved both 13R-
manool (24a) and 13S-manool (24b). This was further supported
by the analysis in a GC-MS equipped with a chiral GC column
(Fig. 3A). Product 24 was separated into 2 peaks. The first peak
corresponded to authentic 13 R-manool (24a) (Fig. 3B); thus, the
second peak was assigned to be (13S)-manool (24b). The EIMS
spectrum of 24a, including the fragment pattern, was identical to
that of 24b. The ratio of 24a to 24b was 1:1.20 (Fig. 3A). The
chemical shifts of some carbons in the *C NMR spectra were
slightly different between 24a and 24b, which was described in
ESI (Figs. S6 and S7t). The chemical shifts (6c, ppm) of 24b
were assigned by comparing with those of the authentic 24a. In
the case of the "TH NMR spectrum of the isolated 26 (ESI, Fig.
S11Ct), the larger signals of H-14, Ha-15, Hb-15, H-17, Me-
16, and Me-20 were accompanied by the smaller peaks of the
corresponding protons (ca. 1/5-fold intensity), and the spin—spin
coupling patterns of these small peaks were the same as those of
the large peaks. This finding suggests that two stereoisomers were
mixed in a ca. 1:5 ratio, which was further confirmed by analysis
in a GC-MS fitted with a chiral column (Fig. 3C). We could
not obtain authentic 13R-ent-manool (26a) or 13S-ent-manool
(26b); therefore, we intended to assign the stereochemistries of
26a and 26b by detailed NMR analyses. The '"H NMR spectrum
of the major peak (ESI, Fig. S11CT) was completely identical
to that of the authentic 13R-manool (24a) (Fig. S11Bf). This
finding demonstrates that the major (second) peak corresponded
to 13S-ent-manool (26b), but not to 13 R-ent-manool (26a) because
(-)-26b is an enantiomeric counterpart of (+)-24a. Therefore, the
smaller (first) peak on the chiral GC-MS (Fig. 3C) was determined
to be ent-13R-manool (26a), which was further supported by
the finding that the '"H NMR spectra of 26a and 24b were
identical. Assignment of the smaller peak (Fig. SI1Ct) to 26a
(13R-configuration) was further validated by comparing the 'H
NMR data (CDCl;) of 26a with the published NMR data of
ent-13R-manool 24a measured in CDCIl;.2*% The chemical shift
differences were minimal between them (ESI, Fig. S12 and Table
S1t). From Fig. 3C, the product ratio of the 13R- (26a) and 135-
(26b) isomers was estimated to be ca. 1:5. We can surmise with
high credibility that the first peak on the chiral column is allocated
to be the 13R-isomer, while the second peak can be assigned to
the 13S-isomer, given that both stereoisomers consist of identical
bicyclic skeleton. Product 28 was also separable on the chiral GC
column (Fig. 3D); it is inferable that the fist peak is the 13 R-isomer,
while the second peak is the 13S-isomer. Thus, the product ratio of
28a to 28b was determined to be 1: 17 (Fig. 3D and ESI, Fig. S137).
Vitexifolin A, isolated from Vitex rotundifolia,®® was subjected to
analysis in a GC-MS equipped with a chiral column (Fig. 3E)
and to "H-NMR analysis (ESI, Fig. S131). Fig. 3E shows that the
stereochemistry of natural vitexifolin A was exclusively the 13R
configuration, but a negligible amount of the 13S-form was mixed
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in the natural diterpene (see ESI, Fig. S13t). The stereochemistry
of the main enzymatic product vitexifolin A (13.S) was opposite
to that of the natural one (13R). This is the first report on the
enzymatic synthesis of the diterpenoids manool, ent-manool, and
vitexifolin A.

Following the reaction mechanism shown in Scheme 1, sub-
strates 7, 8, and 9 were converted to 23, 25, and 27, respectively, via
path a. On the other hand, these substrates were transformed into
24ab, 26ab, and 28ab, respectively, via path b (see also Scheme 2B).
Production of 23-28 further verified that the Rv3378c enzyme
is not a type A cyclase, but catalyzes the removal reaction of
OPP moiety, followed by addition of water to the generated
cation, resulting in the production of diterpene alcohols 23-28.
The substrate specificity was remarkably broad; the 3 labdane-
type CDPs 7-9 were accepted as substrates of Rv3378c, with
high yields (isolation yields 67-78%). However, no enzymatic
product was detected from the incubation mixture of 6 with the
Rv3378c protein, indicating that clerodane skeleton 6 could not
be accepted as a substrate. Following Fig. 3 and Fig. S5 (ESI¥), in
conjunction with the isolation yields of each of diterpenes 23—
28, the product distributions were calculated as shown in the
parentheses of Fig. 2. When ent-CDP 8 was used instead of CDP
7, the direction of path « was suppressed and the production of
13S-isomer 26b was more increased than 13R-isomer 26a. This
product diastereoselectivity indicates that the Rv3378c enzyme
somewhat distinguishes the enantiomers CDP and ent-CDP inside
the reaction cavity. In addition, path a for 9 was more significantly
suppressed compared with that for 7; in turn, path 5 became
enhanced to give a higher yield of 28 than that of 27. Furthermore,

Products by Rv3378c

+
7
8 +
(8%)
78%
9

27: syn-copalol

No Product

5 -

24a: manool (12%)

26a: ent-13-epi-manool

28a: 13R-vitexifolin A
(16%) (3%)

1,10, 11

e Tri-or
== Tetracyclic
Diterpenoid

b, re-face attack
24a, 26a, 28a

b, si-face attack
29
\ 24b, 26b, 28b

Scheme 2 Enzymatic reaction mechanisms by diterpene synthases. The
three CDPs of CDP 7, ent-CDP 8 and syn-CDP 9 are represented
by 29. (A) Type A diterpene cyclases mediate the formation of cation
30 from 29. Cation 30 is frequently encountered in the biosynthe-
ses of ent-kaurene, ent-cassa-12,15-diene, ent-sandaraco-pimaradiene,
syn-pimara-7,15-diene, syn-stemar-13-ene, and so on.***” (B) Enzymatic
reaction mechanism of 29 by the Rv3378c gene product to afford 23-28.

—_—

the higher diastereoselectivity was generated to afford a higher
production of 28b than that of 28a. The CYC2 enzyme from K.
griseola is able to accept acyclic diphosphates of GGPP (1) and
FPP (9), but is inactive to GPP (10) (Fig. 1)."> On the other hand,
the Rv3378c enzyme failed to recognize all of the acyclic terpenes

24b: 13-epi-manool (15%)

HQ13 16

+

26b: ent-manool (42%)

28b: 13S-vitexifolin A (59%)

% No Product

Fig. 2 Enzymatic products 23-28 produced by the catalytic action of the Rv3378c enzyme. This enzyme accepts bicyclic diphophates 7-9, but fails to

recognize 6 and acyclic terpenes of GPP 11, FPP 10 and GGPP 1.
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Fig. 3 GC-MS trace of product 24 (A), authentic (13R)-manool 24a (B), product 26 (C), product 28 (D) and vitexifolin A (E) gifted by Prof. Ono.*
The chromatograms were obtained by using a chiral column. Samples A, C and D are a mixture of 13R- and 13S-isomers, which were obtained by the
enzymatic reactions with Rv3378c enzyme. Measurement condition: CYCLOSILB capillary column (0.32 mm x 30 m) (Agilent technologies); injection
temp., 250 °C; initial temp., 140 °C; increased rate of temp., 0.01 °C min™'. The GC-MS condition of (D) and (E) was the same as those of (A)—(C), but

the initial temperature (120 °C) was different from that (140 °C) of (A)—(C).

1, 10, and 11. Thus, the Rv3378c enzyme has higher substrate
specificity compared to the CYC2 enzyme.

Biological activity against macrophage phagocytosis

As described above, the Rv3377¢ and Rv3378c genes are found
in virulent Mycobacterium species but not in avirulent ones.>*
The enzymatic products 3 and 4 were tested to determine if they
have a biological activity. Russell and coworkers reported that
the survival of M. tuberculosis in the macrophage was attenuated
by the disruption of the Rv3377¢ or Rv3378c¢ gene through the
insertion of a transposon,” suggesting that the two genes may
be closely related to the pathogenicity of the organism. We have
noted the antiphagocytic activity of 3 and 4. We evaluated the
effect of 3 and 4 on the phagocytic activity against zymosan, a
yeast cell wall component that induces inflammatory responses,
using human macrophage-like U-937 cells. None of the diterpenes
used in this experiment, including 3 and 4, affected the viability of
cells (93-97%) at 0.1-20 uM. Fluorescence microscopic analysis
revealed that the phagocytosis of opsonized zymosan particles
(FITC-OPZ) by human macrophage-like U-937 cells treated with
10 uM of 3 was reduced to a level of 56% compared to untreated
cells (Fig. 4). The Rv3378c-encoded enzyme produces both 3 and
4 in a ratio of 1:1.*%" Compound 4 (a mixture of 4a and 4b
in a ratio of 1:3)* also exhibited the inhibitory effect to a level
of ca. 65%. Surprisingly, the coexistence of 3 and 4 (10 uM each;
total concentration 20 M) synergistically inhibited the phagocytic
action to the level of about 31% (Fig. 4). As described below,
this synergistic observation was also found in a mixture of 3 and
purified 4b (10 uM each, total concentration 20 uM), without
affecting the cell viability (see Fig. 5; compare the activities of
20 uM concentration for 3 and 3 + 4b; also see ESI, Fig. S15F). On

120
. 100
G
g 80
£
5g
T 60
28
BE 40
&
20
0
None 3 4 3+4 23 25 27 24 26 28 13 14 15 16
Compound Numbering
*p<0.01 vs control (none: no additive)
Fig. 4 Inhibition effects of diterpenes (3, 4, 13-16 and 23-28 ) against

the phagocytosis of FITC-OPZ by macrophage-like U937 cells. The cells
were treated with 10 uM each of diterpenes for 15 min and exposed to
FITC-OPZ for 60 min at 37 °C. The biological activities of 4 and 24,
26 and 28 were evaluated by using a mixture of 13R- and 13S-isomers,
which was obtained by purifying with a SiO, column, but not with a chiral
HPLC column, thereby the diastereomeric mixtures were included with
the ratio of 13R- and 13S-isomers shown in the parentheses of Fig. 2. The
cells engulfing FITC-OPZ were counted by fluorescence microscopy. The
data are normalized using the value of untreated cells (Control) as 100%
and expressed as mean + SD (n = 3-5). * P<0.01 vs. control (Student’s
t-test). In the case of 3 + 4, a mixture of 3 and 4 (1:1; 10 uM each; total
concentration: 20 uM) was used for this experiment, where 4 contained 4a
and 4b in a ratio of 1:3.#

the other hand, diterpenes 13-16" and 23-28 had little effect, with
no statistical significance (Fig. 4). Therefore, only 3 and 4 with the
halimane skeleton had an inhibitory effect on phagocytosis among
all the diterpenes tested in this experiment; however, 16 with a
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Fig. 5 Inhibition activities of 3, 4a and 4b against the phagocytosis of FITC-OPZ by macrophage-like U937 cells. The cells were treated with 3, and/or
4a, 4b at 0.1 to 20 uM for 15 min and exposed to FITC-OPZ for 60 min at 37 °C. Concentration dependency vs. pahgocytosis (%) was clearly observed
with R? =0.96-0.98 for 3, 4a and 4b (see ESI, Fig. S12t). Comparison of the activities between 4a and 4b indicates that the activity of 4b was higher than
that of 4a. Addition of 4b to 3 conferred a remarkable synergistic effect. However, addition of 4a to 3 exhibited little synergy, because the phagocytosis
activity of (3 + 4a) was nearly the same as that of 3 at the same concentration of 20 uM. The cells engulfing FITC-OPZ were counted by fluorescence
microscopy. The data are normalized using the value of untreated cells (control) as 100% and expressed as mean + SD (n = 4). * P<0.01 vs. control

(Student’s z-test).

halimane core had little or no effect on phagocytosis (Fig. 4).
This finding demonstrates that the halimane scaffold involving
the hydroxyl group either at C(13) or C(15) is essential for this
activity. Fig. 5 shows a comparison of the inhibitory effect of 4a
with that of 4b. Good correlations (R* = 0.96-0.98) were observed
between the phagocytic percentages of the cells and the logarithmic
concentrations (0.1-20 uM) of 4a and 4b (ESI, Fig. S141). The
activity of 4b was higher than that of 4a at any concentration
(Fig. 5 and Fig. S15 in ESI¥). Furthermore, the activity (ca. 30%)
of 3 + 4b was significantly higher compared to that (ca. 54%) of
3 + 4a. When the inhibitory percentage of 3 + 4a was compared
with that (ca. 56%) of 3, no marked enhancement in inhibition
was observed (Fig. 5; compare the activities at the concentrations
of 20 uM for 3, 4a, and 3 + 4a; see also Fig. S15 in ESIY). This
finding indicates that 4a did show a synergistic action. Compound
2 (the diphosphate of 3) had little activity at a concentration of
10 uM (data not shown), indicating that the release of the PP
moiety is essential for this activity. Previously, we reported that the
flanking gene Rv3376 encodes the phosphatase that hydrolyzes the
PP moiety of 2 to yield 3.* The Rv3378c and Rv3376 enzymes may
synergistically promote a higher production of 3, thus leading
to the enhanced inhibition of phagocytosis. Mann et al® have
reported that edaxadine (5) inhibits phagosomal maturation,
resulting in attenuated acidification and less active proteolysis. The
structure of edaxadiene (5) proposed by Mann ef al. was revised to
that of isotuberculosinol (4).“'%!! Thus, the antiphagocytic activity
of 4 was clearly demonstrated by us and other researchers.®?’

However, Mann et al. have never reported the inhibitory effect of
3 on phagocytosis.® As shown in Scheme 1, the Rv3378¢ enzyme
actually affords both 3 and 4, with a higher production of 4b
than that of 4a (ca. 3:1).* This strong synergistic action of 3
and 4b may cause the pathogenicity of M. tuberculosis. Although
the molecular mechanisms by which virulent Mycobacterium
species successfully survive and replicate within phagocytes are
still unknown, previous studies by other researchers®3! have
suggested that macrophages infected with pathogenic mycobac-
teria show decreased cell signalling and functions associated with
microbicidal mechanisms. The present finding might suggest that
virulent M. tuberculosis species residing in phagocytes attenuate
phagocytic activity via their production of 3 and 4. The Rv3377c
and Rv3378c gene products for producing 3 and 4 might have
been incorporated into virulent Mycobacterium species to interfere
with intracellular signalling in phagocytes, resulting in impaired
cell functions. Further biochemical investigations are necessary to
clarify the detailed mechanism of this phenomenon.

Conclusion

We examined whether 3 and 4 can be detected from cultured cells
of avirulent Mycobacterium species: 12 species were investigated,
but neither compound was found in any of them.** In addition,
Rv3377¢ and Rv3378c genes are found only in virulent Mycobac-
terium species. Thus, both genes are likely to be related to the
pathogenicity of the organism, which was further supported by the
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finding of the inhibitory effect of 3 and 4 against the phagocytosis
of opsonized zymosan particles by human macrophage-like cells.
This interesting activity is found only in the halimane-type
diterpenes involving the hydroxyl group at C-13 or C-15. The
labdane-related diterpenes were found to have little activity. The
strong synergistic inhibition was found in the presence of 3 and
4b. This may further impair phagocyte function, which might
contribute to the pathogenicity of M. tuberculosis. Thus, both
enzymes are likely to be new potential targets in the development
of new drugs. The Rv3378c-encoded enzyme showed markedly
broad substrate specificity. The bicyclic diterpenoid diphosphates
7-9 were converted into 23-28, with good yields. Scheme 2A
shows that 3 bicyclic CDPs (7-9), represented by 29, usually
undergo further cyclization reaction to form 30 by a Type A
cyclase, leading to tri- or tetracyclic skeleton,®® as found in the
biosynthesis of the carbocycles of pimaraene, abietane, cassane,
kaurane, beyerane, stemarane, etc.***” The more extended ring-
forming reactions occur due to the facile nucleophilic attack of
the double bond at the C8-C17 to the C13 cation generated by
the OPP-releasing reaction (Type A cyclase). However, neither the
tricyclic nor the tetracyclic product was produced in the present
experiments.

Instead, a water molecule attacked the carbocation generated
after the release of diphosphate, resulting in the production of
23-28 (Scheme 2B). Thus, the Rv3378c enzyme is categorized to
be a new diterpene synthase. The CYC2 enzyme from K. griseola
also does not belong to the Type A cyclases.!*!*'¢ At present,
no homologous gene to cyc2 and Rv3378¢ has been reported. By
using the CYC2 and Rv3378c enzymes, we succeeded in the first
enzymatic synthesis of natural products 13, 14, 24, 26, and 28,
suggesting that some genes homologous to ¢yc2 and Rv3378c¢ exist
in nature. Further isolation of the genes homologous to cyc2 and
Rv3378¢ from various biological sources may lead to the proposal
of a new type of diterpene synthases.

Experimental Section
Analytical Method

NMR spectra of the enzymic product were recorded in C¢Dg on
a Bruker DMX 600 and DPX 400 spectrometers, the chemical
shifts being given in ppm relative to the solvent peak 8y =7.28 and
Oc = 128.0 ppm as the internal reference for '"H- and “C NMR
spectra, respectively. In the CDCI; solution, the chemical shifts
are given in ppm relative to the solvent peak (dy = 7.26 and 6 =
77.0 ppm). The coupling constants J are given in Hz. GC analyses
were done on a Shimadzu GC-8A chromatograph equipped with
a flame ionization detector (a DB-1 capillary column, 30 m X
0.25 mm x 0.25 um, J&W Scientific. Inc.). GC-MS spectra were
on a JEOL SX 100 or a JEOL JMS-Q1000 GC K9 instrument
equipped with a ZB-5ms capillary column (30 m X 0.25 mm X
0.25 um; Zebron) by using the EI mode operated at 70 eV. HR-
EIMS was performed by direct inlet system. HPLC was carried
out with Hitachi L-1700 (pump) and L-7405 (UV detector), the
HPLC peaks having been monitored at 210 or 214 nm. Specific
rotation values were measured with a Horiba SEPA-300 po-
larimeter. Chiral GC columns used to separate the stereoisomers
were CYCLOSILB capillary column (0.32 mm x 30 m, Aligent
technologies).

Incubation conditions of GGPP (1) with CDP synthases and
Rv3378c enzymes

The diterpene cyclases of three CDP (CDP, ent-CDP and syn-
CDP) were expressed as GST-fusion proteins in E. coli BL21
(DE3)."*'5 The expressed proteins were purified by glutathione-
Sepharose 4B, by which the endogenous phosphatase was removed
and no hydrolysis of diphosphate group of 1 occurred. Each of
the purified three CDP synthases from 6-L culture of E. coli and
the purified Rv3378c enzyme from 6-L culture of E. coli were
mixed. GGPP 1 (3 mg), | mM MgCl,, 2 mM DTT and 0.1%
TritonX-100 were dissolved in 50 mM Tris-HCI buffer (pH 7.5).
Incubation (total volume: 150 ml) was done at 30 °C for 15 h. The
enzymatic reaction was quenched by adding 15% KOH/MeOH,
followed by heating 80 °C for 20 min. The enzymatic products were
extracted with hexane, followed by SiO, column chromatography
with hexane:EtOAc (100:0~100:5), yielding the pure enzymatic
products 23-28. The conversions of 1 to the three CDPs 7-9
were complete under the aforementioned conditions, because no
GGOH was recovered from the incubation mixture of 1 with the
three CDP synthases after the treatment with phosphatase.

Spectroscopic data of 23, 24a, 24b, 25, 26a, 26b, 27, 28a and 28b

Products 23, 25 and 27. 'H- and ®C NMR data of 23, 25 and
27 are described in ESI (Figs. S2-S4t). The EIMS are depicted in
Fig. S2 (ESI). The values of specific rotations [¢], are given in the
text.

Products 24a and 24b. The chemical shifts of 24a and 24b
were separable (ESI, Figs. S6, S7 and S11t). Authentic 24a was
purchased from Industrial Research Limited (New Zealand).

24a: '"H NMR (400 MHz, C,Dy): 6 0.857 (Me-20, 3H, s), 0.916
(Me-19, 3H, s), 0.973 (Me-18, 3H, s), 1.05 (H-1, m), 1.10 (H-5,
bd, J = 12.4 Hz), 1.257 (Me-16, 3H, s), 1.26 (H-3, m), 1.40 (2H,
H-6 &H-12, m), 1.48 (H-3, m), 1.54 (H-2, m), 1.59 (H-11, m),
1.62 (H-9, m), 1.65 (H-2, m), 1.74 (H-11, m), 1.75 (H-6, m), 1.84
(H-1, m), 1.88 (H-12, m), 2.08 (H-7, ddd, J =12.8, 12.8, 4.8 Hz),
2.51 (H-7, bd, J = 12.8 Hz), 4.83 (H-17, bs), 5.08 (H-17, bs), 5.10
(Hb-15, dd, J =10.8, 1.6 Hz), 5.34 (Ha-15, dd, J = 17.2, 1.6 Hz),
5.94 (H-14, dd, J = 17.2, 10.8 Hz); “C NMR (100 MHz, C;Dj):
J 14.68 (C-20, q), 18.01 (C-11, t), 19.73 (C-2, t), 21.88 (C-19, q),
24.71 (C-6, 1), 28.53 (C-16, q), 33.64 (C-4, s), 33.74 (C-18, q), 38.70
(C-7, 1), 39.22 (C-1, t), 40.08 (C-10, s), 41.74 (C-12, t), 42.45 (C-3,
t), 55.65 (C-5, d), 57.48 (C-9, d), 73.24 (C-13, s), 106.9 (C-17, 1),
111.4 (C-15, 1), 145.7 (C-14, d), 148.8 (C-8, s).

24b: '"H NMR (400 MHz, CsDy): 6 0.857 (Me-20, 3H, s), 0.916
(Me-19, 3H, s), 0.973 (Me-18, 3H, s), 1.05 (H-1, m), 1.10 (H-5, bd,
J=12.4 Hz), 1.26 (H-3, m), 1.264 (Me-16, 3H, s), 1.38 (H-12, m),
1.40 (H-6, m), 1.48 (H-3, m), 1.54 (H-2, m), 1.59 (H-11, m), 1.62
(H-9, m), 1.65(H-2, m), 1.74(H-11, m), 1.75 (H-6, m), 1.84 (H-1,
m), 1.90 (H-12, m), 2.08 (H-7, ddd, J = 12.8, 12.8, 4.8 Hz), 2.51
(H-7,bd, J=12.8 Hz), 4.88 (H-17, 5), 5.08 (H-17, s), 5.09 (Hb -15,
dd, /=10.8,1.6 Hz), 5.32 (Ha-15,dd, J=17.2,1.6 Hz),5.93 (H-14,
dd, J=17.2,10.8 Hz); *C NMR (100 MHz, C,D) 6 14.68 (C-20,
q), 18.07 (C-11, t), 19.75 (C-2, t), 21.88 (C-19, q), 24.71 (C-6, 1),
28.22 (C-16, q), 33.64 (C-4, s), 33.74 (C-18, q), 38.70 (C-7, 1), 39.23
(C-1,1), 40.09 (C-10, s), 41.80 (C-12, 1), 42.45 (C-3, t), 55.68 (C-5,
d), 57.53 (C-9, d), 73.14 (C-13, s), 107.1 (C-17, 1), 111.2 (C-15, 1),
145.9 (C-14, d), 148.7 (C-8, s).
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24 (a mixture of 24a and 24b): EIMS (%) m/z 81 (100), 95 (70),
137 (72), 257 (48), 290 (M*, 0.4). HRMS (EI) m/z found 290.2605
(M*, CyH;,0 requires 290.2610). [a]p** + 31.5 (¢ 0.08, CHCl,),
of. 1it.2* [a]p* + 28.0 (¢ 1.5, CHCLy)* for 24a [a]p,™ + 46.4 (¢
0.7, CHCIL;)*® for 24b and [a]p** + 26.9 (¢ 0.05, CHCI,) for the
commercially available 24a.

Products 26a and 26b. NMR data of the major product 26b;
'"H NMR (400 MHz, C¢Dy): 6 0.857 (Me-20, 3H, s), 0.915 (Me-
19, 3H, s), 0.971 (Me-18, 3H, s), 1.03 (H-1, m), 1.10 (H-5, bd, J =
12.4 Hz), 1.25 (H-3, m), 1.256 (Me-16, 3H, s), 1.39 (H-6, m), 1.40
(H-12, m), 1.47 (H-3, m), 1.55 (H-11, m), 1.56 (H-2, m), 1.62 (H-9,
m), 1.65(H-2, m), 1.73(H-11, m), 1.75 (H-6, m), 1.84 (H-1, m),
1.85 (H-12, m), 2.08 (H-7, ddd, J = 12.8, 12.8, 4.8 Hz), 2.51 (H-7,
bd, J=12.8 Hz), 4.83 (H-17, bs), 5.07 (H-17, bs), 5.10 (Hb-15, dd,
J=10.8, 1.6 Hz), 5.34 (Ha-15, dd, J = 17.2, 1.6 Hz), 5.94 (H-14,
dd, J=17.2,10.8 Hz); "C NMR (100 MHz, C,Dy) 6 14.68 (C-20,
q), 18.02 (C-11, t), 19.74 (C-2, t), 21.89 (C-19, q), 24.74 (C-6, 1),
28.54 (C-16, q), 33.65(C-4, s), 33.75(C-18, q), 38.70 (C-7, 1), 39.22
(C-1,1), 40.08 (C-10, s), 41.74 (C-12, 1), 42.45 (C-3, t), 55.66 (C-5,
d), 57.49 (C-9, d), 73.25 (C-13, s), 106.9 (C-17, t), 111.4 (C-15, 1),
145.8 (C-14, d), 148.8 (C-8, s).

The minor product 26a: the '"H NMR data (600 MHz, CDCl,)
are given in ESI (Fig. S12t), comparing with that of 26b. The *C
NMR data were not collected due to the small amount of 26a
involved in the mixture of 26a and 26b.

26 (a mixture of 26a and 26b): EIMS (%) m/z 81 (100), 95 (70),
137 (73), 257 (50), 290 (M*, 0.4). HRMS (EI) m/z found 290.2605
(M*, CyH;,0 requires 290.2610). [a]p* —32.1 (¢ 0.1, CHCL,), ¢f-
lit.2 [a]p*™ —44.3 (CHCI,) for 26a and [o]p* —29.5 (CHCL,) for
26b.

Products 28a and 28b. NMR data of the minor product 28a,
which corresponds to the sample kindly gifted by Prof. Ono;* 'H
NMR (400 MHz, C,Dy): 6 0.928 (Me-18, 3H, s), 0.954 (Me-19,
3H, s), 1.124 (Me-20, 3H, s), 1.17 (H-1, m), 1.24 (H-3, m), 1.241
(Me-16, 3H, s), 1.34 (H-12, m), 1.42 (H-6, m), 1.46 (H-5, m), 1.47
(H-3, m), 1.54 (H-2, m), 1.63 (3H, H-9, H-11 & H-12, m), 1.65
(H-6, m), 1.75 (2H, H-1 & H-2, m), 1.83 (H-11, m), 2.25 (H-7,
2H, m), 4.74 (H-17, m), 4.93 (H-17, t, J = 2.2 Hz), 5.07 (Hb-15,
dd, J = 10.8, 1.6 Hz), 5.31 (Ha-15, dd, J = 17.2, 1.6 Hz), 5.91
(H-14,dd, J=17.2,10.8 Hz); *C NMR (100 MHz, C;D;) 6 19.54
(C-2, 1), 20.40 (C-11, t), 22.36 (C-18, q), 22.70 (C-20, q), 24.02
(C-6, t), 28.36 (C-16, q), 31.91 (C-7, t), 33.30 (C-4, s), 33.60 (C-
19, @), 37.09 (C-1, t), 38.41 (C-10, s), 41.34 (C-12, t), 42.84 (C-3,
t), 46.08 (C-5, d), 58.83 (C-9, d), 72.82 (C-13, s), 109.7 (C-17, 1),
111.2 (C-15, t), 146.0 (C-14, d), 149.6 (C-8, s). NMR data of 28a
in CDCI; was reported in the ref. 26, but the 'H NMR spectra of
28a and 28b measured in C;D¢ were more separable than those
in CDCl,.

NMR data of the major product 28b; 'H NMR (400 MHz,
C¢Dy): 6 0.927 (Me-18, 3H, s), 0.948 (Me-19, 3H, s), 1.124 (Me-
20, 3H, s), 1.18 (H-1, m), 1.23 (H-3, m), 1.246 (Me-16, 3H, s), 1.35
(H-6, m), 1.37 (H-12, m), 1.45 (H-5, m), 1.46 (H-3, m), 1.52(H-2,
m), 1.60 (H-12, m), 1.61(H-11, m), 1.62 (H-9, m), 1.63 (H-6, m),
1.75 (2H, H-1 & H-2, m), 1.87(H-11, m), 2.26 (H-7, 2H, m), 4.75
(H-17,m), 4.93 (H-17,t,J=2.2 Hz), 5.06 (Hb-15,dd, J=10.8, 1.6
Hz), 5.31 (Ha-15, dd, J =17.2, 1.6 Hz), 5.89 (H-14, dd, J = 17.2,
10.8 Hz); "CNMR (100 MHz, C,Dy) 6 19.54 (C-2, 1), 20.41 (C-11,
t), 22.36 (C-18, q), 22.70 (C-20, q), 24.02 (C-6, t), 28.73 (C-16, q),

31.92 (C-7, 1), 33.30 (C-4, s), 33.60 (C-19, q), 37.08 (C-1, t), 38.39
(C-10,'s),41.35(C-12, 1), 42.82 (C-3, 1), 46.10 (C-5, d), 58.76 (C-9,
d), 72.91 (C-13,s), 109.7 (C-17, t), 111.3 (C-15, t), 145.8 (C-14, d),
149.6 (C-8, s)

28 (a mixture of 28a and 28b): EIMS (%) m/z 81 (100), 95
(70), 137 (67), 257 (48), 290 (M*, 0.36). HRMS (EI) m/z found
290.2619 (M*, C,H3,0 requires 290.2610). [a]p" + 13.8 (¢ 0.13,
acetone), ¢f. 1it.” [o]p" + 5.2 (acetone) for 28a. In the ref. 26, the
C(13)-configuration was not determined, but we could determine
the stereochemistry to be 13R, based on the behavior of the chiral
column for GC (see Fig. 3).

Phagocytosis assay

Human lymphoma U937 cells were obtained from Cell Resource
Center for Biomedical Research, Institute of Development, Aging
and Cancer, Tohoku University. U937 cells were induced to
differentiate into macrophage-like cells upon cultivation with
phorbol 12-myristate 13-acetate at 20 nM for 2 days. As a
target for phagocytosis of macrophage-like cells, FITC-labeled
opsonized zymosan (FITC-OPZ) was used (FITC: fluorescein
isothiocyanate). 10 mg of zymosan (Sigma, St Louis, Mo., USA)
was incubated with 1 mg ml"' FITC (Dojindo, Kumamoto, Japan)
in 50 mM sodium carbonate solution (pH 9.5) for 10 min
in the dark at room temperature, and for opsonization, the
resultant FITC-labeled zymosan was incubated with with 50%
human serum/Hanks’ balanced salt solution (HBSS) at 37 °C
for 45 min. Macrophage-like cells were treated with diterpenes
including tuberculosinol and isotuberculosinol at 37 °C for
15 min, followed by adding FITC-OPZ at final concentration
of 500 ug ml™ to the cell culture. After incubation at 37 °C for
60 min, phagocytosis was stopped by setting the cells on ice. The
extracellular fluorescence caused by free FITC-OPZ was quenched
by 4% trypan blue/HBSS for 5 min. Cells were then washed and
fixed in 4% paraformaldehyde/HBSS at room temperature for
10 min. Three microscopic fields containing 100 to 150 cells each
were counted for each sample, and the degree of phagocytosis was
presented as a mean percentage of fluorescent cells. Compared
to control (no addition of diterpenoids), no significant difference
in cell viability, which was assessed by trypan blue dye exclusion
test, was observed when the concentration of any diterpenes was
increased up to 20 uM.
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