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6a,73-Dihydroxyvouacapan-173-oic acid (1) was isolated from Pterodon polygalaeflorus
Benth. Modification of 1 yielded 6a-hydroxyvouacapan-7(5,173-lactone (2) and then 6-oxo-
vouacapan-74,173-lactone (3). Photosynthesis inhibition by 3 was evaluated in spinach chlo-
roplasts. The uncoupled non-cyclic electron transport rate and ATP synthesis were inhibited
by 3, which behaved as a Hill reaction inhibitor. Furthermore, 3 acted as an uncoupler be-
cause it enhanced the basal and phosphorylating electron transport rate on thylakoids. This
last property of 3 was corroborated when it was observed that it enhances the Mg?*-ATPase
activity. In contrast, 3 did not affect photosystem I (PSI) activity. Analysis of the partial
photosystem II (PSII) reactions from water to DCPIP,, and water to silicomolybdate allowed
to locate the inhibition sites at the redox components of PSII. The OJIP test of the chloro-
phyll a fluorescence transient confirmed that the inhibition sites were 1.) the oxygen-evolving
complex (OEC) and 2.) by the formation of silent centers in the non-Q4 reducing centers.
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Introduction

The genus Pterodon comprises five species,
among them Pterodon polygalaeflorus Benth.,
known in Brazil as “sucupira branca” which is
widely distributed in the west of Minas Gerais and
in Goias, Brazil (Correa, 1984). The fruit oil of
sucupira branca is used to deter skin penetration
by Schistosome cercariae (Mors et al., 1967; Fascio
et al., 1976). The alcoholic infusions of the fruits of
this plant are used in folk medicine as analgesic,
anti-rheumatic and anti-inflammatory treatments
(Rubinger et al., 1991). Phytochemical studies of
the hexane extract of P. polygalaeflorus Benth.
fruits resulted in identification and isolation of the
diterpene 6a,7-dihydroxyvouacapan-173-oic acid
(1) (Fascio etal., 1976; Rubinger etal., 1991).
Compound 1 has analgesic and anti-inflammatory
properties (Nunan et al., 1985) and behaves as a
plant growth regulator and as an allelochemical
(Demuner et al., 1996, 1998); it led to the prepara-
tion of 6a-hydroxyvouacapan-7f3,175-lactone (2)
(Fig. 1) (Rubinger et al., 1991). Although 2 exhib-
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ited allelopathic properties, it was more active
than 1 (ca. 40%) (Demuner et al., 1996, 1998).

It was previously reported that in spinach chlo-
roplasts lactone 2 behaves as a photosystem II
(PSII) inhibitor interacting at the Pggy-Q 4 segment
and at the oxygen-evolving complex (King-Diaz
et al., 2005). Also, it was proposed that the lactone
group of 2 was important for inhibition (Rubinger
etal., 1991). In this work we evaluate the impor-
tance of the properties of 2, namely, whether the
—OH group at C-6 is required for interaction and
whether a 6-oxo derivative of 6-oxovouacapan-
7B,17B-lactone (3) does interact with PSII. To an-
swer these questions, 2 was used to synthesize 3
(Fig. 1). Then, the effects of 3 were assayed on dif-
ferent photosynthetic activities. Previously, it was
published (Demuner et al., 1998), that 0.31 mm 2
stimulates radicle growth in Cucumis sativus by
20-40%, and by a different methodology it was
recently verified that compounds 1 and 3 stimulate
the radicle growth of Cucumis sativus by 10% at
10-* M, while compound 2 has an inhibitory effect
(32%) at the same concentration (Castelo-Branco,
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2001). The photosynthesis inhibition and uncou-
pling activity of 3 is part of our search for bioactive
natural products exhibiting herbicide activity.

Materials and Methods
General procedures

Melting point determinations were performed
on a Mettler AE 166 digital apparatus. IR spectra
were registered on a Perkin Elmer FTIR 3000
spectrophotometer, using KBr disks, and scanned
in the range 625-4000cm~!. 'H and '*C NMR
spectra were recorded on a Bruker DRX 400
AVANCE spectrometer (400 MHz and 100 MHz,
respectively), using CDCI; as solvent and tetra-
methylsilane (TMS) as internal reference (6 = 0).
Chromatographic purification was carried out
using silica gel (70-230 um). Thin layer chroma-
tography was carried out using a mixture of silica
gel 60F,s, and 60G (1:3). The natural diterpene
6a.,7p-dihydroxyvouacapan-175-oic acid (1), used
as the starting material, was isolated from Ptero-
don polygalaeflorus Benth. as published by De-
muner etal. (1996), and 6a-hydroxyvouacapan-
76,176-lactone (2) was prepared from 1 as previ-
ously described by Rubinger et al. (1991).

Synthesis of 6-oxovouacapan-7f,17-lactone (3)

A dry, 200 mL, three-necked, round-bottomed
flask fitted with a magnetic stirring bar and rubber
septum was charged sequentially with 23 mL of
dry dichloromethane and 1.2 mL of oxalyl chloride
(13.6 mmol), under a nitrogen atmosphere. The
stirred solution was cooled down to —60 °C and
24 mL (33.7mmol) of dimethyl-sulfoxide in di-
chloromethane (23 mL) were added. After 10 min
of magnetic agitation, 4.33 g (13.1 mmol) of lac-
tone 2 in dichloromethane (45 mL)/dimethyl-sul-
foxide (9.8 mL) were slowly added. The rate of
addition was such that the internal temperature
of the flask never exceeded —60 °C. The mixture
was stirred for further 15 min and triethylamine
(13.8 mL, 99.4 mmol) was added, and then it was
allowed to warm up to room temperature; the stir-
ring was maintained till TLC indicated that 2 had
been consumed (~ 3.5 h). Then, water (60 mL) was
added and extractions with dichloromethane
(5x15mL) were performed. The combined or-
ganic extracts were sequentially washed with so-
dium hypochlorite (0.1 mol L%, 4 x 15 mL), a sat-
urated solution of sodium carbonate (3 x 15 mL)
and brine (3 x 15 mL), dried over sodium sulfate
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and concentrated under reduced pressure. The
crude product 3 was purified by chromatography
in a silica gel column eluted with dichloromethane.
The yield was 83% (3.58 g, 10.85 mmol).
6-Oxovouacapan-7f,17p-lactone (3): White crys-
tals. — M.p. 262.3-264.5°C. — IR (KBr): vy =
3450, 3010, 2995, 2915, 2850, 1790, 1725, 1600,
1500, 1460, 1445, 1390, 1360, 1280,1230, 1190, 1110,
1090, 1030, 930, 740, 690 cm~!. — 'H NMR (400
MHz, CDCls): 6y =0.99 (s, 3H, CH3-18), 1.00 (s,
3H, CH;5-20), 1.14 (dt, 1H, J3ax_3eq = J3ax—2ax =
132 Hz, J3ax_2eq = 3.8 Hz, H-3,,), 1.31 (dt, 1H,
Jlax—leq = Jlax—Zax =132 HZ,‘Ilax—Zeq =38 HZ’ H'lax),
1.36 (s, 3H, CH3-19), 1.43 (ddt, 1H, J3eq_3ax =
13.2 HZ, J3eq—23x = J3eq—2eq =32 HZ, JSeq—leq =
1.5 Hz, H-3.), 1.53 (quid, 1H, J5¢q_2ax = 13.2 Hz,
JZeq—lax = JZeq—leq = J26q—36q =3.8 Hz, H'Zeq)a 1.65
(tQ» 1H, J2ax—26q = Joax—1ax = J23x—3eq =13.2 Hgz,
Jrax-1eq = Jrax—3eq = 32 Hz, H-2,,), 1.76 (ddt, 1H,
Jleq—lax =132 Hz, Jleq—Zax = Jleq—2eq =32 Hz,
Jieq-3eq = 1.5 Hz, H-1¢q), 2.17-2.32 (m, 3H, H-5,
H-8 and H-9), 2.57-2.66 (m, 1H, H-11,,), 2.75-
2.84 (m, 1H, H-11.y), 3.36-3.44 (m, 1H, H-14),
4.72-4.77 (m, 1H, H-7),6.58 (d, 1H, J;5_16 = 2.0 Hz,
H-15), 7.31 (d, 1H, Ji¢_15 = 2.0 Hz, H-16). — 13C
NMR (100 MHz, CDCl;): d¢c = 15.05 (C-18), 18.02
(C-2), 21.94 (C-11), 22.13 (C-19), 32.90 (C-20),
32.99 (C-4), 38.75 (C-1), 42.11 (C-14), 42.68 (C-3),
45.21 (C-9), 46.34 (C-10), 50.04 (C-8), 63.61 (C-5),
83.54 (C-7), 107.63 (C-15), 113.32 (C-13), 142.08
(C-16), 151.84 (C-12), 171.57 (C-17), 200.57
(C-6). — Elemental analysis: found: C, 73.10; H,
7.43%:; caled. for Cy0H2404: C, 73.15; H, 7.37%.

Chloroplast isolation and chlorophyll
determination

Intact chloroplasts were prepared from market
spinach leaves (Spinacea oleracea 1.) as reported
previously (Macias et al., 1999; Mills et al., 1980).
Chloroplasts were resuspended in a small volume
of 400 mm sucrose, 5 mMm MgCl,, 10 mm KCI and
30 mm N-tris[hydroxymethyl]methylglycine (tri-
cine)-KOH (pH 8.0). They were stored as a con-
centrated suspension in the dark for 1h at 4 °C.
Intact chloroplasts were efficiently lysed to yield
free thylakoids prior to each experiment by incu-
bating them in the following basal electron trans-
port medium: 100 mm sorbitol, 10 mm KCl, 5 mm
MgCl,, 0.5mm KCN and 30mwm tricine-KOH
(pH 8.0). The chlorophyll concentration was de-
termined as published by Strain et al. (1971).
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ATP synthesis determination

ATP synthesis coupled to electron flow from
water to methylviologen (MV) was determined ti-
trimetrically using a microelectrode Orion Mod.
8103 Ross connected to a Corning potentiometer
Model 12 with expanded scale as reported by Dil-
ley (1972). The ATP synthesis reaction medium
contained 100 mMm sorbitol, 10 mm KCI, 5 mm
MgCl,, 0.5mMm KCN, 50um MV, 1 mwm tricine-
KOH (pH 8.0) and 20 ug of chlorophyll/mL.

Light-induced non-cyclic electron transport de-
termination was performed with a Clark type elec-
trode as published by Saha et al. (1971) in the pres-
ence of 50 um MV as electron acceptor. The basal
electron transport was determined by illuminating
chloroplasts (20 ug of chlorophyll per mL) during
1 min in the basal electron transport medium as
previously published (Macias et al., 1999; Saha
etal., 1971). Phosphorylating non-cyclic electron
transport was measured as basal non-cyclic elec-
tron transport except that in the first case 1 mm
ADP and 3mm KH,PO, were added (Macias
et al., 1999; Saha et al., 1971). Uncoupled electron
transport was tested in the basal non-cyclic elec-
tron transport medium by adding 6 mm NH,CI as
uncoupler (Macias et al., 1999; Saha et al., 1971).

Uncoupled PSII and PSI electron flow

These determinations were performed as an un-
coupled electron transport assay. Uncoupled PSII
from water to dichlorophenol indophenol (DCPIP)
was measured by the reduction of DCPIP-sup-
ported O, evolution using a Clark type electrode.
1 um 2,5-dibromo-3-methyl-6-isopropyl-1,4-p-ben-
zoquinone (DBMIB), 100 um DCPIP, 500 um
K;5[Fe(CN)g] and 6 mm NH4Cl were added; MV
was omitted.

Uncoupled PSII electron transport from water
to sodium silicomolybdate (SiMo) was determined
as in PSII except that 200 um SiMo and 10 um
3-(3,4-dichlorophenyl)-1,1-dimethylurea (DCMU)
were added (Giaquinta et al., 1974). Almost all
electron flow activities were followed with a Yel-
low Springs Instrument (YSI) oxygen monitor,
model 2300 using a Clark type electrode.

Uncoupled electron transport from diphenyl
carbazide (DPC) to DCPIP was measured spectro-
photometrically and determined in thylakoids that
were previously treated with 0.8 M (hydroxymeth-
yl)-aminomethan (Tris) (pH 8.0) and incubated
30 min at 4 °C (Vernon and Shaw, 1969). After this
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treatment, the chloroplasts were centrifuged at
5000 x g (Sorvall super T 21) for 2 min. The pellet
was suspended with 40 mL of the basal electron
transport reaction medium and used for DCP to
DCPIP electron flow assay; previously chlorophyll
was determined.

Photosystem I (PSI) electron transport was de-
termined in a similar form to basal non-cyclic elec-
tron rate. 10 um DCMU, 100 um DCPIP, 50 um MV,
300 um ascorbate and 6 mm NH,CI were added to
the medium (Allen and Holmes, 1986).

The Is, value for each activity was extrapolated
using the graph of percent activity versus concen-
tration of all compounds. Is, is the concentration
producing 50% inhibition.

Chlorophyll a fluorescence

Chlorophyll a (Chl) fluorescence was measured
at room temperature with a Hansatech Fluores-
cence Handy PEA (Plant Efficient Analyzer) in
5min dark-adapted chloroplasts (20 ug mL~!)
(King-Diaz et al, 1998; Chavez et al., 2001). The
maximum fluorescence yield from the sample was
generated using six red high intensity light emit-
ting diodes (broad band 650 nm). The pulse dura-
tion was 2 s. The reaction medium used was as ba-
sal non-cyclic electron transport. To monitor Chl a
fluorescence transients, induction aliquots of dark-
adapted thylakoids containing 15 ug Chl were
transferred to a filter paper by gravity and imme-
diately dipped in 3 mL of the different test com-
pounds.

Mg?*-ATPase activity assays

Light-triggered Mg?*-ATPase activity bound to
thylakoid membranes was measured according to
Mills et al. (1980). Pi was determined as described
by Sumner (1944).

Results and Discussion
Synthesis

Fig. 1 shows the synthetic route leading from
6a,73-dihydroxyvouacapan-175-oic acid (1) to
6a-hydroxyvouacapan-743,17p3-lactone (2) and then
to 6-oxovouacapan-74,17p-lactone (3). Compound
2 was prepared from 1 by treatment with acetic
anhydride and sodium acetate in tetrahydrofuran,
for 50 minutes at 40 °C; the yield was 87% (Rubin-
ger et al., 1991). To prepare the d-ketolactone 3,
the lactone 2 was oxidized as described by Omura
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CcoH Ac,0, AcONa,

THF, 400C

iy DMSO, COCl, ,
CH,Cl,, - 60 0C
i) EtaN

Fig. 1. 6-Oxovouacapan-743,173-lactone (3) preparation
from the natural diterpene 6a,73-dihydroxyvouacapan-
176-oic acid (1) via 6a-hydroxyvouacapan-7[3,17/-lac-
tone (2).

and Swern (1978). The yield was 83%. The IR
spectrum of 3 exhibits two carbonyl absorption
bands at 1790 cm~! (lactone) and at 1725 cm™!
(ketone), indicating that the desired oxidation was
achieved. When comparing the 'H and *C NMR
spectra of 3 and 2, some major differences were
observed. In 3, the signal due to C-6 at Oc¢
200.57 ppm confirms the oxidation at this position.
In addition, the signal due to H-6 observed at oy
4.08 ppm in the 'H NMR spectrum of 2 was not
present in the spectrum of 3.

Effect of 6-oxovouacapan-75,175-lactone (3) on
ATP synthesis and non-cyclic electron transport
rate on spinach chloroplasts

The effect of 3 on photophosphorylation cou-
pled to electron flow from water to MV was tested
on freshly lysed spinach chloroplasts. It was ob-
served that as the concentration of 3 increased, the
synthesis of ATP decreased (Fig. 2). The 15, value
was 91 um.

ATP synthesis is coupled to electron transport.
Thus, it was decided to explore whether the effects
of 3 were due to: a) inhibition of an electron trans-
porter within the thylakoid chain, b) inhibition of
the H*-ATPase complex itself or c¢) dissipation of
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Fig. 2. Effect of 6-oxovouacapan-7(,17p-lactone (3) on
ATP synthesis coupled to electron transport from water
to MV. Experimental conditions are as described in Ma-
terials and Methods. Control value was 1280 um ATP
h~! mg~! ChlL

the H* gradient, i.e. an uncoupling effect. In order
to discriminate the mechanism by which 3 inhib-
ited ATP synthesis, its effect on non-cyclic electron
transport from water to MV (basal, phosphorylat-
ing and uncoupled) was assayed. The effect of 3
on non-cyclic electron transport rate from water to
MYV of freshly lysed spinach thylakoids was tested
(Fig. 3). Basal and phosphorylating electron trans-
port rates were partially inhibited by up to 50—
100 um 3. At higher concentrations, 3 behaved as
uncoupler as indicated by the acceleration in the
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Fig. 3. 6-Oxovouacapan-7§,17f-lactone (3) effect on the
electron transport rate from water to MV. Experimental
conditions are as described in Materials and Methods.
(M) Basal, (@) phosphorylating, and (A) uncoupling
conditions. Control values were 580, 845 and 1350 ue-
quiv. e~ h~! mg~! Chl, respectively.
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rate of electron transport both during basal and
phosphorylating conditions. However, the uncou-
pled electron transport was inhibited at increasing
concentrations of 3, such that at 300 um 3 the un-
coupled electron transport was inhibited by 80%.
This last result indicates that 3 exhibits dual ef-
fects, i.e. it is an uncoupler and an inhibitor of elec-
tron transport. In this regard, the uncoupled non-
cyclic electron flow from water to MV was inhib-
ited by 3 with an Isy of 156 um, which is higher
than the Isy for inhibition of ATP synthesis
(1.7 times more active). Thus, it is possible that 3
binds to the CF,CFy,-ATPase complex exerting a
direct inhibition of Mg?>*-ATPase activity.

Localization of the PSI or PSII partial reaction
where 6-oxovouacapan-70,17[-lactone (3) interacts

In order to determine the site of inhibition on
the thylakoid electron transport chain, the effect
of 3 on uncoupled partial reactions of PSI and
PSII was determined using appropriate artificial
electron donors, acceptors and inhibitors (Allen
and Holmes, 1986). Table I shows the inhibited
PSII uncoupled electron transport from water to
DCPIP and from water to SiMo by 3. The polaro-
graphic measurement indicates that 3 inhibits
within the span of water to Q, of PSII electron
transport. Additionally, PSI uncoupled electron
transport from DCPIPH, to MV was unaffected
by 3 (Table I).

Chlorophyll a fluorescence

In order to gather further evidence of the 6-oxo-
vouacapan-7f,173-lactone (3)-mediated inhibition

Table I.  Concentration-dependent  6-oxovouacapan-
7B,17-lactone (3)-mediated inhibition of the uncoupled
partial reaction of PSII electron flow from water to
DCPIP, from water to SiMo and DPC to DCPIP photo-
reduction in Tris-treated thylakoids using DPC as elec-
tron donor.

PSII
Conc. H,O to DCPIP H,O to SiMo DPC to DCPIP
[um] a % a % b %
0 467 100 200 100 382 100

25 439 94 184 92 327 86
50 388 83 162 81 264 69
100 290 62 120 60 199 52
150 187 40 74 37 153 40

a, uequiv. e~ h™! mg=! Chl; b, um DCPIPred h~!
mg~' ChL

of PSII the fluorescence of chlorophyll a of PSII
was evaluated. Freshly lysed spinach chloroplasts
exhibited a polyphasic fluorescence curve with
regular OJIP sequence of transients similar to
those previously described for several intact or-
ganisms (Strasser et al., 1995). Addition of 10 um
DCMU used as positive control, resulted in a fast
rise of the fluorescence during the first 2 ms of
illumination, transforming the regular OJIP se-
quence into an OJ sequence (Strasser et al., 1995).
Thylakoids were also incubated with 0.8 M Tris,
pH 8.0 used as positive control, a well-known do-
nor side inhibitor of PSII, which causes the loss of
the electron-donation ability and the loss of the
Mn?* complex at the same rate that it inhibits O,
evolution (Rickert et al., 1991). The Tris-treated
chloroplasts exhibit a fluorescence of Chl a tran-
sient (the OJIP trace) similar to that observed in
the heat-treated samples. After the heat (or Tris)
treatment of thylakoids, a new step K at about
300 us appears in the fluorescence induction curve
measured under high light illumination by a PEA
fluorometer. It was suggested that the appearance
of the K step is caused by the inhibition of OEC,
which leads to an accumulation of the oxidized
secondary electron donor of PSII-Y, (Strasser,
1997). Compound 3 had a similar behavior to heat
stress or Tris treatment of thylakoids up to 300 us
and thereafter, F,, partially decreases as concen-
tration of 3 increases. Normalizations of all curves
between F, and F,, show the appearance of the K
band, indicating the block of the OEC by 3. The
decreasing F,, and the F,, values were almost con-
stant (Table IT) indicating the creation of “silent
centers”, i.e. non-Q, reducing centers (Toth et al.,
2005). The results of the K step and the sink-silent
centers confirmed the behavior of 3 as a water-
splitting enzyme inhibitor and the creation of the

Table II. Fy, Fy,, and F,/F,, values in thylakoids after tre-
atment with 6-oxovouacapan-73,17f-lactone (3) and
5 min of incubation.

3 [um] Fo F, F,/F,,
0 448 2193 0.796
25 450 1811 0.752
50 302 1301 0.768
100 350 1370 0.745
200 370 1571 0.764
10 um DCMU 593 2203 0.731
0.8 m Tris 417 818 0.490




232

Péso quencher non-Q 4 reducing centers which block
the non-cyclic electron transport of PSII.

It seems that the lactone group is a requirement
for the interaction with the PSII electron transport
carrier and CF, inhibition (King-Diaz et al., 2005;
Achnine et al., 1999; Calera et al., 1995). It was re-
cently published (King-Diaz et al., 2005) that 6a-hy-
droxyvouacapan-74,173-lactone (2) inhibits PSII
electron transport, i.e. interfers with OEC function
and in the span electron transport of Pggy to Q4, and
that the lactone group is responsible for inhibition.
Here, it is demonstrated that 3 also inhibits the same
PSII sites and thus the lactone group is probably im-
portant for PSII inhibition (King-Diaz et al., 2005).
The interaction of 3 with the electron transport
chain target is irreversible. This was supported by
the finding that when the thylakoid samples with
and without 500 um 3 were illuminated for 1 min and
the uncoupled electron flow from water to MV was
measured, the electron flow with 3 was inhibited.
These samples were washed twice with electron
transport medium, and the uncoupled electron flow
was measured again with the washed thylakoids. The
uncoupled electron transport from water to MV re-
main inhibited compared with the control. These re-
sults indicate that 3 binds covalently with its target.
These assays were repeated three times and the re-
sults always were reproducible. The assays were
done for compound 2 too, and the results indicated
the same behavior as for 3. We propose that the lac-
tone reacts with a nucleophilic group of the thylak-
oid electron transport carrier like amines, thiols or
alcohols from proteins. The lactone is opened when
it reacts with amines (to give amides, thiols, alcohols
by transesterification). Fig.4 shows the proposed
mechanism for 3 reacting with the amine group of
the target. The same is valuable for RSH or ROH.
The open derivative is more stable (more favorable
entropy). Also, the protein carrier system may not
be adequate to favor the reversible reaction.

It seems that the carbonyl group at C-6 of 3 some-
how uncouples photophosphorylation as a non-clas-
sical uncoupler. Finally, we conclude that the free
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—OH group at C-6 of 2 is not important for interac-
tion with PSII electron transport carrier.

Mg?*+-ATPase activity

It is well known that uncouplers such as tri-
colorin A, NH,Cl and FCCP stimulate the activity
of the Mg?*-ATPase (Achnine et al., 1999). Ta-
ble III shows that ammonium chloride enhanced
the activity of Mg?*-ATPase, which was used as
positive control, and that compound 3 enhanced
the activity of Mg?*-ATPase, corroborating that 3
acts as an uncoupler. To understand the uncoupler
property of 3, the logarithms of the partition coef-
ficient (Log P) of 1, 2 and 3 were estimated, with
values of 1.09, 3.60 and 4.48, respectively (the
LOGKOW;KOWWIN program was used). This in-
dicates that 3 was more soluble in the lipid phase
than 2, which could explain the interaction with
the H"-ATPase of the thylakoid membranes.

Table III. Effect of 6-oxovouacapan-743,173-lactone (3)
on the activity of the membrane bound thylakoid en-
zyme Mg?*-ATPase.

Activity

3 [um] [um phosphate mg~! Chl h—1] (%)

0 121 100
100 157 130
200 169 140
300 191 158
NH,CI [mm]

0 121 100

1 207 171

p 263 217

6 152 126
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