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Figure 1. Partial 3C NMR spectrum (90-25 ppm) of 2D INADE-
QUATE of BCH,'*CO,Na labeled BTX-B (3.2 mM) in C¢Dg, 125.13
MHz Bruker AM-500. The C, units that originate from the same ace-
tates are enclosed in squares. The asterisked carbon pairs 28/29 and
40/41 are not in the figure because they fall out of the range shown, but
the connectivities were evident. m = 3CH,CO,Na, ¢ = CH,;"*CO,Na,
and M = *CH,SCH,CH,CH(NH,)CO,H.
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labeling experiments the yield of BTX-B is frequently less then
1 mg. The '*C NMR peak heights showed the incorporation level
of acetates in BTX-B to be 2.0-2.5%. The erratic growth of these
dinoflagellates has been a major obstacle in obtaining the toxins.
This was especially true with respect to labeling experiments. In
some instances the addition of sodium acetate to the G. breve
culture led to the destruction of the entire culture, whereas in some
instances it actually enhanced the growth of the culture.

Of the 50 carbons of BTX-B, 16 carbons showed enrichment
from [1-*CJacetate, 30 carbons from [2-'?C]acetate, and 4
carbons from methyl-'*C-methionine (Figure 1), thus accounting
for the origin of all carbons. The doubly labeled BTX-B molecule
is an ideal model for demonstrating the INADEQUATE "C
NMR technique'! in biosynthetic studies. Namely, its single
carbon chain contains many contiguous carbon pairs, e.g., C-8/C-9
in 1, in which one carbon (C-9) is linked only to hydrogens and
carbon (C-10) thus appearing around 35 ppm, whereas the other
(C-8) is linked to an oxygen and appears around 80 ppm. This
large difference in chemical shifts gives a spectrum in which the
carbons correlated by connectivity are clearly separated (Figure
1).!2 These 2D INADEQUATE measurements'? on BTX-B

(11) (a) Chan, J. K.; Moore, R. N.; Nakashima, T. T.; Vederas, J. C. J.
Am. Chem. Soc. 1983, 105, 3334-3336. (b) Carter, G. T.; Fantini, A. A.;
James, J. C.; Borders, D. B.; White, R. J. Tetrahedron Lett. 1984, 25,
255-258. (c) Moore, R. N.; Bigam, G.; Chan, J. K,; Hogg, A. M.; Naka-
shima, T. T. Vederas, J. C. J. Am. Chem. Soc. 1988, 107, 3694-3701.

(12) Cross peaks for the acetate connectivity patterns of C-1, C-2, C-3,
and 3-Me were absent from the 2D INADEQUATE spectrum, presumably
due to longer #,’s of the carbons within this ene lactone moity.

(13) For the INADEQUATE experiment, 125.13 MHz Bruker AM-500,
internal reference C4Dj at 25 °C (128.0 ppm) was used;* the residual artifacts
in 2D matrix were removed by symmetrization.'*
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Table I. Carbon Assignments of BTX-B*

carbon ppm carbon ppm carbon ppm
1 162.51 18 78.04 35 63.65
2 116.54 19 89.02 36 74.92
3 159.43 20 29.76 37 71.93
4 68.63 21 74.85 38 32.01
5 76.47 22 74.25 39 71.70
6 30.53 23 42,16 40 32.34
7 79.37 24 7539 41 148.79
8 74.69 25 80.03 42 193.53
9 45.39 26 40.01 43 134.40
10 83.89 27 12694  3-Me 16.70
11 85.43 28 136.41 8-Me 15.84
12 36.24 29 80.35 13-Me 18.33
13 33.59 30 76.73 18-Me 22.12
14 88.41 31 37.85 22-Me 20.53
15 83.59 32 69.78 25-Me 18.33
16 29.95 33 77.48 36-Me 14.00
17 38.48 34 31.09

¢Measurements were performed with Bruker AM-500, 125.13 MHz,
and Bruker WM-250, 62.89 MHz, in C4D; at 25 °C.

incorporating [1,2-!3C,]acetate enabled one to assign remaining
carbons and also to confirm assignments of many other carbons.
This led to the assignments of all carbons (Table I) as well as
elucidation of their biosynthetic origins. It should be noted that
the single carbon chain which constitutes the backbone of the
ladder-like oxacyclic skeleton is not a simple polyketide. Indeed
there are six m~m moieties and even two contiguous m-m-m
moieties, one of which is extended by an additional Me group
(13-Me). Further studies of this unprecedented biosynthetic
pattern are being carried out.
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The molybdenum oxo-transferases (hydroxylases)? catalyze the
two-electron oxidation or reduction of substrates X/XO in pro-
cesses which may be formally represented as X + H,0 = XO
+ 2H* 4 2e”. Our recent investigations have demonstrated that
(i) the complexes MoO,(L-NS,) (1) and MoO(L-NS,)(DMF)
(2) are reasonable structural representations of certain enzyme
sites;* (ii) stoichiometric reaction 1 occurs with a variety of
substrates, including sulfoxides and N-oxides that are enzyme
substrates;** (iii) the catalytic cycle 2 (XO = R,SO) operates
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+ X0 (1)

X MoOa(L—NS ) PhgP
X0 MoO(L—NS2)(DMF) Ph3PO

and is capable of at least 500 turnovers in DMF solution.*
Throughout, our working hypothesis has been that at least some
enzymatic processes proceed via forward or reverse direct oxo atom
transfer, viz., MoOL, + XO = MoO,L, + X. The catalytic
transfer of '*0 from nicotinamide N-oxide to xanthine by milk
and liver xanthine oxidase® constitutes proof of one such direct
reaction. Here the enzyme acts as a reductase toward the al-
ternative substrate, the N-oxide, and an oxidase toward its natural
substrate, xanthine.

With cycle 2 and related information as the basis, we proposed
a reaction cycle for the enzymatic reduction of sulfoxides*’ as
catalyzed by, e.g., d-biotin sulfoxide reductase.? All proposed
steps follow from reactions demonstrated in the analogue system
except for the reduction of the E,(MoY'0,) to the E,.q(Mo'VO)
form of the enzyme, which is presumed to contain the indicated
groups. In cycle 2 this step is effected by the nonphysiological
reductant Ph;P. Demonstration of sulfoxide reduction by liver
cytosolic enzymes® and yeast methionine reductase'® in recon-
stituted systems including the cysteinyl-containing redox protein
thioredoxin!! implicates thiol as a physiological reductant
(2Cys'SH = Cys:SS.Cys + 2H™* + 2¢"), as shown in cycle 3. We

(5) Harlan, E. W.; Berg, J. M.; Holm, R. H. J. Am. Chem. Soc. 18 ., 108,
6992,

(6) Murray, K. N.; Watson, G. J.; Chaykin, S. J. Biol. Chem. 1966, 241,
4798.

(7) Holm, R. H.; Berg, J. M. Pure Appl. Chem. 1984, 56, 1645,
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469. (b) del Campillo-Campbell, A.; Dykhuizen, D.; Cleary, P. P. Methods
Enzymol. 1979, 62, 379.

(9) Anders, M. W,; Ratnayake, J. H.; Hanna, P. E,; Fuchs, J. A. Biochem.
Biophys. Res. Commun. 1980, 97, 846.

(10) Porqué, P. G.; Baldesten, A.; Reichard, P. J. Biol. Chem. 1970, 245,
2371. These two enzymes have not been proven to be Mo-dependent. How-
ever, d-biotin sulfoxide reductase is a molybdoenzyme and utilizes a cystei-
nyl-containing protein but one different from thioredoxin and glutaredoxin.®®
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Chem. 1974, 249, 205. (b) Holmgren, A.; Séderberg, B.-O.; Eklund, H.;
Brédndén, C.-1. Proc. Natl. Acad. Sci. U.S.A. 1975, 72, 2305. (c) Holmgren,
A. Trends Biochem. Sci. 1982, 6, 26.
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Figure 1. "F NMR (282.4 MHz) of a reaction system in DMF solution
at 25 °C initially containing the mole ratio RgESH:(Rf),SO:MoO,(L-
NS,) = 12.5:12.5:1 (Rg = p-FC4H,) and [MoQO,(L-NS,)] = 40 mM.
Spectra over the 1-108-h interval are shown. Signal assignments are
indicated; chemical shifts are relative to CFCl; external standard. Ac-
quisition parameters were adjusted to afford meaningful integrated signal
intensities for T; < 20 s, as determined for a set of p-fluorophenyl com-
pounds.

present evidence that thiol is a viable electron donor in the Mo-
mediated reduction of sulfoxides.

X £,

ox thioredoxin-(SH),

(3)

X0 Ereq thioredoxin-S, + H,0

An anaerobic reaction system with the initial mole ratio
RSH:(RF),SO:1 = 12.5:12.5:1 (Rg = p-FC¢H,) in DMF solu-
tion'? was examined. The fluorine-substituted components!? and
their products allowed ready monitoring of the reactions by '°F
NMR spectroscopy. Spectra over a 108-h period are provided
in Figure 1; all signals are fully resolved. Over this period, RgSH
(~114.6 ppm) and (Rg),SO (~105.7 ppm) are consumed, and
known RgSSR¢'* (~110.2 ppm) and RgSRg!? (~110.8 ppm) are
progressively generated in exactly equimolar amounts. No other
signals were observed in the ~90 to ~130 ppm range, the sum of
the integrated intensities of all signals was constant (£10%), and
the system remained homogeneous. At 108 h, product signal
intensities indicated 3.8 £ 0.2 turnovers at {1} = 40 mM. Ina
control experiment, an anaerobic solution with [RgSH]} =
[(RE),SO] = 500 mM in DMF'2 at 25 °C for 120 h showed no
reaction.

We have previously demonstrated that 1 is reduced to 2 in DMF
by PhSH.® Here, 15 mM 1 in DMF (A, 385, 449 nm)? was
treated with 2.5 equiv of RgSH, which caused the gradual ap-
pearance of the characteristic spectrum of 2 (A, 365, 528, 734
nm).> After 62 h, reaction 4 was 63% complete. At longer times

MoO,(L-NS,) + 2RSH —
MoO(L-NS,)(DMF) + R:SSR; + H,0 (4)

the spectrum of 2 decayed, presumably because of degradation
induced by excess thiol. The reduction of 1 is much slower than
the reaction of 2 with substrate. Thus, the reaction of 0.44 mM
2 with 2.7 equiv of (Rg),SO in DMF gave the absorbance ratio
Asgs/ A = 1.18 (vs. 1.13 for authentic 1) after 1 h, demonstrating
complete reaction. Further, at the mol ratio Ph,SO:2 > 10:1, k&
= 1.4 X 1073 5! for the reaction 2 + Ph,SO — 1 + Ph,S (DMF,

(12) A small amount of Na,SO, was placed in the NMR tube to reduce
or remove any reaction of complexes 1 and 2 with water liberated in reaction
4. These complexes are somewhat sensitive to water.

(13) (a) Leonard, N. J.; Sutton, L. E. J. Am. Chem. Soc. 1948, 70, 1564.
(b) Wilson, G. E., Jr; Chang, M. M. Y. J. Am. Chem. Soc. 1974, 96, 7533.

(14) Chau, M. M,; Kice, J. L. J. Am. Chem. Soc. 1976, 98, 7711.
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23 °C),* corresponding to #;/5(2) ~ 8 min,

The foregoing results demonstrate the reaction cycle set out
in the figure, whereby thiol acts as the electron donor in the
reduction of sulfoxide. The system is catalytic, with ca. 4 turnovers
in 108 h, but overall reaction 5 is slow by reason of the sluggish

(Rp),SO + 2R:SH — R:SR; + RgSSR; + H,0  (5)

rate of reduction of Mo(VI) by thiol. Other synthetic systems
capable of the same reactions doubtless can be devised. Thus,
MoO(S,CNEt,), (3) has been isolated in good yield from the
reaction of MoO,(S,CNEt,), (4) with PhSH,!* and 3 has been
shown to reduce sulfoxides'1® with formation of 4 and sulfides.
The instability of 2 in the presence of excess thiol is obviated to
an extent in a catalytic reaction system, where it is oxidized to
1 at the same rate at which it is formed. In the present system
1 is cleanly reduced at an appreciable rate only by arenethiols,
whose relatively acidic character'® presumably promotes pro-
tonation of an oxo ligand.

The principal result forthcoming from the present work is that
thiols are thermodynamically capable of reducing a MoY10, species
to a Mo!'vO state which executes reductase reactions on enzymic
substrates. Electron transfer may occur via intervening redox
centers (heme, Fe/S, flavin), including possibly the pterin com-
ponent of the Mo cofactor.2*# Inasmuch as all Mo!YO complexes
with a labile binding site yet tested are capable of reducing
Me,SO,’ it is apparent that catalysis depends critically on the
potentials of the external electron donor and the Mo(VI) center.
Elsewhere we have shown that coordinated thiolate sulfur (present
in oxo-transferases?®) raises Mo(VI) reduction potentials,’ one
apparent advantage of this effect being to render this state re-
ducible in catalysis by physiological reagents. With the provisos
that certain sulfoxide-reducing enzyme systems utilize other do-
nors?»? and that the only enzyme with a partially characterized
catalytic site (liver aldehyde oxidase?’) known to reduce sulf-
oxides? may contain the MoVOS group when oxidized, the present

(15) McDonald, J. W.; Corbin, J. L.; Newton, W. E. Inorg. Chem. 1976,
15, 2056.
(16) Reynolds, M. S.; Berg, J. M.; Holm, R. H. Inorg. Chem. 1984, 23,
3057.
(17) Mitchell, P. C. H,; Scarle, R. D. J. Chem. Soc., Dalton Trans. 1975,
552

(18) Lu, X.; Sun, J; Tao, X. Synthesis 1982, 185.

(19) Aqueous pK,’s: PhSH, 6.43;2° p-FC,H,SH, 6.20.2! Aliphatic thiols
(pK, 2 9) reacted very slowly with 1 in DMF. Dithiols (dithioerythritol,
dithiothreitol, glutathione, o-xylenedithiol, 6,8-dimercaptooctanoic acid)
caused partial reduction to 2 but thereafter decomposition, also in DMF.

(20) Jencks, W. P.; Salveson, K. J. Am. Chem. Soc. 1971, 93, 4433.

(21) Wilson, J. M.; Bayer, R. J.; Hupe, D. J. J. Am. Chem. Soc. 1977, 99,
7922.

(22) (a) Johnson, J. L.; Rajagopalan, K. V. Proc. Natl. Acad. Sci. US.A.
1982, 79, 6856. (b) Johnson, J. L.; Hainline, B. E.; Rajagopalan, K. V.;
Arison, B. H. J. Biol. Chem. 1984, 259, 5414.

(23) Treatment of 6,7-dimethyl-5,6,7,8-tetrahydropterin dihydrochloride?*
(H,pterin) with 2 equiv of [Fe(CN)¢]* in aqueous solution, followed by
immediate addition of excess (20 equiv) of RFSH and ether extraction of
RESSRy, afforded quantitative spectrophotometric recovery of the fully re-
duced pterin. This result, which is consistent with those from other reactions
involving different thiols,’ demonstrates electron transfer from thiol to the
quininoid form of the half-oxidized pterin, i.e., 2RESH + H,pterin — RgSSR¢
+ H,pterin.

(24) (a) Armarego, W. L. F.; Waring, P. J. Chem. Soc., Perkin Trans. 2
1982, 1227, (b) Eberlein, G.; Bruice, T. C.; Henrie, R.; Benkovic, S. J. J. Am.
Chem. Soc. 1984, 106, 7916.

(25) (a) Kaufman, S. J. Biol. Chem. 1961, 236, 804. (b) Bublitz, C.
Biochim. Biophys. Acta 1969, 191, 249.

(26) (a) Cramer, S. P.; Wahl, R.; Rajagopalan, K. V. J. Am. Chem. Soc.
1981, 103, 7721. (b) Cramer, S. P.; Solomonson, L. P.; Adams, M. W. W,
Mortenson, L. E. J. Am. Chem. Soc. 1984, 106, 1467. (c) Cramer, S. P.;
Hille, R. J. Am. Chem. Soc. 1985, 107, 8164.

(27) (a) Tatsumi, K.; Kitamura, S.; Yamada, H. Biochim. Biophys. Acta
1983, 741, 86. (b) Yoshihara, S.; Tatsumi, K. Arch. Biochem. Biophys. 1985,
242, 213,

(28) (a) Bilous, P. T.; Weiner, J. H. J. Bacteriol. 1985, 162, 1151. (b)
Kitamura, S.; Tatsumi, K.; Hirata, Y.; Yoshimura, H. J. Pharm. Dyn. 1981,
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(29) This statement assumes that the guinea pig liver?” and the better
characterized rabbit liver®® enzyme have the same site structure. It is not
known whether the enzyme exists in a desulfo form which is active in sulfoxide
reduction when other than an aldehyde is used as the electron donor.
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results improve the viability of thiols and thioredoxin as en-
dogenous electron donors in reductase reactions of Mo oxo-
transferases.

Lastly, the ’F NMR method for following oxo transfer catalysis
is particularly effective, and applications will be presented sub-
sequently with high-turnover systems and other substrates. The
present system is not intended to be catalytically useful. Rather,
it is employed to demonstrate that electrons can be transferred
from thiol to substrate via a currently credible representation of
an oxo-transferase active site.

Acknowledgment. This research was supported by National
Science Foundation Grants CHE 81-06017 and 85-21365.

(30) Hille, R.; Massey, V. In Molybdenum Enzymes, Spiro, T. G., Ed.;
Wiley-Interscience: New York, 1985; Chapter 9.

Chemical Regulation of Distance: Characterization of
the First Natural Host Germination Stimulant for
Striga asiatica

Mayland Chang,' David H. Netzly,! Larry G. Butler,! and
David G. Lynn**

Department of Chemistry, The University of Chicago
Chicago, Hlinois 60637

Department of Biochemistry, Purdue University
West Lafayette, Indiana 47907

Received July 8, 1986

Striga asiatica, “witchweed”, an obligate parasitic plant which
attaches to the roots of corn, Sorghum, and other grasses, causes
severe damage to crop yields around the world. The seeds of this
parasite require a germination stimulus,' and once germinated
Striga survives for less than 2 weeks in the absence of a host. In
vitro, Striga seeds germinate only within a 0.75-cm zone of the
roots of both corn and Sorghum? and produce roots that are no
more than ~3 mm in length. Several years ago, the sesquiterpene
strigol was isolated from cotton, a nonhost plant, and found to
be a potent germination stimulus for Striga.> However, a stable
sesquiterpene which could accumulate in the soil may stimulate
germination at too great a distance for host attachment.* We
describe here the identification of the first germination stimulant
for Striga from the root exudate of a natural host and provide
an explanation of how this compound would define the distance
away from the host root at which Striga germination occurs.

Sorghum bicolor (L.) Moench cv. IS 8768 seeds (10 g) were
grown aseptically on moist filter paper in the dark at 27 °C for
7 days. The roots were dipped in 0.5% HOAc/CH,Cl, (100 mL)
for 2 5,5 and the extract was evaporated in vacuo to give 15 mg
of a biologically active crude exudate.® The 'H NMR spectrum

' The University of Chicago.

*Purdue University.
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