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Helenanolide-Type Sesquiterpene Lactones—IIl. Rates and
Stereochemistry in the Reaction of Helenalin and Related
Helenanolides with Sulfhydryl Containing Biomolecules*

Thomas J. Schmidt
Institut fiir Pharmazeutische Biologie der Heinrich-Heine-Universitét Diisseldorf, D-40225 Diisseldorf, Germany

Abstract—The reactivity of the two potential Michael addition sites of the helenanolide-type sesquiterpene lactone helenalin
towards the physiological thiols glutathione (GSH) and cysteine (cvs) in agueous solution was invesligated by 'H NMR
spectroscopic experiments. In the presence of one molar equivalent of GSH. the reaction was shown to occur with high regio- and
stercoselectivity at the B-position of C-2 in the cyclopentenonc ring. Addition to the cxocyelic methylene group at the lactone ring
was found to occur in the presence of GSH in molar ratios over 1:1. but proceeded at a rate 10 times smaller than at C-2 Icading to
the 2[3,13(11[3)-bis-glutathionyl adduct. In contrast, addition of frec cys highly favoured the exocyclic methylene group. Addition of
GSH to the cyclopentenone of 11e,13-dihydrohelenalin (plenolin} showed the sume characteristics as obscrved with helenalin
while 2¢t-acetoxy-2,3-dihydro-4pH-helenalin (chamissonolide) did not form an adduct when incubated with an equimolar amount
of GSH. Explanations for the obscrved differences in reactivity of the two potential reaction sites based an MO computations are
given and implications for the biological activity of this type of sesquiterpene lactones are discussed. © 1997 Elsevier Scignce Ltd.

Introduction Considering the generally accepted mechanism  of
action. the guestion arises, whether the reaction of the
different potentially alkylating structure elements is of a
certain speciticity, so that some selectivity might exist
concerning the sulthydryl conlaining larget structures.
Several earlier reports have shown that helenalin and
related compounds react with sulthydryl recagents such
as cysteine (cys) and glutathione (Gly-Cys-yGlu, =

Scsquiterpenc lactones (STL) of the 10¢-methylpseudo-
guaianolide (= helenanolide)-type are secondary plant
metabolites isolated from numerous genera of the
Compositae.! Many of them are known to possess a
broad variety of biological and pharmacological activitics.”

STL are known to bind covalently to sulfhydryl groups of GSI [)_5-""4 16
biological molccules by Michacel addition of their o.p-
unsaturated carbonyl structures, which are comman GSH is an extraordinarily important physiological
structural features of most STL. Thiol groups of enzymes peptide that is involved in numerous essential processes
are considered to be especially susceptible to this within all living cclls.” It has been shown that some STL
reaction, and STL have been demonstrated to inhibit a affect intracellular GSH levels™® and thus, some of
variety of important sulfhydryl-bearing enzymes, such as their bioactivities could be caused by interference with
phosphofructokinase,” glycogen synthase.* inosine mono- intracellular GSH balance, which would seriously affect
phospate dehydrogenasce,™ and others.” cell function. On the other hand, spontaneous reaction
of STL with GSH might. to some extent, protect other
Among the compounds of the helenanolide group, sulfhydryl containing structures within the cell and thus
especially helenalin 1 and its derivatives have received decrease the rate of enzyme inhibition. However,
considerable attention in pharmacological rescarch duc although some data on reaction rates are available in

the literature,™" little attention has been paid to reaction

products, stercochemical aspects. and possible selectiv-
ity of the different potential reaction sites.

to their potent antinecplastic and anti-inflammatory
activity.” "' The intense activity of 1. a constituent of
Helenium speeies' and also of the medicinally uscd
flowerheads of Amica montana and further Amica . o ) .
species,]“ has been explained by the fact that it In order to obtain such information, the rcactions of

possesses (wo Teactive structure elements, an ouf- helenalin 1, 11a.13-dihvdrohelenalin (plenolin) 2, and

. i Yev-acetonve? I-cdihvedro-dBH-he H a1 ide
unsaturated cyclopentenone ring as well as the exocyelic ;u d'Lt;m’gSZI’—; d]hé\ldro L}BH hdc'}[al(l;.l éClEmlf’Is?noNlﬁeIg
methylene group in conjugation with rthe lactone S oWl and cys were SHIdie Y
.. ERTRE spectroscopy. Reaction rates could be measured for
carbonyl. ‘ / .

the different reactive structure elements and sterco-
o T , — j and regiosclectivitics could be observed, which will be
I'he presented work was carried out for the major part at the . o . .
Department of Chemistry, Louisiana State University. Baton Rouge. mcar.n_ngfulv to further research on the biological
Louisiana, U.5 A activities of these compounds and other STL.
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Structures ot sesquiterpenc lactones 1-3 and of the GSIH- and cys
adducts.

Results and Discussion

The rate diagrams obtained for three different concen-
trations of GSH exposed to 20 umol mL ' 1 in D,O are
depicted in Figure 1. Of the two potential reaction sites
of helenalin, the cyclopentenone structure (reaction site
C-2) was found to react with GSH considerably faster
than the exocyelic methylene group (reaction site C-13).
The reaction of 1 with GSH in equimolar amounts (20
pmol mL ') therefore viclded almost  exclusively
(>90%) a single adduct (1a). The structure of 1a could
be determined from the resulting 'H NMR, COSY, and
NOESY spectra ('H NMR data see Table 1). Most
surprisingly. the addition at -2 occurred stereoselec-
tively from the B-face of the helenalin molecule. The
stercochemistry at C-2 and -3 was deduced from the
coupling constants of H-1, H-2, and H-3 in comparison
with calculated values for force ficld-minimized compu-
ter models of the four possible diastercomers in the
deuterated product (Table 2). The relatively small
coupling of 6.4 Hz between H-2 and H-1 and the
absence of a measurable coupling between H-2 and H-3
are only possible if the molecule posscsses the relative
configuration depicted in Table 2 A (i.c. if H-1 and H-2
are both a oriented and -3 occupies the f-position
while the deuteron at C-3 is in the o-position).

1 Helenalin + GSH:
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08
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¢
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Figure | Reaction of 1 with three different concentrations of GSH.

In a recent communication, 1 was shown to be subjected
10 4 fast exchange (k ~ 34 = 10°s 'at 298 K, acetone-
d,) of two different twist-chair conformations, in one of
which the pscudosymmetry axis C, passes through C-7
(TC?) and in the other one through C-10 (TC10). Both
populations are present in a ratio of about 6:4
(TC7:TCI10) in D.Q with an cncrgy difference between
both geometries of only about 0.97 kJ mol™.*' The
monoglutathionyl adduct la was found to distinctly
prefer the TC7 geometry. The coupling constants of-H-
9¢: and H-9 with H-10 of 10.7 and 2.3 Hz, respectively,
are almost identical with thosc of 11¢,13-dihydrohelen-
alin derivatives that were shown to adopt the TC7
conformation (compare J,,, with those of 1 (Table 1),
and Schmidt™'). Hence. the conformational equilibrium
as observed with helenalin is shifted completely towards
the TC7 contformation on addition to the A2,3-double
hond. This finding corrohorates our hypothesis that the
stability of the different geometries within the cyclo-
heptane ring of 1 is not only affected by hydrogenation
of the A11.13-double bond and possible steric interac-
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Tahle 1. 'H NMR datu of the GSH adducts of 1 and 2 (1a, 1b. and 2a) {400 MHz, D,0;" data of 1 and 2 in D,O are included for easier comparison)
1 la 1b
H S (ppm) mult JiH2) 5 (ppm} mult. J (Hz) & (ppm) mult. J {Hz)
1 2.964 ddd|dt] 115, 2% =2 2.648 dd 64, 11.2 2644 dd 603,112
2 7GR0 dd h.L 1.3 3.537 d 6.5 3.531[ d 6.4
3 6.030 dd 59,20 272 < 2723 5
3} 4.326 d 1.7 4114 d 2.3 4,103 H
7 3.505 dddd[dg] &8 3x 1-2 3511 ddddldg]  8.1.3%x 23 2.96(F d 6.4
8 5084 ddd[dr] = B-4, 23 4.97] ddd 78,65 1.3 4.804 dd [br 1] 2x 5-6
Oex 1.741 ddd 154.7.6. 25 1.779 ddd 157 10,7, 1.6 1.702 dd 11.9,15.1
9B 2280 ddd 154, 8042 2.227 ddd 15.6, 6.4, 2.3 2.284 ddd 149,52, 24
10 2.028 m 1.973 m 1.964 m
1 (DY
13a 6.290 d kX 6,255 d 25 3.027 d 13.3
13b 5935 d 34 504 d 2 2.754 d 1
CH-13
CHs-14 1.17& d 6.7 1.07% d 6. 1.079 d 6.5
Cll5-15 0.84% N 0.799 5 (1.846 5
cysPlla 3074 dd 14.3. 4.6 3.02 -
3.091 dd 14.1,5.5
cys-BHb 2822 dd 14.2. 99 2.820 dd 14.0, 10.1
2.902 dd 14.1, 8.0
cys-aH 4.502 dd 99, 4.6 4.500 dd bE 47
4.591 dd 8.0, 5.5
glv-cH, 3475 e 3886 b
aluyt- 2467 e 2,468 e
glu-pH; 2062 e 2.090 b-d
glu-aH 3725 dd[1] 0.5 3733 e
2 2a
H 0 (ppm) mult. J (Hz) {ppm} mult. J (Hz)
1 3008 ddd|dt] 113, 2% =2 2.636 dd 6.3, 11.1
2 7.018 dd 59. 1.0 2.502 d 6.4
3 H.005 dd 5824 2.675 5
6 4.211 3 4.004 5
7 2036 dd 1.7, 6.2 2519 dd 10.8, 5.6
K 4RYR deld] ] 20615 825 dd[bri] 2% 6
9 1.682 ddd [35: 115 1.5 1.684 dd 154,115
3 2.330 ddd 156, 6.6, 1.6 2.251 ddd 15.6. 6.6, 1.6
10 2.008 m 1.938 m
11 3.261 dq 1.7, 3= 7.3 384 dy 9.9, 3x 74
134
13h
CH;-13 1.201 d 7.3 1.187 d 7.3
CH;-14 1.122 d 6.7 1058 d 6.4
Clip-15 (1811 5 0.825 5
cys-Bl 2983 dd 14.2. 45
cys-BHb 2783 dd 142,99
cvs-ol ] 1471 dd 10.0. 4.6
gly-oH» 3.835 e
glu-yH 2442 P
glu-pH- 2.053 b
glu-eH 3670 ddt] 6.4

“Five drops nl acclone-d, were added for betier solubility: Slgndls not first order: Intensity 2H: lmensxt) 4H: “Overlapping signal, multlphuly not

determined. f)lgnals for laH and 1b" (500.12 MHz): H-2

1355, dd (o], 27 6-T:

H-3a/b: non first-order AB part of ABX system at 2.71. 21b™: H7:

298, dd. 6.4, 9.5; H-11: 3.36, ddd [dt]. 3.8, 2*10.1; H-13u: 298, dd. 13.0. 6.0: H-13b: 2,78, dd. 12.8, 10.1.

tions of the resulting methyl group. but also by the
hybridization of carbon atoms C-2 and -3 in the
cyclopentane ring of such helenanolides.™

When incubated with 2 and 5 mol equiv of G§H, slow
formation of the 2B, 13(11p)-his-glutathiony! adduct
Ib of helenalin was to be obscrved after initial
formation of la. Figure 2 shows the NMR spectra
obtained during the reaction of 1 with 2 mol equiv of
GSH.

The stereochemistry at C-11 of 1b is affirmed by the
coupling constant J;,; = 10 Hz in the spectrum of the
product isolated after reaction in H,O (1b"), which is
very similar to the value in 11c,13-dihydrohelenalin and
would be higher (ca. 13 Hz) in case of an 11B,13-
dihydrohelenalin - derivative.”  Furthermore, nuclear
Overhauser effects between H-13b and CH,-15 as well
as H-6 were obscrved in the NOESY spectrum, which
could not occur if the side chain were a-oriented
(distance H-13b ... CH,-15 2.3 A and H-13b ... H-6 2.2
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Figure 2. 'H NMR spectra obtained during the reaction of 1 with 2 mol equiv of GSH.

A for B-CH.-8-R, both distances >4 A for o-CH.-S-R
(AM1 models of the 11w- and 113-configurated -But-S-
adducts)).

The approximaie second-order rate constants for GSH
addition obtained by linearization of the data sets (see
Table 3) showed that the rate of addition to C-2
{average k- 0.08 mol ' min ') is about 10 times higher
than for C-13 (average - 0.008 mol ' min ).

These results are in agreement with earlier findings of
Picman et al.. who reported that helenalin yields only
one monoadduct when incubated with an equimolar

Table 2. Theoretical *J y-coupling canstants n the evclopentanone
ring of the four possible disstereomers of the C-2-§R adducts of 1
(AMI-madels of the cys-adducts) and experimental values of
compounds la, 1b. and 1d

la b Ic¢
1.2 5.0 56 113 1.3 65 04 63
2.3 1.3 5.4 g2 89 <] «l 76

amount of GSH, without further characterization of the
product.”

In contrast, other authors'™'" reported that the olefinic
proton signals of both reactive sites of 1, H-2/H-3 and
H-13a/b had disappeared from the 'H NMR spectrum
after 4 h incubation with an approximately equimolar
amouni of GSH (10 mg each = 3.8 umol 1 and 3.3 pmol
GSI1). This, with respect Lo stoichiometry, is impossible
since two molecules of GSH cannot be added to each
molecule of helenalin if a ratio of only 1:1 molecules is
present.

Page et al,, in a more recent study reported on second-
order rate constants for GSH addition to a number of
STI.. Their data for 1, 2.3-dihydro-1 and 11e,13-

Table 3. Sccond-order rate constants (k- mol™! min \‘) for the
addition of GSH to helenalin (1)
col LGSHmM)  Site g Ky iz Tz
20:20 C-2 0,992 0.061 819 750
C-13 - -
20:40 -2 1.985 .100 203 120
C-13 ().954 (L.007 2896 2800
200 10 -2 1973 (L0O71 103 60
C-13 0.976 0.009 817 1100
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Figure 3. Reaction of 1 with 2 mol equiv of cys.

dihydro-1 (plenolin), ebtained by measurement of the
decreasing GSH concentration in phosphate-buffered
solution {pH 7.4). indicated that the reactivity of the
exomethylene lactone should be somewhat higher than
that of the cyclopentenone moiety.”

Regarding this discrepancy with the results obtained in
the present study, the reaction of 1 with an equimolar
amount of GSH was repeated in phosphate buffer pH
7.4. Formation of a single product was observed, which
could be isolated and identified to be the helenalin-2f3-
mono-GSH adduct 1a® ('"H and “"C NMR data see
Tables 1 and 4. respectively) confirming that the above-
mentioned regioselectivity of GSH addition also exists
at physiological pH.

Moreover, the reactions ot 1e.13-dihydrohelenalin 2
and of the 2,3-dihydrohelenalin derivative chamissono-
lide 3 with GSH were investigated. The reaction of 2
with GSH in equimolar ratio (20 mM) proceeded at a
similar rate as observed for 1 (& =~ 0.04 mol ' min
leading to a single adduct, 2a ("H NMR data sce Table 1).

Table 4. "¢ NMR shifts {ppm) of the helenalin mono- and bis-GSH
adducts ta® and 1! (125 MH{:, D>Q, assignments of all protonated
carbons confirmed by 2-D "H/C-shift correlation)

C 1a" b

I 49.78 49.90

2 42.46 42.47

3 47.33 4747

4 223.48 22379

3 56.25 54.78

é 7842 70.30

7 49.18 49.82

5 £1.50 $2.10

9 3810 37.79

10 2570 25.38

1 138.38 45.38

12 174.36° 180.64

13 126.49 28.14

14 20,10 19.71

% 16.36 15.34
CON 173.03° 173.00° 172,82
CH-1x 5313 53.44 52.48
CH--B 3418 31.88 13.72

gly
CoO 175.21" 175.15" 175.15°
CHax 42,49 42.15 42.15

alu
C00 174.38" 174.03" 174.17°
CH-u 34611 54.21 54.21
CHy-B 26.%1 26.51 2644
Ly 3198 1165 31.65
CON-8 175.53" 175.19" 175.19°

ab

Assignments may be interchanged.

[ncubation of 3 with an equimolar amount of GSH (20
mM), however, did not Icad to any measurable
formation of an adduct for a period of 20 h. Hence,
the reactivity of C-2 and C-13 as observed with 1 was
reproduced also with compounds 2 and 3.

The reaction kinetics presented by Page ¢t al.” for GSH
addition. on the background of the results of the

‘Table 5. '"H NMR data of the cys-adducts of 1 (1c and 1d) (200 MHz. D0

H Ic 1d
& (ppm) mult. J (Hz) 3 (ppm) mult. J (Hz)
1 %30 : 2635 dd 11,63
2 7.940 dd 012 3,567 dd [br 1] 2w hT
3 (5032 dd 6.0, 30 2712 d 7.6
[} 34.237 » 4107 5
7 =31 " 2uR "
8 4645 ddd |dt] RN 4.5860 ddd [br t] 2x6 T.(<])
9 1,700 ddd 154,117, 1. 1.732 ddd 154,120, (<)
op 2.370 ddd 158, 59.2.0 2309 ddd 156, 6.0, 1.7
10 =204 m" =208 m"
13a 307 A 307 k
13b 2,709 u 13.3 2.802 d 13.3
Cl1;-14 1.147 d ) 1130 d 0.6
CHy-18 0.848 ; 0.84% s
cys-oH 3930 dd 7547 JRR2 dd 7.4, 4.6
841 dd 7.4.4.2
cys-fH- =31 " =31 P

"Five drops of acctone-d,, were added for better solubility. I"(,)w:rl;q’aping signals. multiplicity not accessible. 8 determined from centres of COSY

cruss peaks.
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present study appear somewhat doubtful, all the more
sincc it was not product formation that served as d
probe for the reactions’ progress.

In the reaction with cys, helenalin most surprisingly
exhibited a completely different behaviour. In mixtures
of 1 with cys (200 umol mL 1, 20 and 40 pmol mL '
cys). the exocyclic methylene protons H-13a/b disap-
peared much faster (7, . < 5 min} than the signals of H-2
and H-3, indicating a dramalically increased reactivity
of the C-13 reaction site towards the sulthydryl group of
the free amino acid (see Fig, 3).

Thus. the C-13-mono-cys-adduct ke ('H NMR data sce
Table 5) was the main product in the reaction with 1
mol equivalent of cys.

Exposed to the double molar amaount of cys, 1 vielded
the bis-cys adduct 1d ('"H NMR data see Table 5; 1, . for
addition to C-13 < 5 min. for addition 10 C-2 ~=1000
min}.

I[n analogy with the GSH adducts. the cys adducts adopt
the TC7 geometry as indicated by their coupling
constants in the H-9« and H-93 signals (Table 3).
NOFE-interactions between H-13b and H-6 as well as
CH;-15 once more proved the stereochemistry at C-11
of the C-13-cys adducts. Also, as observed with GSH,
the addition of cys to C-2 accurs from the 3-face of the
molecule, as could be deduced from the coupling
constants of H-1, H-2, and H-3 {Table 2). In contrast
with the GSH reaction. however, the deuteron is added
to C-3 from the (-direction in this case. The coupling
constant between H-2 and H-3 is 7.6 Hz and thus.
although this value is somewhat smaller than expected
from the computer model, the cys-adduct must possess
confliguration B in Table 2.

In order to explain the observed regio- and stereo-
selectivities, a computational investigation of helenalin-
thiol adducts was carricd out utilizing the scmi-
empirical MO method AMI. Tt has to be noted that
the GSH molecule is known to possess a high degree of
conformational freedom i1n aqueous solution, the most
stable conlormer contributing only about 2% of the
total population.™ Hence, a vast number of energetic-
ally similar conformations may be expected to be
present within the glutathionyl rests of the adducts.

Table 6. AMI calculated cnthalpies o7 reaction (5_“\HJ =
AH(product)=3 AH educts) (kJ mol I)) of methvlsultide
{Mc-SH)-, ieri-butylsulfide (-But=SH) and vvs adduets of evelopent-
enc-3-one (A), a-methylene-y-butyrolactone (B) and the correspond-
ing substructures within the helenalin molecule

A B 1
C-2p C-13(11)
Me-SH 10458 —98.34 98,50 ~80.40
r-But-StI RUVETH 0408 4408 76,30
Cys —99.14 ~128.32 91.31 109,47
oy’ —934] —BEIN 4150 7245

"z‘yi in the a-amino-carboxylic acid form.

For the computer modcls, thiols with a smaller number
of rotational degrees of freedom, methylsulfide (Me-
SII) and r-butylsulfide (¢-Bul-SH) were choscn.

The computed energy differences for addition of these
mercaplanes to both rcaction sites (models were
calculated for cyclopentene-3-one and a-methylene-y-
hutyrolactone and for helenalin with both, Me-SH and
{-Bul-SH) were in agreccment with the experimentally
measured difference in reactivity between C-2 and C-13
towards GSH. As expected, the a.-unsaturated ketonc
structure yields the thermodynamically more favourable
product. The cyclopentenone adducts were calculated
to be more favourable than the o-methylenebulyrolact-
one adducts by about 20 kJ mol ' (Table 6).

The models for the C-2 adducts indicated that the 2o
adducts should be cnergetically somewhat more favour-
able (6-8 kI mol ') than the 2B configurated com-
pounds actually formed. This slereoselective reaction at
C-2 with both, cys and GSH, might be explained by a
stereoelectronic effect arising from an interaction of the
sp* orhital of the C-1-H-1 bond with the m-clectron
system of the A2,3-double bond. The slightly acidic H-1
is oriented perpendicular to the plane of the double
bond and some of the electron density of the C-H bond
will be distracted by the positive partial charge at C-2 so
that the overall electron density on the o-side of the
cyclopentenone ring is somewhal higher than on the B-
side. which will facilitate the nucleophile’s attack from
the B-direction.

Since computer models for the C-13 adducts yielded
more favourable energies (15-20 kI mol™") for an 11o-
oriented side chain, reaction at this site is likcly to be
determined by steric control. An approach of the
sulfhydryl compound to the exomethylene site is far
more probable from the o-direction (Fig. 4). The final
addition of a proton or deuteron, which determings the
stercochemistry at C-11 of the adduct for steric reasons,
should also occur from the a-side.

Figure 4. Addition to the exomethylene group occurs favourably from
the g-side of the helenalin molecule (the figure shows a modcel of a C-
2B-monoadduct). Proton donation by a solvent molecule determining
the stereochemistry of the adduct is also more easily possible from this
side leading 10 a C- 113 configured product.
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Figure 5. ORTEP plot of the AM1 minimized structure of Le. Dotted
line: interaction between ammonium and lactone carbonyl.

As a possiblc rcason for the dramatic increase in
reactivity of the exomethylene group towards free cys,
an electrostatic interaction of the ammonium group of
cys with the lactone carbonyl {carbonyl and double
bond in a cisoid orientation) of the STL might stabilize
the transition state and product, while a similar
interaction would not be likely to accur in case of the
C-2 adduct. The most favourabie conformer found for
the C-13(11B}-cys-adduct of 1 is indced characlerized
by a small distance between the ammonium group and
the lactone carbonyl (N-H* ... O=C 2.16 A. scc Fig. 5).
In contrast with the r-But-S- and Me-S-adducts, this C-
13-cys adduct was calculated to be more favourahle
than the C-2B adduct by I8 kJ mol ' (Table 6). This
difference can be interpreted as a conscquence ol the
zwittcrionic nature of the amino acid, since models of
the adducts with cys in the a-aminocarboxylic acid form.
otherwise identical in geometry, vielded cnergy differ-
cnces comparable with those of the Me-S- and r-But-S-
adducts (i.e. the C-2 adduct is lower in energy by 19 kJ
mol '), It may be concluded. that the rcaction of cys
with the exomethylene lactone occurs at such a highly
increased rate due to the cisoid arrangement of the
carbony! and the exomethylenc group, which allows dn
approach of the ammonium- and the sulfhydryl group at
the same time. During the addition of cys to C-2 in the
cyclopentenonc. such a simultancous approach is not
possible because of the transoid orientation of the o,p-
unsaturated structure and the higher distance between
the oxygen atom and the reactive carbon.

The tested concentration range for GSH, 20-100 mM, is
relatively high compared with physiological cellular
GSH concentrations that lie in a range of (.3-10
mM."""" At the same time, the sesquiterpene lactone
concentration of 20 mM is far above the concentrations
necessary to obtain biological effects which usually lic in
the micromolar range and below.”"" Since reaction
rates. even in these unphysiologically high concentra-
tions, are relatively low, chances for & spontanecous
deactivation of the molecules by GSH addition within a
living organism must be rather small. More specific
reaction sites in enzymes may thus be rcached by the
unchanged helenalin molecule.

The reaction with cys, on the other hand, proceeded at a
very high rate. However, free cys concentrations in blood
plasma and cells are known to be very low, in a range of
0.01-0.1 mM,” which is only 1/200-172000 of the
concentrations applied here, so that spontaneous deac-
tivation of STL by free cys in a physiological environ-
ment would, if at all, proceed at a much lower rate.

The adverse behaviour of helenalin towards the SH
groups of free cys and the tripeptide GSH shows that
reactivity towards one particular model nucleophile
cannot be extrapolated to predict biological activity in a
living system sincc SH groups arc present in a great
varicty of diffcrent environments within a living cell.
This explains the observation made by Kupchan et al.’
that no correlation between the rate of cys addition and
bioactivity {in this casc cytotoxicity} exists.

The findings presented here clearly demonstrate that
the chemical environment of the target sulthydryl plays
a crucial role, whose importance should increase for
rcactions in more sterically demanding situations (e.g.
on the surface or even in hydrophobic pockets of
polypeptides). High flexibility as observed among
helenalin and its esters will certainly increase a
moleculc’s success in reacting in such more complicated
cnvironments. The presence of positively charged or,
possibly. hydrogen bond donating structure elements in
the right steric position in relation to the SH group on
the target side will strongly influence the ratc of
addition. The view of previous authors, that selectivity
of individual sesquiterpene lactones towards particuiar
receptor structures in enzymes exists (see Willuhn'* and
literature cited therein), is reinforced by these findings.
Further research on the stereochemistry and reactivity
of sesquiterpene lactones towards a wider variety of
oligo- and polypeptide structures will possibly lead ta
further structural information on such selectivities,
which should allow the optimization of the lead
structures with respect to a desired biclogical effect.
Investigations in this direction are in progress.

Experimental

Compounds

The sesquiterpene lactones were isolated from Arnica
species as reported previously."” GSH and cys were used
as purchased from Sigma Chemicals. The purity of all
compounds was confirmed prior o the experiments by
recording 'I1 NMR spectra.

Helenalin-2B-mono-glutathionyl adduct (1a™). Helen-
alin (10.5 mg, 40 pmol) was dissolved in five drops of
acetone. and 1 mL of phosphate buffer pH 7.4 was
added. After degassing the sample (ultrasonic) for 30
min, 6.1 mg (20 umol) of GSH were added. The
progress of the recaction was monitored by TLC on
Ccllulose F254 plates with the upper phase of a mixture
of #-butanol:H,O:acetic acid (5:4:1) as mobile phase.
Detection: UV 254 nm and 0.25% ninhydrin in acetone.
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Formation of one single product was observed. (GSH:
AR, = 10, UV: —: ninhydrin: violct; helenalin: AR, > 90,
UV: +; ninhydrin: —; Product: AR, 32; UV: +:
ninhydrin: brown). When no further increase of the
product spot was observed. another 20 pumol of GSH
were added and the reaction continued for another day.
After this, only a very small amount of unchanged
helenalin could be detected. The reaction product was
then purified using a column of 3 g Sephadex LH20 in
H.O, which vielded 4 mg of the pure compound in
addition to 16 mg slightly impure product. For “C
NMR data see Table 4.

Helenalin-2[3,13(11(3)-bis-glutathionyl adduct (1b").
Helenalin {10.5 mg, 40 pumol) was dissolved as above.
After addition of 49 mg (160 pmol) GSH, the mixture
was allowed to stand at room temperature for three
days and the progress of the reaction monitored by TLC
(see above). When no detectable amounts of cither
unchanged hclenalin or the monoadduct 1a® were left.
the mixture was separated as mentioned above to give
17 mg of pure th" (TLC iR, = 3). For "C NMR data
see Table 4.

NMR spectroscopy

'H NMR. COSY, and NOESY spectra were recorded
on a Bruker AMA400 NMR spectrometer at 400.13
MHz. For the COSY and NOESY spectra, the standard
pulse programs COSY.AU and NOESY.AU as pro-
vided by Bruker were used. All pulsce angles were 907
and the mixing time for the NOESY experiments was
1000 = 20 ms.

The spectra of 1a" and 1b" after isolation were
recorded on a Bruker DRX 500 NMR spectrometer
at 500.13 MHz (') and 125.77 MHz ("*C). 2-D '"H/"C
shift correlated spectra were recorded on the same
spectrometer using the pulse program INVBTP. Shift
valugs  arc expressed relative to (external) TMS
(3(HDO) = 4.720 ppm). Solvents of a deuteration
grade of 99.8% D were utilized in all cases.

Reactions monitored by 'H NMR spectroscopy

For each reaction, 10 umol STL were dissalved in five
drops of acetone-d, (1) or five drops of cach, acctone-d,/
methanol-¢; (2 and 3) and diluted with D,0 to a volume
of 0.5 mL in NMR tubes 10 give the specified concen-
tration {c, = 20 pmol ml. ' = 20 mM). After adjusting
the NMR spectrometer to the individual sample, the tube
was removed and quickly mixed with the specified
amounts of GSH or vys. The first spectrum was usually
taken 5 min after the heginning of the reaction.

Measurement of reaction rates

The NMR signals in spectra recorded at ditferent times
during a reaction were integrated and reaction diagrams
obtained by ploiting the intensity of the decreasing

signals of the starting matcrials (H-13a/b and/or H-2)
versus time (Fig. 1).

In case of the reaction of 1 and 2 with GSH, the data
were found to be in good agreement with second-order
kinetics. For equimolar ratio, a good linear rclationship
between l/c and time was obtained (linear regression
was carried out using Microsoft Excel. For data for 1
see Table 3, data for 2: R* 0.965, k, = 0.039). For the
reaction of 1 with 2 and S equiv of GSH, 1/(c,(GSH) —
e 1)) % In (e GSH) = ¢ 1)(cy)l x ¢ (GSH))) was
plotted versus time.” Parameters derived from these
graphs (R* values for the linear regression and second-
order rate constants) are given in Table 3. The
increasing deviation of the data from linearity for the
reaction with 2 and 5 mol equiv illustrates that the
reaction in these concentrations does not exactly follow
second-order kinetics.

The data for addition ol cys to C-13 could not be
linearized by application of a second-order rale law.
This reaction praceeded at an extremely high rate with
t,» < 5 min. The best fit for a linear relationship (20:40
mM (L:cys)) was found for a reaction order of 2.5 (R* =
0.9997. k,.= 0.58 mol '* min"").*

In the reaction of cys with C-2, however, the data could
be linearized by plotting according to second order,
which led to a k, value of 0.071 mol ' min™' (R* = 0.979)
that shows that the reaction rate is very similar to the
value for GSH addition at this reactive site.

Moulecular models

Computer models were generated with the molecular
modelling package Hyperchem, Release 4. As the
starting gecometry for the adducts of 1, a model of the
TC7 geomelry as described in a previous communica-
tion! was used.

As a first step, MM+ optimized models of the educts
were combined Lo a preliminary model of the product,
which was minimized again. Molecular dynamics
simulations were carried out at high simulation
temperatures (generally 3 ps at T = 600 K) and
diffcrent gcometrics resulting from this procedure were
re-minimized in order to obtain a minimum energy
structure for the products. The resulting geometries
were then minimized using the semi-empirical MO
method AMI, as implemented with Hyperchem, All
models computed by this method were minimized using
the Polak-Ribiere algorithm to an RMS gradient
smaller than 0.01. Calculation of 'H-coupling constants
(Table 4) was carried out with the program PCMODEL
after transformation of the Hyperchem files into
MOPAC-format.
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