Tetrahedron Letters 51 (2010) 367-370

journal homepage: www.elsevier.com/locate/tetlet

Contents lists available at ScienceDirect

Tetrahedron Letters

Norcholanic acids as substrates for recombinant 3p-hydroxysteroid
dehydrogenase and progesterone 5p-reductase, enzymes of the

5p-cardenolide biosynthesis

Pia Schebitz?, Lars Nothdurft?, Andreas Hensel ®, Frieder Miiller-Uri ?, Wolfgang Kreis **

@ Lehrstuhl fiir Pharmazeutische Biologie, Department fiir Biologie, Friedrich-Alexander-Universitdt Erlangen-Niirnberg, Staudtstrasse 5, 91058 Erlangen, Germany
b Institut fiir Pharmazeutische Biologie und Phytochemie Westfilische Wilhelms-Universitdt Miinster, Hittorfstrasse 56, 48149 Miinster, Germany

ARTICLE INFO ABSTRACT

Article history:

Received 22 September 2009
Revised 30 October 2009

Accepted 9 November 2009
Available online 12 November 2009

The conversion of 23-nor-5,20(22)E-choladienic acid-3p-ol and other intermediates of the putative nor-
cholanic acid pathway of cardenolide biosynthesis by recombinant 3B-hydroxysteroid dehydrogenase
from Digitalis lanata in dehydrogenation and reduction reactions was investigated. 23-nor-4,20(22)E-
choladienic acid-3-one was found to be a substrate of recombinant progesterone 5B-reductases from

D. lanata and Arabidopsis thaliana. The role of various substrates in cardenolide biosynthesis is discussed.
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Cardenolides are plant-derived drugs widely used for the treat-
ment of cardiac insufficiency in humans. Recent findings have indi-
cated potential new therapeutic roles for these compounds in
various other diseases including cancer.!? Cardiac glycosides pos-
sess a steroid skeleton and most of the Digitalis cardenolides are
5B-configured. The structural elements responsible for the biolog-
ical activity of cardenolides are a 14p-hydroxy group and an unsat-
urated five-membered lactone-ring at C17f. The biosynthesis of
the butenolide ring of cardenolides still needs to be investigated.
Two possible routes are discussed, but text books still only opt
for the so-called ‘pregnane pathway’ including intermediates such
as pregnenolone 10 and progesterone 11 although an alternative
‘norcholanic acid pathway’ was already introduced by Maier
et al. in 1986 (Scheme 1).2 Feeding experiments employing labelled
norcholanic acids indicated that some norcholanic acids, and in
particular those with a pregnenolone structure, serve as precursors
of cardenolides.>* Kreis et al. proposed a ‘norcholanic acid path-
way’ starting with 23-nor-5,20(22)E-choladienic acid-3p-ol 3, the
norcholanic acid equivalent of pregnenolone 10, and discussed that
the norcholanic acid pathway may exist alongside the well-ac-
cepted pregnane pathway. If the norcholanic acid pathway is oper-
ative in cardenolide formation, putative intermediates of that
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pathway should be substrates of enzymes, such as 3-hydroxyster-
oid dehydrogenase (3p-HSD) and progesterone 5B-reductase (5p-
POR), supposedly involved in the cardenolide biosynthesis.> The
objective of this study was to investigate this issue. Moreover,
the suitability of plant enzymes with rather broad substrate prefer-
ences for the selective conversion of steroid compounds should be
demonstrated.

The 3-dehydrogenation of norcholanic acids in the presence of
NAD as the co-substrate was investigated using recombinant 3p-
HSD.% The following educts were reduced to their respective 3-keto
compounds under standard incubation conditions: 23-nor-5a-chol-
20(22)E-enic acid-3B-ol 1, 23-nor-5p-chol-20(22)E-enic acid-3-ol
2, 23-nor-5,20(22)E-choladienic acid-3B-ol 3 and 3B-hydroxy-5p-
cardenolide 9. 5a-pregnane-33-ol-20-one and 5B-pregnane-33-ol-
20-one, that is, pregnanes corresponding to 1 and 2, respectively,
were previously found to be dehydrogenated by recombinant 3p-
HSD.5 In contrast, 23-nor-5-cholenic acid-3p,20¢-diol 7 was not ac-
cepted as substrate. This corroborates previous findings where the
administration of this particular norcholanic acid did not increase
the cardenolide pool in Digitalis lanata shoot cultures.? In the same
study, administration of the norcholadienic acid 3 increased the car-
denolide pool by about 80%.% Maier et al. also reported that 7 is a poor
cardenolide precursor compared to 3. The enzyme recombinant 3-
HSD also catalyzed the 3-dehydrogenation of 3B-hydroxy-5-ene-
cardenolide 14, a compound possessing a butenolide ring in position
C17, to its 3-keto derivative 15 (Scheme 1).
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Scheme 1. Possible cardenolide pathways: routes including pregnane intermediates (I), norcholanic acids (II) or cardenolides (III).

The K,,, and V.« values for the tested norcholanic acids 1,2 and 3
varied from 326 to 581 uM and 227 to 440 pkat/mg protein, respec-
tively, for dehydrogenation (1 mM NAD as co-substrate) (Table 1).
The K., value of pregnenolone 10 was 56 pM with a V. of
337 pkat/mg protein. Interestingly, as deduced from the Vy,.x/Kp, ra-
tios, the cardenolide 9 (K, = 254 UM; Vinax = 7074 pkat/mg protein)
was the best substrate being about 30 and 5 times more converted
than the norcholanic acids and pregnenolone 10, respectively. This
indicates that 3f-dehydrogenation and 5B-reduction may be further
down the pathway towards the 58-cardenolides than previously as-
sumed and that the biosynthesis might even start with a butenolide
ring formation.

The conversion of 1 and 2 to their corresponding 3-keto com-
pounds was simultaneously confirmed in experiments where these
compounds were fed to suspension-cultured D. lanata cells (see
Supplementary data). The 3-keto products were already detectable
in the spent medium, but not in the cells after 3 h of incubation.

Using NADH as a co-substrate recombinant 38-HSD did not only
reduce 5p-pregnane-3,20-dione 12, the putative natural substrate,’
but also 23-nor-5a-chol-20(22)E-enic acid-3-one 4 and 23-nor-58-
chol-20(22)E-enic acid-3-one 5. The corresponding pregnane-3,20-
diones had already been described to be substrates of recombinant
3B-HSD.° Since no 3o-configured norcholanic acids references
were available to us we can not exclude that mixtures of the
respective 3o and 3p isomers 13 were formed. It is very likely that
this was the case since 5B-pregnane-3,20-dione was shown to be
reduced to its two isomeric 3-ols.°

The K, and V.« values for the tested substrates 4, 5 and 8 var-
ied between 359-1516 uM and 1146-10860 pkat/mg protein,
respectively, for reduction (2mM NADH as co-substrate)

(Table 1). The K, value for the putative natural substrate preg-
nane-3,20-dione 12 was 526 uM, and V,.x was 444 pkat/mg pro-
tein. Hence, the norcholanic acid 5 was converted less efficiently
whereas 3-oxo-5p-cardenolide 8 and the norcholanic acid 4 were
converted with Vi.x/K, ratios about 10 times and 7 times, respec-
tively, higher than that for pregnane 12 (Table 1).

The formation of 1 and 2 from 4 and 5, respectively, by the
native 3p-HSD was also observed in feeding experiments with sus-
pension-cultured D. lanata cells. The products were detected in the
spent medium, but not in the cells after 24 h of incubation.

Under the incubation conditions chosen subsequent chemical
isomerization of the A5 double bond yields the respective A4 com-
pounds which are potential substrates for other enzymes, namely
steroid 5B-reductases. The crucial step in the biosynthesis of 5p-
cardenolides is catalyzed by the stereospecific progesterone 5f-
reductase (5B-POR). This short chain dehydrogenase/reductase
(SDR) requires NADPH as a co-substrate and on the basis of struc-
tural data it was proposed that 5B-POR reduces a conjugated dou-
ble bond in a steroid substrate via a 1-4 addition mechanism.” A
carbonyl group at position 3 in conjugation with a A4-double bond
is reported to be an essential structure in steroid substrates for 58-
POR.2 Here, the 5p-reduction of norcholanic acids was studied
using recombinant 5B8-POR, a recombinant form of the native D.
lanata progesterone 5p-reductase.® Besides its putative natural
substrate progesterone 11 the enzyme accepted various pregnanes
but no sterols.® The rather large 3-oxo cholanoic acid 6 also con-
tains the structural features mentioned above.

Actually, the enzyme accepted 23-nor-4,20(22)E-choladienic
acid-3-one 6 yielding the 3-keto compound 23-nor-5B-chol-
20(22)E-enic acid-3-one 5. Side chain and carboxyl group seem
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Table 1

Compounds tested as substrates for recombinant 3p-HSD and 5B-POR. Reaction conditions and kinetic parameters are shown below the respective structure.*” The expression
and purification of the recombinant forms of 3p-HSD (GenBank AJ345026) and 58-POR (GenBank AAS93804) were achieved as described previously (see Supplementary data)®®

No. Structure and kinetic data No.

Structure and kinetic data No.

Structure and kinetic data

1 2 3
HO HO 9-q g
23-Nor-5,20(22)E-choladienic acid-3p-ol
23-Nor-50-chol-20(22)E-enic acid-3p-ol 23-Nor-5p-chol-20(22)E-enic acid-3p-ol 3p-HSD + NAD
3B-HSD + NAD 3p-HSD + NAD Relative activity 32%
Relative activity 80% Relative activity 141% K 376 uM
K 326 uM _ Km 581 uM ) vm 417 pkat/mg protein
Vimax 227 pkat/mg protein Vinax 440 pkat/mg protein ymax/K 1.1
Vmax/Km 0.7 Vmax/Km 0.8 arede i
4 6
23-Nor-4,20(22)E-choladieni id-3-
23-Nor-50-chol-20(22)E-enic acid-3-one 23-Nor-5B-chol-20(22)E-enic acid-3-one 5 [3-P8]r( N, A(DP})-[ choladienic ad one
3B-HSD + NADH 3p-HSD + NADH Relative activity 27%
Relative activity 28% Relative activity 80% K 250 uM
Km 359 pM ) Km 501 pM ) Vm 845 pkat/mg protein
Vinax 2047 pkat/mg protein Vinax 1146 pkat/mg protein ymax/K 3.4
Vmax/Km 5'7 Vmax/Km 0'4 max m
7 8 9
HO
23-Nor-5-cholenic acid-3,20&-diol
3B-HSD + NAD

Relative activity 0

3-0x0-5pB-cardenolide
3B-HSD + NADH

Relative activity 140%
Ky 1516 uM
Vmax 10860 pkat/mg protein
Vmax/Km 7'2

3B-Hydroxy-5p-cardenolide
3B-HSD + NAD

Relative activity 116%

K 254 uM

Vmax 7074 pkat/mg protein
Vmax/Km 28

2 Reference substrate of recombinant 3B-HSD + NAD: pregnenolone: Ky 56 UM, Vmax 337 pkat/mg protein, Viax/Km 6.1; reference substrate of recombinant 3p-
HSD + NADH: 5B-Pregnane-3,20-dione Ky, 526 UM, Viax 444 pkat/mg protein, Vihax/Km 0.8; reference substrate of recombinant 53-POR + NADPH: Progesterone Ky, 86 puM,

Vimax 40 pkat/mg protein, Viax/Km 0.5.

b For synthesis of the norcholanic acids the methods described by Maier et al. were used with minor modifications. Identity was confirmed by comparing the mass spectra
of synthesized compounds seen here with published data (See also Supplementary data).'>-'°

to not have a clear limiting or stimulating effect on acceptance as a
substrate. It has recently been demonstrated that the enzyme also
reduces small molecules with activated C=C double bonds.® This
demonstrates that very low substrate specificities are possible
even for enzymes previously assumed to be ‘key enzymes’ of a cer-
tain pathway.>!°

The K, value for 23-nor-4,20(22)E-choladienic acid-3-one 6
was 250 M, and V¢ was 845 pkat/mg protein. The kinetic con-
stants determined for progesterone 11 were 86 nM and 40 pkat/
mg protein for K, and V.4, respectively.

The recombinant steroid 5B-reductases derived from Arabidop-
sis thaliana and Digitalis (formely Isoplexis) canariensis (data not
shown) also accepted 6 as substrate.!!!2 The recombinant A. thali-
ana enzyme converted 6 more efficiently than the recombinant 58-
POR of D. lanata which is in accordance with previous findings
showing that the A. thaliana enzyme is a very active dehydroge-
nase/reductase, and that it differs considerably from recombinant
D. lanata 5B-POR with respect to its substrate preferences although
it has a very similar structure.®!

The 5B-reduction of 6 was also seen in vivo using suspension-
cultured D. lanata cells. The product could be detected in the spent
medium, but not in the cells after an incubation time of 48 h.

The results presented here support the feasibility of a ‘norchol-
anic acid pathway’ of cardenolide formation with the provision
that norcholanic acids have so far not been detected in cardeno-
lide-producing plants. Our conclusion is mainly based on the rela-
tive conversion rates seen in a standard enzyme assay and the
kinetic constants determined. Compared to the ‘pregnane route’
(Scheme 1), where the conversion rates were set to equal 100%
for each individual step, the dehydrogenation of 3 was only 32%,
the 5B-reduction of 6 was only 27% and the reduction of 5 only
80%. On the other hand, the dehydrogenation of 2 to 5 had a rela-
tive activity of 141%, indicating that in vivo the equilibrium might
shift to the left, that is, to compound 5. Hence, formation of the
probable intermediate 2 of the norcholanic acid pathway appears
not to be favoured. This assumption is also supported by the en-
zyme kinetic data. Moreover, it was found that 5B-pregnane-
3,20-dione is only a poor substrate for reduction by recombinant
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3B-HSD,® indicating that in vivo the equilibrium might shift to the
right, that is, to 58-pregnane-3B-ol-20-one. Due to the fact that the
putative natural substrates were converted more efficiently than
the norcholanic acids the pregnane pathway is probably the main
pathway, whereas the ‘norcholanic acid pathway’ functions as a
possible shunt—provided that norcholanic acids are formed and
channelled into such a pathway.

Acknowledgements

Plants, seeds and herbal material were kindly provided by Dr.
Walter Welss (Botanical Garden, FAU Erlangen). We thank Gabriele
Fischer, Carolin Schmidt and Nora Titeli for excellent technical
assistance and Barbara White for linguistic advice.

Supplementary data

Supplementary data associated with this article can be found, in
the online version, at doi:10.1016/j.tetlet.2009.11.029.

References and notes

1. Prassas, I.; Diamandis, E. P. Nat. Rev. Drug Disc. 2008, 7, 926-935.

2. Newman, R. A; Yang, P.; Pawlus, A. D.; Block, K. I. Mol. Interventions 2008, 8,

36-49.

Maier, M. S.; Seldes, A. M.; Gros, E. G. Phytochemistry 1986, 25, 1327-1329.

. Haussmann, W.; Kreis, W.; Stuhlemmer, U.; Reinhard, E. Planta Med. 1997, 63,
446-453.

& w

w

10.
11.

12.

13.

14.
15.

. Kreis, W.; Hensel, A.; Stuhlemmer, U. Planta Med. 1998, 64, 491-499.
. Herl, V.; Frankenstein, J.; Meitinger, N.; Miiller-Uri, F.; Kreis, W. Planta Med.

2007, 73, 704-710.

. Thorn, A.; Egerer-Sieber, C.; Jager, C. M.; Herl, V.; Miiller-Uri, F.; Kreis, W.;

Muller, Y. A. J. Biol. Chem. 2008, 283, 17260-17269.

. Herl, V.; Fischer, G.; Miiller-Uri, F.; Kreis, W. Phytochemistry 2006, 67, 225-

231.

. Burda, E.; KrauBer, M.; Fischer, G.; Hummel, W.; Miiller-Uri, F.; Kreis, W.;

Groger, H. Adv. Synth. Catal., doi:10.1002/adsc.200900024.

Gartner, D. E.; Wendroth, S.; Seitz, H. U. FEBS Lett. 1990, 271, 239-242.

Herl, V.; Fischer, G.; Reva, V. A.; Stiebritz, M.; Muller, Y. A.; Miiller-Uri, F.; Kreis,
W. Biochimie 2009, 91, 517-525.

Herl, V.; Fischer, G.; Botsch, R.; Miiller-Uri, F.; Kreis, W. Planta Med. 2006, 72,
1163-1165.

Maier, M. S.; Seldes, A. M.; Gros, E. G. J. Labelled Compd. Radiopharm. 1985, 22,
467-474.

Seldes, A. M.; Gros, E. G. J. Steroid Biochem. 1979, 11, 1573-1575.
23-Nor-50-chol-20(22)E-enic acid-3-ol (1):. "H NMR (CDCls, TMS): 0.50 (3H, s,
C-18), 0.73 (3H, s, C-19), 2.08 (3H, s, C-21), 5.08 (1H, s, C-22). 23-Nor-5p-chol-
20(22)E-enic acid-3p-ol (2): 'TH NMR (CDCls, TMS): 0.51 (3H, s, C-18), 0.88 (3H,
s, C-19), 2.07 (3H, s, C-21), 3.87 (1H, m, C-3), 5.6 (1H, s, C-22). 23-Nor-
5,20(22)E-choladienic acid-3$-ol (3): '"H NMR (CDCls, TMS): 0.53 (3H, s, C-18),
0.93 (3H, s, C-19), 2.07 (3H, s, C-21), 3.25 (1H, m, C-3), 5.27 (1H, s, C-6), 5.60
(1H, s, C-22). 23-Nor-5a-chol-20(22 )E-enic acid-3-one (4): GC-MS (EI, 70 eV):
314 (M*—CO03), 299 (M"—C0,-CH3), 281 (M"—C0O,-CH3-H,0). 23-Nor-5p-chol-
20(22)E-enic acid-3-one (5): GC-MS (EI, 70 eV): 314 (M*—CO3), 299 (M*—CO,-
CHs), 281 (M*—C0,-CH3-H,0). 23-Nor-4,20(22)E-choladienic acid-3-one (6):
GC-MS (EI, 70 eV): 338 (M*—H,0), 312 (M*—CO,), 294 (M*-C0,-H,0). 23-Nor-
5-cholenic acid-3p,20¢-diol (7): GC-MS (EI, 70 eV): 314 (M*—H,0-CO,), 299
(M*—~H,0-C0,-CH3), 296 (M*—~H,0-C0,-H;0), 281 (M*—~H,0-C0,-H,0-CH3).
3-0x0-5p-cardenolide (8): GC-MS (EI, 70 eV): 356 (M"), 341 (M*—CHs), 323
(M*—CH3-H,0), 246 (M*—CgHgO>). 38-Hydroxy-5p-cardenolide (9): GC-MS (EI,
70 eV): 358 (M"), 343 (M"—CH3), 340 (M"—H,0), 325 (M*—CH3-H,0), 248
(M*—CgHgO3).
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