4882 J. Am. Chem. So@000,122,4882-4886

Isolation and Structural Determination of Enfumafungin, a Triterpene
Glycoside Antifungal Agent That Is a Specific Inhibitor of Glucan
Synthesis

Robert E. Schwartz,*" Scott K. Smith," Janet C. Onishi;f Maria Meinz, T Myra Kurtz, *
Robert A. Giacobbe! Kenneth E. Wilson,' Jerrold Liesch,” Deborah Zink," Wendy Horn,*
Sandra Morris, T Angeles Cabelld’, and Francisca Vicenté

Contribution from Merck Research Laboratories, P.O. Box 2000, Rahway, New Jersey 07065-0900, and
Centro de Imestigacion Basica-Natural Products Drug Dis@ry, Merck Research Laboratories, Merck,
Sharp and Dohme de Espana, S. A. Josefa Valcarel, 38. 28027 Madrid, Spain

Receied December 20, 1999

Abstract: Enfumafungin 1) is a hemiacetal, triterpene glycoside that was isolated from a fermentation of
Hormonemasp. as a mixture of two interconverting forms. The primary structure of the major component of
the mixture was determined as part of the mixture, mainly via NMR and comparison with hyalodendroside A
(2), a related hemiacetal, triterpene glycoside that exists in a single form. The primary structure was confirmed,
and the relative stereochemistry determined, based on a pair of methylacetal deri@aive)( Enfumafungin

is an antifungal agent that acts as a specific inhibitor of glucan synthesis in cells and in vitro, and leads to
morphological changes in yeasts and molds.

The echinocandin group of antifungal antibiotics variously
known as echinocandispneumocanding,aculeacins, and
the mulundocandinsjn addition to the papulacandifsepre-
sents the only naturally occurring compounds that show potent
and specific inhibition of fungal glucan synthesis. In particular,
the compound known as caspofungin acetate (MK-0991;
L-743,872), derived from chemical modification of pneumocan-

din By, has demonstrated potent in vitrand in vivd antifungal
activity in a variety of models and is presently in clinical

studies®® The echinocandins and papulacandins belong to the

T Merck Research Laboratories, Rahway.

*Merck, Sharp and Dohme de Espana.
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In this paper the isolation and structural determination of
enfumafungin ) (Figure 1), a novel antifungal agent, will be

presented. This compound is an inhibitor of glucan synthesis The fermentation and taxonomy of the producing organism will

belonging to a new structural class, the triterpene glycosides.

be published elsewhet@as will the antifungal mode-of-actiéh
of enfumafungin.

The structure determination of this compound was complex
because it consisted of a mixture of two interconverting forms.
To determine the structure, a multifaceted approach was used.
The correct structure was proposed by comparison to a nonin-
terconverting, related compound, as previously desckizatt
confirmed using noninterconverting derivatives of enfumafungin.
In addition, the relative stereochemistry was determined via
NMR on one of the noninterconverting derivatives.
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Results and Discussion protons, then the other two are associated with the carboxylic
acid and the hemi-acetal group.

A deuterium shift experimeftwas performed to substantiate
this assumption. As indicated in Table 1, both carbon$'d®
97.2 d (C25) and 177.6 s (C19) experienced shifts consistent
with their bearing hydroxyl groups. In addition, the adjacent
carbons, C104*3C 45.3) and C18{3C 53.4), respectively,
showed smaller, but significant shifts in this experiment.
Confirmation of the presence of a carboxylic acidlinvas

Structure Determination of Enfumafungin. A methyl ethyl
ketone extract (35 mL) of the original screening fermentation
of Hormonemasp., as described by Pelaez et 1&lwas
partitioned, HPLC bioautographed, and assigned a high priority
based upon the biological profile of the semipurified, active
antifungal region. Enfumafungin was isolated and identified as
the active antifungal principal from a 3.5 L fermentation of this

organism. . . achieved via the successful formation of a methyl ester
The UV spectrum ol consisted of end absorption only; the derivative with diazomethane

IR spectrum indicated the presence of carbonyl and hydroxyl 1, 1 R connectivity experiments (COSY, LRCOSY
functionalities. High-resolution FAB-MS SL_Jgg_esteq a molecular TOCSY) and*H—13C NMR connectivity experiments (HMQC,
formula of GgHegOs2 for enfumafungin, indicating nine degrees 15y clearly established the substructuties-Le depicted
of unsaturation. Mass spectral fragmentation implied the pres-; Figure 2.1H NMR coupling constant aniC NMR chemical
ence of a hgxose .flfgar@;()ﬁ’ tetra-TMS Tod:ﬂgd)(jand ?jn h shift data indicated that the sugar was glucose. fHtiekage
acetate moiety. Silylation of the parent molecule indicated the |, - qatermined based on tA coupling constant of the

presence of SI1X exchangeable protons. _ anomeric proton (7.7 Hz) and tHéC chemical shift of the
_Preliminary™H NMR spectroscopy showed doubling of all 51 omeric carbon (the anomeric carbon ifi-inked sugar has
signals in an approximate 2:1 ratio; as expected, this doubling 5 m,ch more downfield shift than that in the corresponding
of S|g_nals_ was glso obse_rved in tiC NMR spectrum, o-linked sugar)* At this point, the structure determination
complicating its interpretation and strongly suggesting that gjoyeq since all of the spectral data had been recorded on the
enfuma_fun.gm exists In two forms. Analytical reversed.-phase mixture of diastereomers and interpretation was made difficult
HPLC indicated a single, broad peak under a variety of a1t signal overlap.
conditions, while a NOESY NMR experiment suggested that . vever, the structure of another compound, hyalodendroside
t_he two form_s_ are not in fast chemical exchange on the NMR 5 (2)!2 (Figure 3), had just been determined and a number of
time scale. Silica gel TLC, EIOAC/MeOHM (90:10:4), clearly gy cryral similarities were observed between it andlike 1,
separated the active composite into two spots. These data paq 38 carbons, A-linked glucose moiety, an acetate at C2,
suggested that enfumaf_ungln con5|_sts_of (1) a mixture qf WO and a hemiacetal functionality. Additionall@,existed in only
very closely re_Iated, noninterconverting isomers or (2) amixture 4o form, unlikel, although it also contained a hemiacetal. On
of two slowly interconverting forms of a compound.  he pagis of these similarities, the assumption was made that
Fractions from a preparative silica gel HPLC of purified  gnfymafungin was a triterpene glycoside rather than a steroidal
enfumafungin (EtOAc/MeOH/KD 95:5:4), as monitored via glycoside.
analytical TLC, indicated the separation of two nonoverlapping ~ “with this assumption in mind, the spectral data for enfuma-
peaks. However, TLC of the separated components showed thafngin were reanalyzed. Substructde(Figure 2) was assumed
they begin to reequilibrate into the orl_glnal mixture W|th|n_ & o be a part of the triterpene A ring. Substructlibe(Figure 2)
few hours. NMR spectra of the early-eluting component obtained gpneared to be the terminus of the triterpene skeleton, where
5 h after separation, were enriched in the minor component, the E ring found in2 had been oxidatively cleaved between
while the NMR spectra obtained after 3 days were back to the c19 and C20. However, neither C28 nor C29 were oxidized in
2:1 major-to-minor ratio observed in the original sample. A 1 anq, therefore, the hemiacetal moiety was not in the same
similar phenomenon was observed for the late-eluting compo- 5cation in enfumafungin as it was 2 Careful analysis of
nent, which had a greater than 2-fold enrichment in the major | rcosy and HMBC data placed the hemiacetal moiety
component at 5 h, but which also eventually reverted to the 2:1 adjacent to substructutie (Figure 2). Substructuréf accounted
equilibrium mixture. These data indicated that enfumafungin oy two of the five rings present in the aglycon portion Dof
was a mixture of two slowly Interconverting iIsomers. Assuming that the other three rings were the six-membered B,
Working from the premise that there are 38 carbon atoms ¢, and D rings of a triterpene skeleton, ajrthe NMR data
(@s determined from MS) and taking into account data obtained for 1 were reexamined and a structure for this compound was
from DEPT and HMQC spectra, 38 pairs of carbon signals (8 proposed.
CHs, 8 CH,, 14 CH, and 8 C) could be identified. This led to  some of the keyH—H and HMBC correlations that tied
the determination that 54 of the 60 hydrogen atoms imere the structure together are shown in Figure 4. High-resolution
attached to carbon atoms; thus, six of the hydrogens weregjectron impact MS fragmentation data fully supported the
deemed exchangeable, consistent with the six exchangeablgyroposed structure fat (Figure 4).
protons noted in the MS data. In the following discussion, all " perjyatization and the Relative Stereochemistry of En-
spectroscopic data refer to the subset of spectra belonging tofymafungin. Initial NMR studies suggested that the mixture
the major diastereomer. o might contain a hemiacetal moiety. Assuming that equilibration
'H and*3C NMR data (Table 1) indicated the presence of of the hemiacetal between its two anomers was responsible for
(1) an acetate group, (2) a hexose sugar, (3) a trisubstitutedthe interconversion of this molecule, an attempt was made to
double bond, (4) an ester/carboxylic acid group, and (5) a doubly methylate the hemiacetal and separate the two diastereomers.
oxygenated methine carbon, likely belonging to an acetal/hemi- analytically, eitherp-toluene sulfonic acid or dry HCl in MeOH
acetal functionality. These functionalities accounted for four of syccessfully effected the conversion. Scale-up of the HCI
the nine degrees of unsaturation (assuming a cyclized sugarprocedure, followed by separation on HPLC, led to four major
and all twelve of the oxygen atoms present in the molecule : :
(Table 2). The remaining unsaturations were attributed to the _(Ei)k'gozh'&v‘{sfl'pijheE-j Sé"’?”i‘r?]gb%ﬂg-igg;‘f:l%”g7'§_g"égw"'“er”' D.

presence of five rings in the aglycon portion hf Assuming (14) Uhrinova, S.; Uhrin, D.; Liptaj, T.; Bella J.; HirschMagn. Reson.
that the sugar moiety possessed four of the exchangeableChem.1991 29, 912-922.
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Table 1. 'H and®C NMR Data for the Major Diastereomer of Enfumafungir) {n CDsOD and for3 and4 in CD;OD?

1 3 4
Ctype 0 3C deut. shift? 6H (mult)  o33C o H HMBC ROESY 513C 61 HMBC ROESY
1 CH, 398 no 2.69(dd, e 405 265 4.30 H-1a, H-2 453 2.24 4.41 H-1a, H-2, H-11,
13.7,7.1) H-25
1.13 (dd, a 1.12 H-3, H-5, 1.29 H-1e, H-3,
13.1,11.2) H-2(s) H-5, H-2(s)
2 CH 744 no 5.75 (m) a 745 5.74 2.65 3.53 H-la(s), H-le, 74.6 5.67 1.29,2.24,  H-a(s), H-1e,
H-23e 3.52,3.26 H-3, H-23e, H-25
3 CH 87.8 no 354(d,8.9) a 87.8 3.53 265 5.74 3565 H-24,H-2,  87.9 352 224,366,  H-la, H-2, H-5,
4.02,4.37 H-1a(s) 3.55,0.91 H-24, H-1
4 C 413 no 40.0 3.53,0.91 408 3.52, 3.55,0.91
5 CH 412 no 1.74 (m) a 413 1.73 2.65,3.53, 1.H:3, H-1a 38.8 158 2.24,352, H-la, H-3,
3.56, 0.91 3.55,0.91 H-24, H-8
6 CH, 209 no 1.86 (m) a 208 1.86 H-25, H-23a(s) 21.4 1.80 -23a, H-24
1.74 (m) e 1.74 1.60
7 CH, 194 no 1.76 (m) e 194 1.82 H-15a 18.7 1.68 H-8
1.18 (m) a 1.22 H-25(s), H-26 1.60 H-26
CH 415 no 2.05 (m) a 414 206 1.86,1.82,562 H-12a H-27, 40.1 2.10 0.80 H-7e, H-15a,
H-6e, H-5 H-27, H-5
9 C= 1403 no - 140.0 1.57 143.6 1.29,1.98
10 C 453 yes 448 2.65,1.73, 433 1.29, 2.24,
(+0.030) 5.62, 4.30 5.37
11 CH= 1251 no 5.63 (brd, 6.1) 125.0 5.62 1.57 H-12ale, H-33 120.0 5.37 1.98 H-1e, H-12ale,
H-25
12 CH, 386 no 2.02 (m) e 39.0 1.95 H-27 385 1.98 1.16 2(|3+12e, H-18,
H_
1.60 (m) a 1.57 H-18 1.54 H-11, H-12a
13 C 39.0 no 38.7 5.62, 1.57, 38.9 5.37,1.98,
2.85,1.17 0.80
14 C 385 no 39.0 2.85, 1.26, 38.8 2.85, 0.80,
2.21,1.21 1.16
15 CH,  29.0 no 1.48 (m) a 29.0 1.50 H-8 293 1.48 H-16a
1.37 (m) e 1.42 H-7e, H-8(w) 1.42 2.85,0.78, 1.26H-8, H-26
H-26 2.21,1.21
16 CH,  30.0 no 1.60 (m) e 300 1.63 H-18, H-22 30.0 1.60 1.21 H-16a, H-20
1.20 (m) a 1.24 H-18, H-22 1.24 H-16e
17 C 417 no 417 0.78, 1.26, 417 0.80
2.21,1.21
18 CH 534 yes 2.85(s) a 535 2.85 1.17,1.21, H-26,H-12a, 53.7 2.87 1.16,1.21 H-12a, H-164a,
(+0.046) 0.86 H-22, H-16a H-21, H-22, H-26
19 C=0 177.6 vyes 177.9 2.85 177.8 2.85
(+0.099)
20 ChH 84 no 0.75 (d, 7.5) 84 078 221,1.26,091 8.4 0.78 1.26,2.21 H-16e, H-21, H-28
21 CH 491 no 1.35 (m) 492 1.26 2.85,0.78,2.2;18 49.2 1.26 2.85,0.78, 1.21H-18, H-22,
0.91, 0.86 0.91, 0.86 H-29
22 CH 27.7 no 2.27 (m) 27.7 221 078,126, H-18 276 221 078,126, H-21, H-18,
0.91, 0.86 0.91, 0.86 H-29, H-30
23 CH, 661 no 4.00(d, 12.3) e 659 4.02 H-2(w) 60.0 3.66 3.52,0.91,4.41 H-24, H-33, H-2(w)
3.59(d,12.3) a 3.56 H-25, H-23e, H-6a 3.55 H-6a, H-24, H-33
24 CHy 175 no 0.91 (s) 175 0.91 353 H-23ale, H-3 18.1 0.91 3.52 H-3, H-6ale,
H-7a, H-5, H-23ale
25 CH 97.2 yes 4.69 (brs) 105.1 4.30 1.12,2.65  H-7a(s), H-6a(w), 106.3 4.41 2.24,355  H-le, H-2,
(+0.100) 3.65, 3.41 H-23a(s)/e(w), 3.26 H-11, H-33
H-33, H-26
26 CH; 161 no 0.78 (s) 16.0 0.78 H-18, H-11, H-33,16.4 0.80 H-7, H-33,
H-12a, H-11, H-25 H-18, H-12a
27 CH 172 no 1.19 (s) 171 1.17 285 H-8, H-12e, H-15a 17.0 1.16 1.98,2.85 H-8, H-12a,
H-15a, H-28
28 CHy 212 no 1.22 (s) 211 1.21 2.85 212 1.21 2.85,1.60
29 CHy 253 no 0.90 (d, 6.7) 253 0.91 0.78,1.26,2.21 253 0.91 1.26,2.21,0.86 H-20, H-21, H-22
30 CHs 189 no 0.85 (d 6.8) 18.8 0.86 1.26,2.21,0.91 18.8 0.86 1.26,2.21,0.91 H-20; H-22
31 =0 1733 no 173.6 2.04,5.74 173.3 5.67, 2.05
32 CH 217 no 2.05 (s) 217 2.04 Heb 216 2.05 H-8vb
33 CH  -- 57.8 3.41 4.30 H-25, H:1 59.8 3.26 4.41 H-25, H-26
1 CH; 1053 no 433(d, 7.8) 105.4 4.37 3.53,3.15 H-3(s) 105.4 4.34 3.16,3.31 H-3, H-3
H-5, H-24
2 CH 757 yes 3.16 (dd, 759 3.15 437 75.8 3.16 3.31
(+0.129) 9.2,7.8)
3 CH 781 yes 3.31 (m) 782 3.31 78.2 3.31 3.16,3.28 H-1
(+0.183)
4 CH 718 yes 3.26 (dd, 719 3.26 3.31,3.21 71.7 3.28 3.31,321, H-6a, H-32
(+0.122) 9.2,9.1) 3.66, 3.84
5 CH 778 yes 3.22 (ddd, 779 321 4.37,3.15, 77.8 3.21 3.28,3.66,3.84 H;H-6a, H-32
(+0.045) 9.2,9.1, 2.5) 3.26, 3.66
6 CH, 629 vyes 3.85 (dd, 63.0 3.84 3.26 62.9 3.84 3.28 Ha6 H-32
(+o 107) 11.7,2.5)
3.66 (dd, 3.66 3.66 H-@, H-32
11.7,9.1)

214 NMR spectra were run at 500 MHz and were referenced to the solvent signal at 3.38@PWMR spectra were run at 125 MHz and were
referenced to the solvent signal at 49.0 ppm. HMQC was used to correlate carbon signals with their attached protons. The deuterium shift data were
obtained by running a sample of enfumafungin in both;GD and CRQOH and comparing chemical shift valuédvleOD/Pyridineds(30%).
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Table 2. Tabulation of Functional Groups ih

functional 0 *H andd °C no. of no. of
group chemical shifts unsaturations O’s
acetate 0'H2.05s 1 2
01%C21.7q,173.3s
hexose sugar ¢ *°C 105.3d,78.1d, 77.8d, 1 6
75.7d,71.8d,62.9t
double bond 9 *H 5.63 brd 1 0
0 1°%C 140.3s,125.1d
carboxylic acid 6 13C 177.6 s 1 2
dioxygenated o 'H 4.69 brs 0 2
methine 0C97.2d
total 4 12

468 CyoH, 04
Ne)
409 gt 05 <2440 01,0,
Y -CH(CH;)CH(CHy),
16
reJ s H 369 CyqHy305
H
H,0
H H 2

351 CyH;,0,

Figure 4. SelectedH—H and HMBC correlations in enfumafungin

.

== [RCOSY

HC  THa
23 24

Figure 3. Structure of hyalodendrosid@)(

noninterconverting componentdd NMR and MS suggested
that component8 and 4 were diastereomeric isomers of the
methyl acetal derivative (Figure 5), while the other two com-
ponents were diastereomeric isomers of the des-acetyl/methyl
acetals. No doubling of the NMR peaks was observed for these
derivatives.

Complete analysis of HMQC, HMBC, and COSY 2D NMR  Figure 5. Structures of, 4, and 9(11)-fernene.
data for the methyl derivative® and 4 (Table 1), provided
sufficient intra- and inter-ring connectivities to confirm the E ring, common to this structural family, appears to have opened
molecular structure initially proposed f&r The NMR data for up to a 1-methylisobutyl side chain attached at C17 on ring D.
these compounds suggest a system of four six-membered ringsAnother striking feature of the triterpenoid unit is the hemiacetal
fused in the manner of a pentacyclic triterpenoid. However, the cyclization of C25 and C23 across ring A, which yields the

9(11)-fernene

23 24
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The relative stereochemistry of the two anomers of enfuma-
fungin and their methyl derivatives was deduced from chemical
shift differences and ROE’s observed in the NMR spectra of
these compounds. The chemical shift changes of protons Hle
and H7, observed between diastereomers, were relatively large
(IAS| > 0.4 ppm) and inversely related, implying the change
in proximity of the anomeric oxygen to these two protons
located on opposite sides of the hemiacetal bridge. Interestingly,
H2, which is found at low field even for a protom to an
acetylated oxygen, shows little change in chemical shift although
it also was close to the hemiacetal. This observation is probably
due to a simultaneous change in the proximity of the bridging
hemiacetal oxygen to H2. Finally, ROE’s from the methyl
protons of C26 to H25 ir8 and the methyl protons of C26 to
the methoxy protons of C33 ihunambiguously confirmed the
assignment of th& and R* anomers, respectively (Figure 6).

4 (H25R%) Thus the relative stereochemistry of enfumafungin was carried
Figure 6. Selected ROE'8 (H-255*) and4 (H-25R*). over from these observatlonS: .

Inhibition of Glucan Synthesis by Enfumafungin. In whole
interconverting diastereomers of the title compound and the Cells of bothCandidaandSaccharomyceenfumafungin inhibits
noninterconverting methyl derivatives. Ring A is also substituted the incorporation of 'C]-glucose into the alkaline insoluble
with an acetate and glucose at C2 and C3, respectively. Ring ccell wall extract without affecting mannan or chitin synthesis,
is unsaturated at G9C11, and the purported ring opening of indicating that it is a specific inhibitor of glucan synthesis. In
ring E left a carboxylic acid attached to C18 on ring D. Given addition, cellular changes observed upon treatment with enfu-
the high degree of substitution to the core ring system, it is Mmafungin are morphologically similar to those observed with
likely that the structure assumes a relatively stable conformation Other classes of glucan synthesis inhibitors. The I the
in solution. Thus, careful studies of coupling constants and ROE glucan synthesis inhibition i@andida albicanss 0.05.g/mL,
measurements were undertaken to determine the relative stercomparable to the MIC of 0.2g/mL indicating that the mode-
eochemistry of the hemiacetal anomers as well as the stereospeof-action of the antifungal activity is inhibition of glucan
cific assignment of the whole aglycon moiety. synthesis?

The coupling constants between Hla, H2, and 13+ 11.6
Hz, Jo3 = 8.9 Hz) observed in the 1D proton spectra suggest
that the dihedral angles between H2 and H1a, as well as those Enfumafungin is the first inhibitor of glucan synthesis
between H2 and H3, are near 28@D ROESY correlations  belonging to a new chemical class of antifungal compounds,
observed between Hla, H3, and H5 are consistent with a trans-the triterpene glycosides, since 1977, when the papulacandins
diaxial orientation of Hla, H2, and H3, and unambiguously were discovered. One reason for the renewed interest in
place Hla, H3, and H5 on one face of ring A (Figure 6). screening for novel glucan synthesis inhibitors is the new
Furthermore, ROE’s between H5 and H8, and between H8 andantifungal clinical candidate caspofungin acetate (MK-0991;
the methyl protons of C27, locate H8 and the C27 on the sameL-743,872) whose mode-of-action is inhibition of fungal glucan
face of the four rings as Hla, H3, and H5. On the opposite synthesi$. Thus, since inhibitors of fungal cell wall glucan
face, ROE correlations between the methyl protons of C26 and synthesis are effective antifungal agents, it is desirable to identify
H18, H7a, and H16 clearly differentiate the two sides of the additional compounds that act via this proven mode-of-action,
aglycon unit. Large coupling constants between H8a and H7a, but which have improved biological and chemical characteristics
as well as those between H5a and H6a, along with ROE’s compared to the known classes of glucan synthesis inhibitors.
consistent with their stereospecific assignment, further distin- The discovery of enfumafungin provides evidence that it is
guish between ther and 3 faces of its ring system. These possible to find compounds that act via this proven mode-of-
observations are consistent with the aglycon unit being a action and that natural products continue to be one of the best
triterpenoid derived from 9(11) fernene, the stereochemistry of places to look for new classes of compounds.
which is thoroughly documentédlt follows that the hemiacetal
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Conclusion

ring closure between C23 and C25 is on fhdace of the Supporting Information Available: Experimental details
triterpene ring system, proximal to, and on the same side as,and copies of théH, **C, COSY, and HMBC NMR spectra
H2 and H7a. for compoundsl, 3, and4 (PDF). This material is available

free of charge via the Internet at http://pubs.acs.org.
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