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Abstract—We describe herein the synthesis, bioconversion, antifungal activity, and preliminary toxicology evaluation of a series of
N-acyloxymethyl carbamate linked triprodrugs of pseudomycins. The syntheses of these prodrugs (3—6) were achieved via simple N-
acylation of PSB (1) or PSC’ (2) with various prodrug linkers (7-9). As expected, upon incubation with mouse and/or human
plasma, many of these prodrugs (3, 5, and 6) were converted to the parent compound within a few hours. Of particular significance,
two pseudomycin triprodrugs (5 and 6) showed excellent in vivo efficacy against systemic Candidiasis without tail vein irritation

being observed. © 2001 Elsevier Science Ltd. All rights reserved.

Introduction

Fungal infections, especially systemic fungal infections,
have attracted more and more attention from the medi-
cal community due to the increasing occurrence of such
diseases in hospitalized patients. Clinically, Candida
albicans, Cryptococcus neoformans and Aspergillus
Sfumigatus are the major opportunistic fungi responsible
for systemic infections.! Patients at risk of developing
invasive fungal infections are those with AIDS and
other immunocompromised conditions, or those receiv-
ing broad-spectrum antibiotics or cancer chemotherapy.
Amphotericin B (AMB)? and several triazoles (e.g., flu-
conazole)® are the available treatments for these sys-
temic fungal infections. Unfortunately, the clinical
utility of these drugs is limited either by the severe side
effects (as observed with AMB) or by the rapid devel-
opment of drug-resistance and the lack of broad spec-
trum of activity (as observed with fluconazole). To meet
the urgent medical needs, many efforts are being made
in search of more efficacious and safe antifungal drugs.
These include further modification of the existing drugs
(e.g., amphotericin B and triazole series)* and the
development of novel antifungal agents such as recently
reported echinocandin B analogues.®

*Corresponding author. Tel.: +1-317-276-2076; fax: +1-317-276-
5431; e-mail: chen_shu-hui@lilly.com

TCurrent address: Array Biopharma Inc., 1885 33 rd St., Boulder, CO
80301, USA.

More recently, we and others disclosed the structures
and preliminary biological evaluation of pseudomycins,
a series of potent and broad spectrum antifungal
agents.® Pseudomycins were initially isolated as meta-
bolites produced by Pseudomonas syringae in plants.”
Each member of the psecudomycins family is comprised
of a polar core and a hydrophobic tail. Depending on
the nature of the side chain, as shown in Figure 1, the
pseudomycins are subdivided into PSB (bearing a 14-
carbon side chain) and PSC’ (bearing a 16-carbon side
chain). In a previous presentation from this institution,
we demonstrated that PSB and PSC’ are potent anti-
fungal agents with activities against a wide variety of
fungi.®® When evaluated against Candida and Crypo-
toccus either in vitro or in vivo, both PSB and PSC’
showed better activity than that obtained with ampho-
tericin B, the most commonly used antifungal agent in
clinical use. When tested against Aspergillus, PSB and
PSC’ displayed similar activity to that found with flu-
conazole, with MIC values in the range of 10-20 pg/mL.

Despite the promising antifungal activity demonstrated
by pseudomycins, the development of this class of novel
lipopeptides as new antifungal agents is slow. This is
primarily due to the irritation potential observed with
the naturally occurring pseudomycins. For example,
when mice were dosed (iv) with PSB or PSC’ (25mg/
kgx4) through their tail veins, they quickly developed
swollen and dark tails. This was followed by tail loss
within the next few days. Thus, in order to maximize the
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R; = CgHg.n R, = H (Pseudomycin B)

R, = Cy4Hy3 R, = H (Pseudomycin C')
R1 = CgH,q,, R, = -C(O)OCH,OC(O)Me
R, = CoHyg R,=-C(O)OCHMeOC(O)Me
R, = CoHygn R, = -C(O)OCH,OC(O)Bu-t 7 Ry=H R,=Me
R, = Cy;Hysp R, = -C(O)OCH,OC(0)Bu-t

Figure 1. Structures of pseudomycin derivatives (1-6) and prodrug linkers (7-9).

therapeutic utility of pseudomycins, we must identify
pseudomycin derivatives that retain antifungal activity
yet are devoid of the undesirable tail vein irritation
potential. To achieve these goals, we have taken two
markedly different approaches. The first approach relies
on systematic SAR modifications of pseudomycins at
both the core® and side chain,” whereas the second one
takes advantage of novel prodrug design.!® The rationale
behind prodrug design is built upon the general notion
that, in some cases, the Cp,,x related drug acute toxicity
may be reduce via controlled release of the parent drug.
Many esterase labile prodrug linkers were documented
in the literature for this purpose, including the recently
reported N-oxodioxolenylmethyl carbamate linked
pseudomycin prodrugs.'®!! In this paper, we wish to
discuss our efforts directed towards the synthesis and
evaluation of a series of N-acyloxymethyl carbamate
bearing pseudomycin prodrugs (3-6) designed to
address the acute toxicity mentioned above (see Fig. 1
for structures).

Chemical Synthesis

The synthesis of O-acetyl bearing prodrug 3 was
accomplished in 21% yield via coupling of one equiva-
lent of PSB 1 with one equivalent of the mix-carbonate
7 (itself prepared via the reaction of its corresponding
chloroformate and N-hydroxysuccinimide). In addition
to the triprodrug 3, all three possible monoprodrugs
and three diprodrugs were also produced and isolated
(via reverse-phase HPLC) in a combined yield of 15 and
23%, respectively. In general, the N-acylation reaction
occurred at three residues (2, 4, and 5) was not regio-
selective. Alternatively, reacting PSB 1 (1 equiv) with
three equivalents of the mix-carbonate 8 provided the
triprodrug 4 as the major product in only 12% yield.
The low yield in this case was attributed to the poor
chemical stability of the linker used. Following the
identical reaction conditions described for 3, two O-
pivaloyl ester bearing triprodrugs 5 and 6 were pre-
pared, via N-acylation of PSB 1 or PSC’ 2 with linker 9
in 40%, respectively. In a separate experiment, tripro-
drug 5 was obtained in 80% yield via reacting PSB 1
with three equivalents of linker 9. It should be men-
tioned that satisfactory mass spectra were obtained for
all pseudomycin prodrugs synthesized.

Structure Determination

The structures of various pseudomycin prodrugs were
determined on the basis of detailed proton NMR and
COSY analyses. Careful examination of the NMR
spectra of triprodrug 3 showed three pairs of additional
singlets located around 5.58 ppm (consistent with the
—0O—-CH,—O- acetal moiety) and 2.02 ppm (assigned to
the acetyl functionality on the linker). In addition,
downfiled shifts of 2y (~0.2 ppm), 4¢ (~0.25 ppm), and
5y (~0.2 ppm) protons relative to PSB were observed
for 3, indicating that N-acylations occurred at the resi-
dues 2, 4, and 5 (Table 1). The structures of two O-
pivaloyl bearing prodrugs 5 and 6 were assigned in an
analogous manner to that described for 3. Since the
prodrug linker 8 was racemic, the triprodrug 4 was
composed of eight possible diastereomers. Although the
gross structure of 4 was confirmed upon careful inspec-
tion of its 'H NMR and COSY spectra, the more
detailed peak assignments were found to be extremely
difficult. Therefore, no proton NMR data was reported
for 4.

Antifungal Activity Evaluation
Prior to our systematic chemistry effort directed
towards the preparation of N-acyloxymethyl carbamate
linked pseudomycin prodrugs, we prepared several

Table 1. Key proton NMR assignments for PSB and its prodrugs (3,
5, and 6)

Sites PSB 3 5 6

20 413 4.09 4.07 4.07

28 2.01/2.07 1.81/1.91 1.83/1.90 1.81/1.90
2y 2.90/2.97 ~3.15 3.12/3.17 3.11/3.16
4ot 413 4.19 4.19 4.19

4p 1.75/1.78 1.73 1.72 1.71

4y 1.26/1.32 1.27/1.33 1.23/1.30 1.24/1.29
43 1.53/1.56 1.39/1.43 1.37/1.43 1.36/1.42
4e 2.84 3.01 3.01 3.01

S0 4.29 4.17 4.13 4.13

B 1.99/2.14 1.80/1.98 1.78/1.98 1.76/1.98
Sy 2.89/2.91 3.00/3.14 3.00/3.12 3.00/3.11

Italic indicates the data generated for parent pseudomycin B; bold
indicates significant chemical shift differences observed between pseu-
domycin analogues and the parent pseudomycin B.
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stable N-acyl derivatives [e.g., R, =—C(O)Me] via simple
N-acylation of PSB. Interestingly, such stable PSB ana-
logue (towards mouse plasma mediated hydrolysis) was
devoid of both the in vivo activity as well as tail vein
irritation. In light of these findings, we decided to syn-
thesize a series of N-acyloxymethyl carbamate bearing
pseudomycin prodrugs 3-6. In principle, these prodrugs
should be converted to the corresponding parents (PSB
or PSC’) via successive esterase-mediated prodrug linkers
cleavage in vivo (see Fig. 2). Since three amino func-
tional groups within the target prodrugs (at N,, Ny, and
Ns) were protected by various transient acyl linkers, it is
expected that these prodrugs should retain good in vivo
efficacy without tail vein irritation. Furthermore, it
seems to be possible to modulate the rate of parent drug
release (from its prodrugs) by varying the nature of the
linker attached (such as R; and R, depicted in 7-9). To
verify these hypotheses, three bioassays were carried out
to screen all of the prodrugs prepared. These include (a)
in vitro MIC determinations, (b) in vivo efficacy eval-
uation, and (c) tail vein toxicity assays. Three PSB pro-
drugs (3, 4, and 5) were also evaluated in the plasma
stability assay with the intention to correlate the in vivo
efficacy with the efficiency of prodrug bioactivation (if

any).

In vitro evaluation

By virtue of being prodrugs, all of the newly synthesized
PSB and PSC’ prodrugs were expected to be less active
in vitro in comparison to their corresponding parent
drugs. Therefore, only two O-pivaloyl ester containing
prodrugs 5 and 6 were evaluated in the in vitro assay
against the following three fungi: C. albicans, C. neo-
formans, and A. fumigatus. All three pathogens included

here are the most important fungi responsible for sys-
temic fungal infections. As expected, prodrugs (5 and 6)
displayed much weaker activity against all three fungi
tested relative to their respective parents. In view of
these results, we felt that it was not necessary to test the
remaining prodrugs (3 and 4) in the in vitro assay (see
Table 2).

In vivo evaluation and tail irritation study

To identify pseudomycin prodrugs that retain good in
vivo efficacy yet are free of tail vein irritation, we eval-
uated all four N-acylated prodrugs (3—6) in vivo against
the disseminated Candidiasis mouse model (ip) and the
tail vein irritation model (iv), respectively. PSB 1 or
PSC’ 2 were also included as positive controls in these
studies. The EDsy values were determined using the
method of Reed and Muench.!3 It is worthwhile to
point out that the reason to use a disseminated Can-
didiasis model as our primary in vivo assay is because C.
albicans is the most important pathogen responsible for
~80% systemic fungal infections in hospitalized
patients. As can be seen in Table 2, two PSB prodrugs 3
and 5 exhibited good in vivo activities with ED5, values
ranging from 6.4 to 14.1 mg/kg. In comparison to PSB
1, the level of in vivo efficacy demonstrated by 3 or 5
was about 2-fold lower. The O-pivaloyl bearing PSC’
prodrug 6 showed similar in vivo efficacy to that found
with PSC’ 2. Disappointingly however, prodrug 4
exhibited much weaker in vivo efficacy (EDso>20mg/
kg). The reason for this unexpected result will be dis-
cussed below.

In a subsequent experiment, four prodrugs (3—6) were
evaluated in the tail vein toxicity assay (iv). In this case,

Fr

Pro. Linker Pro. Linker

Triprodrugs 3 - 6

PSB or PSC' repeat
(parent drugs)

esterases attack

Figure 2. Prodrug bioconversion pathway.

Table 2. Antifungal activities of pseudomycin analogues (1-6)

PSB/PSC' (-)
Plasma esterases
Pro. Linker Pro. Linker /ntermediate 10

-R,CHO, - CO,

Y
repeat

Monoprodrugs <—  Diprodrugs

esterases attack
1

Compound MIC (pg/mL) In vivo (EDs) (mg/kgx4, ip) Tail vein toxicology (20 mg/kgx4, iv)
C. albicans C. neoformans A. fumigatus
PSB (1) 0.625 0.039 20 2.5-7.2 Positive
PSC' (2) 0.312 <0.02 5-10 7.8-12.4 Positive
3 N/A N/A N/A 13.0 Positive
4 N/A N/A N/A >20 Negative
5 >20 >20 >20 6.4/14.1 Negative
6 >20 >20 >20 9.0 Negative

MIC, lowest drug concentration required to inhibit 90-100% of visible fungal growth compared to controls; N/A, not tested; EDs,, drug con-
centration required to achieve 50% survival of fungal infection compared with untreated animals.
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mice were treated intravenously through the lateral tail
vein with testing compounds (20 mg/kg) at 0, 24, 48, and
72h. Mice were monitored (for 7 days) following first
treatment for signs of irritation including erythema,
swelling, discoloration, necrosis and tail loss. As
mentioned in the introduction section, both PSB and
PSC’ were capable of inducing tail vein irritation at the
injection site. Despite its favorable in vivo efficacy, pro-
drug 3 was found to be equally irritable as pseudomycin
B. To our satisfaction, compounds 4, 5, and 6 were
found to be clean in the tail vein toxicity assay. Thus,
judging from the data shown in Table 2, it is evident
that we had successfully discovered two O-pivaloyl
acetal linked prodrugs (5 and 6) that retained similar
antifungal activities (in vivo) without inherent tail vein
irritation.

Prodrug bioconversion study

With the aim to correlate in vivo efficacy with acute tail
vein toxicity (if any) and to understand the lack of in
vivo activity of 4, we studied mouse or human plasma
mediated bioactivation of various pseudomycin pro-
drugs. Mechanistically, prodrug bioactivation should
occur via a two-step sequence as briefly outlined in
Figure 2. Esterase mediated hydrolysis of terminal ester
linkage on various triprodrug linkers (R,=Me, ¢-Bu)
should lead, at different rate, to the negatively charged
intermediate 10, which should then undergo subsequent
fragmentation to give the corresponding diprodrugs 11,
with the concomitant loss of CO, and R{CHO (R;=H,
Me). Following the same sequence, diprodrugs 11
would be further degraded to the respective mono-
produgs 12, and thereafter to the parent drugs (PSB 1 or
PSC’ 2). Furthermore, the parent drug release rate can
be modulated by both R; and R, located on the pro-
drug linkers. In theory, the more bulky linker-bearing
prodrug should generate the corresponding parent at a
relatively slower rate than those bearing more esterase
labile linkers.

In the initial prodrug activation study using mouse
plasma, we selected the most labile O-acetyl termini-
bearing prodrug 3 and the least labile O-pivaloyl con-
taining prodrug 5 as our candidates. After incubation of
3 with mouse plasma for 1h, no triprodrug 3 was
detected. Analysis of the reaction mixture indicated the
presence of di- and monoprodrugs along with the parent
PSB. At the 4-h time-point, the only pseudomycin-like
compound detected was the parent drug. As expected,
the mouse plasma mediated bioactivation of 5 was con-
siderably slower than that found with 3. Incubation of 5
with mouse plasma for 1h led to only partial mono N-
deacylation. Based on the LC—MS result, the major
product identified at this time-point was the corre-
sponding diprodrug. At the 4-h time-point, the desired
parent drug PSB 1, along with some monoprodrug (the
major component) were identified on the basis of LC—
MS analyses. In light of these results, it is evident that
both 3 and 5 indeed served as the prodrug forms of PSB
1. Moreover, PSB was released much more readily from
3 than 5. Since prodrug 6 was acylated with the same
prodrug linker 9 as used in compound 5, the outcome

of bioactivation of 6 should be very similar to that
observed with 5.

In a separate experiment, prodrug 4 was incubated with
human plasma for 4h. Surprisingly, only minimal
amounts of PSB was detected this time. The major pro-
ducts obtained in this case were the remaining 4 and its
corresponding diprodrug.'# In light of these results, it is
evident that the poor in vivo efficacy observed with 4
may be attributed to its inability to generate sufficient
levels of the parent drug in vivo (see Table 2).

With the in vivo efficacy data (Table 2) and the plasma
stability data in hand, we conducted a detailed data
analysis and found the following trends: (i) prodrugs
capable of delivering parent drug very rapidly upon
incubation with plasma (e.g., 3) possessed favorable in
vivo efficacy along with undesirable tail vein toxicity; (ii)
prodrugs capable of generating only a minimal level of its
parent drug after incubation in the presence of plasma
was devoid of in vivo efficacy as well as tail vein toxicity
(e.g., 4); and (iii) prodrugs capable of releasing adequate
(Crax and AUC profiles) amounts of their correspond-
ing parent drugs (e.g., 5 and 6) are endowed with good
in vivo efficacy yet are devoid of tail vein irritation.

In view of their promising overall profiles, prodrugs 5
and 6 were further evaluated in a dose elevation study in
mice.'® When mice were injected with a single dose of
PSB at 75 mg/kg, immediate animal death resulted. In
sharp contrast to this observation, all mice receiving 5
or 6 at the same dose were found to be normal.

In conclusion, we disclosed herein the synthesis and
biological and preliminary toxicity profiles of a series of
N-acyloxymethyl carbamate linked triprodrugs of pseu-
domycins (3—6). Based on results obtained from in vitro
bioactivation studies, prodrugs 3, 5, and 6 were capable
of generating sufficient amounts of parent drugs, albeit
at different rates. Consequently, all three prodrugs
demonstrated good in vivo activities against systemic
Candidiasis. Of these three compounds, prodrugs 5 and
6 were found to be clean in the tail vein irritation assay.
In light of these promising results, further in vivo eva-
luation of prodrugs 5 and 6 against other fungi (e.g.,
Cryptococcus and Aspergillus) are clearly warranted.
The results of these investigations will be published
elsewhere.

Acknowledgements

The authors are indebted to Drs. M. Rodriguez, J. Pas-
chal, J. Munroe, and B. Laguzza for their support and
encouragement.

References and Notes

1. Kerridge, D. Antifungal Therapy: Advances and Opportu-
nities; Connect Pharma Ltd: Oxford, 1992; pp 1-96.

2. Holz, R. W. In Antibiotics; Hahn, F. E., Ed.; Springer: New
York, 1979; Vol. 5, Part 2, pp 313-340.



X. Sun et al. | Bioorg. Med. Chem. Lett. 11 (2001) 1875-1879 1879

3. For in vivo antifungal activity, see: Richardson, K.; Bram-
mer, K. W.; Marriott, M. S.; Troke, P. F. Antimicrob. Agents
Chemother. 1985, 27, 832.

4. Watkins, W. J.; Renau, T. E. Annu. Rep. Med. Chem.
(Chapter 14) 2000, 35, 157.

5. Debono, M.; Turner, W. W.; LaGrandeur, L.; Burkhardt,
F. J.; Nissen, J. S.; Nichols, K. K.; Rodriguez, M. J.; Zweifel,
M. J.; Zechner, D. J.; Gordee, R. S.; Tang, J.; Parr, T. R., Jr.
J. Med. Chem. 1995, 38, 3271.

6. (a) Giorgio, D. D.; Camoni, L.; Marchiafava, C.; Ballio, A.
Phytochem. 1997, 45, 1385. (b) Rodriguez, M.; Current, W.
Abstract No. 0270, Presented at the 14th Congress of the
International Society for Human and Animal Mycology
(ISHAM), Buenos Aires, Argentina, May 8—11, 2000.

7. Harrison, L.; Teplow, D. B.; Rinald, M.; Strobel, G. J.
Gen. Microbiol. 1991, 137, 2857.

8. cf. 3-Amido PSB analogues: Zhang, Y.-Z.; Sun, X.; Zeckner,

D. J.; Sachs, R. K.; Current, W. L.; Gidda, J.; Rodriguez, M.;
Chen, S.-H. Bioorg. Med. Chem. Lett. 2001, 11, 903.

9. Chen, S.-H.; Sun, X.; Boyer, R.; Paschal, J.; Zeckner, D. J.;
Current, W. L.; Zweifel, M.; Rodriguez, M. Bioorg. Med.
Chem. Lett. 2000, 10, 2107.

10. Sun, X.; Rodriguez, M.; Zeckner, D.; Sachs, B.; Current,
W.; Boyer, R.; Paschal, J.; McMillian, C.; Chen, S. H. J. Med.
Chem., in press.

11. cf. Binderup, E.; Godtfredsen, W. O.; Roholt, K. J. Anti-
biot. 1971, 24, 767.

12. For prodrug linker synthesis, see: Folkmann, M.; Lund,
F. J. Synthesis 1990, 1159.

13. Reed, L.; Muench, H. Am. J. Hyg. 1938, 27, 493.

14. Due to resource restrictions, we did not conduct a
mouse plasma mediated product bioconversion study on
compound 4.



