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Abstract

A series of 3-amino- and polyaminosterol analogues of squalamine and trodusquemine were synthesized and evaluated for
their i vitro antimicrobial properties against human pathogens. The activity was highly dependent on the structure of the
different compounds involved and the best results were obtained with aminosterol derivatives 4b, 4e, 8b, 8e and 8n exhibiting
minimum inhibitory concentrations (MICs) against yeasts, Gram positive and Gram negative bacteria at average

concentrations of 3.12—-12.5 pM.
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Introduction

Emergence of multidrug-resistant microorganisms
such as methicillin-resistant Staphylococcus aureus
and vancomycin-resistant Enterococcus has prompted
efforts to develop new classes of antibiotics.[1—-5]
In the search for novel host defense agents, squalamine
1 and trodusquemine 2 (Scheme 1) were identified as
the first aminosterols from the dogfish shark, squalus
acanthias, exhibiting potent antimicrobial and anti-
angiogenic activities and representing an attractive
way face to the increase of resistance that alters the
activity of usual antibiotics on bacterial patho-
gens.[6—12] These two derivatives possess an invar-
iant steroid skeleton with a trans AB ring junction, a
cholestane-related sulfated side chain and a flexible
polyamino hydrophilic chain (spermidine and sper-
mine group respectively) linked to the hydrophobic
unit at C-3 position. Polyamines are essential for the
growth and function of normal cells.[13—17] They
interact with various macromolecules, both electro-
statically and covalently and, as a consequence, have

a variety of cellular effects. The complexity of
polyamine metabolism and the multitude of compen-
satory mechanisms that are invoked to maintain
polyamine homeostasis argue that these amines are
critical to cell survival. Recently, Katsu et al. examined
the structure-activity relationship between functiona-
lized polyamines and the outer membranes of Gram-
negative bacteria and demonstrated that lipophilic
moieties and a number of amino groups in polyamines
were important for permeabilisation of such an outer
membrane.[18] In the same context, various poly-
amine conjugated to cholesterol, cholenic acid and bile
acids have been reported possessing significant
antimicrobial activities and reduced hemolytic poten-
tials. [19-23] Nevertheless, all these synthesis were
performed in numerous steps and low overall chemical
yields. Since hydrophobicity of the sterol backbone
and length and the cationic charge of the side chains
appeared to be critical determinants of activity, we
have envisioned the synthesis of new polyamino
squalamine mimics. Recently, we have reported a
new and efficient methodology for the synthesis
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Squalamine 1

Scheme 1.

of various secondary amines involving a titanium
reductive amination reaction.[24,25] In continuation
of our work, we report herein the evaluation of the
antimicrobial activities of various new 3-amino and
polyaminosterol analogues of squalamine and
trodusquemine.

Materials and Methods

All solvents were purified according to reported
procedures, and reagents were used as commercially
available. Methanol, ethyl acetate, dichloromethane,
ammonia and petroleum ether (35-60°C) were
purchased from SDS and used without further
purification. Column chromatography was performed
on SDS silica gel (70-230 mesh). "H NMR and >C
NMR spectra were recorded in CDCl; on a Bruker
AC 300 spectrometer working at 300 MHz and
75 MHz, respectively (the usual abbreviations are
used: s: singlet, d: doublet, t: triplet, q: quadruplet, m:
multiplet). Tetramethylsilane was used as internal
standard. All chemical shifts are given in ppm.

General Procedure for the Titanium—mediated reductive
amination reaction of 3B-(1,2-diaminoethane)-4-
cholestene 4c

A mixture of 4-cholesten-3-one 3 (300mg,
0.78 mmol), titanium(IV)isopropoxide (302 pL,
1.03mmol) and 1,2-diaminoethane (140 mg,
2.34 mmol) in absolute methanol (5 mL) was stirred
under argon at room temperature for 12h. Sodium
borohydride (29 mg, 0.78 mmol) was then added at
—78°C and the resulting mixture was stirred for an
additional 2h. The reaction was then quenched by
adding water (1 mL) and stirring was maintained at
room temperature for 20 min. The resulting inorganic
precipitate was filtered off over a pad of Celite and
washed with Et,O and ethylacetate. The combined
organic extracts were dried over Na,SQy, filtered and
concentrated in vacuo to afford the expected crude
amine 4c¢. Subsequent purification by flash chroma-
tography on silicagel (eluent: CH,Cl,/MeOH/NH,.
OH(32%), 7:3:1) led to a pale yellow solid in 60%
yield; —'H NMR (300 MHz, CDCl;): 8= 5.14

LHN

NHg
OSOzH
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“,
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Hy

Trodusquemine 2

Structure of Squalamine 1 and Trodusquemine 2.

(s, 1H), 3.29-2.62 (m, 5H), 2.32-0.55 (m, 46H).
—-13C NMR (75 MHz, CDCL): § = 146.32, 122.05,
56.03, 54.45, 49.37, 48.82, 42.27, 41.80, 39.72,
39.30, 37.30, 36.24, 35.97, 35.76, 35.59, 33.00,
32.28, 28.01, 27.78, 26.92, 24.04, 23.67, 22.63,
22.37,20.97, 18.92, 18.47, 11.78.

All the 3-amino-or polyaminosterol derivatives
(Scheme 2) were prepared by procedures similar to
that described above and all the NMR analysis are in
accordance with the expected data. The obtained MS
results of the corresponding products were as follows:
4b MS (EST") m/z 400.1 (100%, [M + H] ™). 4c MS
(ESI") m/z 429.0 (100%, [M + H]™). 4d MS (ESI")
m/z 443.6 (100%, [M + H]"). 4e MS (ESI") m/z
457.4 (100%, [M + H]"). 4f MS (ESI") m/z 499.6
(100%, [M + H]"). 4g MS (ESI") m/z 485.6 (100%,

[M + H]Y. 4nh MS (ESI") m/z 471.5 (100%,
[M + H]"). 48 MS (ESI") m/z 513.6 (100%,
[M + H]). 4k MS (ESI") m/z 541.5 (100%,
[M + H]"). 41 MS (ESI") m/z 569.5 (100%,
[M + H]"). 4m MS (ESI") m/z 571.6 (100%,
[M + H]Y. 4n MS (ESI") m/z 468.5 (100%,
[M + HIY. 4p MS (ESI") m/z 428.3 (100%,
[M + H]"). 6b MS (ESI") m/z 402.4 (100%,
[M + H]). 6c MS (ESI") m/z 431.4 (100%,
[M + H]Y. 6d MS (ESI") m/z 445.5 (100%,
[M + H]). 6e MS (ESI") m/z 459.4 (100%,
[M + H]"). 6f MS (ESI") m/z 473.4 (100%,
[M + H]"). 6g MS (ESI") m/z 487.6 (100%,
[M + H]Y). 6nh MS (ESI") m/z 499.6 (100%,
[M + H]"). 6m MS (ESI") m/z 573.6 (100%,
[M + H]). 8b MS (ESI") m/z 400.6 (100%,
[M + H]"). 8¢ MS (ESI") m/z 429.4 (100%,
[M + H]"). 8d MS (ESI") m/z 443.5 (100%,
[M + H]"). 8¢ MS (ESI") m/z 457.5 (100%,
M + H]).

Determination of minimal inhibitory concentrations

Antimicrobial activity of the compounds was studied
by determination of minimal inhibitory concen-
trations (MIC) according to the NCCLS guidelines
using the microbroth dilution methods.[26] The cells
were grown overnight at 28°C (S. cerevisiae ATCC
28383) or 37°C (E. coli ATCC 10536, S. aureus
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Compound? 4a | 4b | 4c| 4d| 4de| 4f| 4g| 4h| 4i 4j| 4k | 41 | 4m | 4n | 40| 4p | 4q | 4r
Yield (%)° 70 | 75| 60| 50| 50| 74| 86| 90| 78 93| 89| 94| 52 | 41| 65| 86 |71 | 91
6a | 6b| 6¢c| 6d| 6e| 6f| 6g| 6h| 6m | 6p| 6r | 8b | 8¢c | 8d | 8¢ | 8m | 8n |8p | 8r
Yield (%)° 45 | 70| 95| 77| 91| 54| 60| 48| 95 80| 91| 58| 63 | 96 | 58 | 80 [66 |98 | 73

Scheme 2. Titanium(IV) Reductive Amination Reaction of 4-Cholesten-3 one 3 cholestan-3-one 5 and 5-Cholesten-3-one 7 using various amines “Reactions performed at 20°C for 12h in MeOH on a
0.78 mmol scale of ketone 5 or 7 in the presence of Ti(O¢-Pr), (1.03 mmol) and the desired amine (2.34 mmol). "Isolated yields.
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ATCC 6538, E. faecalis CIP 103015, C. albicans
ATCC 90029, C. tropicalis CIP 2031) in YPD broth
for S. cerevisiae and Sabouraud broth for C. albicans
and C. tropicalis , LB broth for E. coli and S. aureus or
BHI broth for S. faecalis. 8 pLL of a compound solution
of 5 mg/mL were serially diluted by factor two with the
corresponding broth. Concerning E. hirae CIP 5855
all the tests were realized according AFNOR
recommandations using Mueller-Hinton broth. Eco-
nazole and streptomycin were used as substrate
reference for all fungi and bacteria, respectively.
The bacteria strains were grown on trypticase soy agar
(Becton Dickinson) at 37°C for 24 h and the yeast on
Sabouraud agar for 48h. Inocula were prepared in
TCE (tryptone 0.1%, NaCl 8,5 %, wt/vol) by ajusting
the turbidity at 623 nm to obtain 1-3 10°CFU/mL.

Broth microdilution method was used to determine
the MIC and was performed in sterile 96-well
microplates. Each compounds (5 mg/mL in methanol)
was transferred to each microplate well, in order to
obtain a two-fold serial dilution in 100pL of broth and
100 wL of inocula containing 2—6 10° CFU of each
bacteria and yeast were added to each well. A number
of wells were reserved for positive controls, inoculum
viability and solvent effect. After 24 or 48h
incubation, growth was assayed by absorbance
measurement at 623 nm with an ELx 808 IU (Biotek
Instruments). MIC was defined for each agent from
duplicate observations as the lowest concentration of
compound allowing no visible growth.

Results and Discussion

Chemical design of 3-amino and polyaminosterol
derivatives

The chemical stuctures of the 36 new aminosterol
derivatives are presented in Scheme 1. All these
squalamine mimics in which various polyamino
groups are attached at position C-3 to a variety of
steroid molecules were produced in high chemical
yield with readily available starting materials and a
simple one step procedure involving a stereoselective
titanium reductive amination procedure.

Antimicrobial activities of 3-amino and polyaminosterol
derivatives

Quantitative MIC were determined by means of the
broth dilution method. Table I summarizes the
antifungal and antibacterial activities of the syn-
thesized amino and polyaminosterol derivatives. In this
context, several squalamine mimics showed significant
activities against fungi and Gram-positive bacteria
comparable to those obtained with an authentic
sample of squalamine.

In this study , among the 37 molecules tested against
the 3 yeast strains, only derivatives 4b, 4e, 4n and 6b

863

were active simultaneously on S. cerevisiae, C. albicans
and C. rwropicalis. The most sensitive strain was
S. cerevisiae presenting MIC range of 6.25-25pM
for 10 compounds. In this area, compounds 4r and 8b
(MIC = 6.25 pM) possess the most-potent antifun-
gal activities against this latter strain. C. albicans was
the less sensitive yeast since only 4 compounds showed
MIC = 25puM (4b, 4e, 6b, 8n). Additionally,
5 products (4b, 4e, 4j, 4n and 8n) present MIC
=12.5uM against C. tropicalis, this latter strain
seeming to be most sensitive towards these derivatives.

Finally, best results were encountered with deriva-
tives 4b, 4e, 4n leading to MIC varying from 6.25 to
25 1M on all the considered strains.

This series were tested on bacteria Gram + and
Gram-. Activity on bacteria Gram negative were weak.
Only 3 compounds (8c, 8d, 8e) versus 37 exhibit
antibacterial activities against E. coli (MIC
=12.5pM). These results demonstrate that nature
of the amino group attached to the sterol moiety plays
an important role on the potential activities of our
products. Nevertheless, to date, no pertinent expla-
nation can be demonstrated but since membrane lysis
could occur through pore formation, this fact suggests
that the binding sites of these cationic steroids are
lipopolysaccharides constituents of Gram-negative
membrane bacteria.

Moreover, more interesting activities were observed
against Gram-positive bacteria. E. hirae was more
sensitive bacteria with respect to E. faecalis. Almost of
all these compounds possess important antibacterial
activity against this strain with a best value for 4i
(MIC = 3.12pM) since only 7 compounds were
inactive at concentrations below 6.25 M. For
S. aureus, 19 products expressed antibacterial activi-
ties with MIC = 50 M , the most active being 4b,
4n, 4p, 4r (MIC = 3.12-6.25 pM).

Although it is difficult to establish pertinent
structure-activity relationships, it can be reasonably
envisaged that the target sites of such compounds,
having numerous positive charges, are lipoteichoic or
teichoic acids which are negatively charged and are
important constituant of the cell wall structure of
Gram positive bacteria.

Compound 4e bearing a putrescine moiety presents
the best antimicrobial activities of all the tested strains
and at present time, we investigate the possibility for
this product to be an inhibitor of spermidine synthase.
Furthermore, results obtained from trodusquemine
analogues 4m clearly suggest that the antimicrobial
activities measured are very sensitive to the structure
of the sterol derivative involved. On the other hand,
the saturated derivative 6m differing only from
trodusquemine 2 by the absence of hydroxy and
sulfate groups led to similar antimicrobial activities
against yeasts and Gram positive bacteria whereas no
antibacterial activity against E. coli was noticed
suggesting the importance of these two functional
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Table I. Antimicrobial Activities of Aminosterol Derivatives 4, 6, 8.

Antimicrobial activity (MIC), pM

Sample S. cerevisiae C. albicans C. tropicalis S. aureus E. faecalis E. hirae E. coli
Streptomycin - - - 25 - 25 25

Econazole 8.2 32 32 - - - -

Squalamine 45 -90 - 2 20 20 2

4b 25 25 12.5 3.12 50 6.25 >100
4c >100 >100 50 25 >100 12.5 >100
4d >100 50 >100 12.5 >100 12.5 >100
4e 25 6.25 6.25 6.25 6.25 6.25 >100
4f >100 >100 - 50 6.25 6.25 >100
4g >100 >100 >100 >100 >100 25 >100
4h >100 >100 >100 >100 >100 12.5 >100
4i >100 >100 25 >100 >100 3.12 >100
4j >100 >100 6.25 >100 >100 12.5 >100
4k >100 >100 12.5 >100 >100 12.5 >100
41 >100 >100 12.5 >100 >100 12.5 >100
4m >100 100 >100 6.25 >100 12.5 >100
4n 12.5 50 12.5 6.25 12.5 6.25 >100
40 >100 >100 >100 50 >100 >100 >100
4p 100 50 >100 6.25 12.5 6.25 >100
4q >100 >100 >100 >100 >100 12.5 >100
4r 6.25 50 >100 6.25 >100 12.5 >100
6a >100 >100 — >100 >100 25 >100
6b 25 25 50 12.5 — 6.25 >100
6¢ 100 >100 - 25 >100 25 >100
6d >100 >100 >100 >100 >100 25 >100
6e 100 50 50 25 >100 12.5 >100
6f 50 100 25 12.5 100 25 >100
6g >100 >100 >100 >100 >1000 25 >100
6h >100 >100 >100 >100 >100 25 >100
6m 12.5 100 >100 6.25 25 3.12 >100
6p 25 50 >100 12.5 25 3.12 >100
6r >100 >100 >100 >100 100 6.25 >100
8b 6.25 12.5 >100 50 12.5 6.25 >100
8c 50 >100 >100 25 50 50 25

8d >100 >100 >100 12.5 12.5 12.5 25

Se >100 >100 >100 6.25 12.5 6.25 25

Sm >100 >100 >100 >100 >100 25 >100
8n 12.5 >100 >100 >100 50 6.25 >100
8p 12.5 >100 >100 >100 25 6.25 >100
8r >100 >100 >100 >100 12.5 6.25 >100

groups in the mechanism of action of trodusquemine.
Finally, derivative 4n bearing a cyclohexylamine
moiety led to moderate to excellent results against
fungi and Gram positive bacteria even if to date no
pertinent explanations can be rationalized.

Conclusion

In conclusion, synthesis of a series of 3-amino- and
polyaminosterol analogues of squalamine and trodus-
quemine has been realized. Numerous of these
synthetic derivatives present interesting antimicrobial
activities on various different fungal and bacterial
strains. Extension of such a methodology for the
synthesis of new amino-and polyaminosterol com-
pounds in order to improve the biological activity

of such derivatives is in progress and will be reported
in due course.
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