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Abstract 

 

As part of our search for new antimicrobials and antibiotic adjuvants, a series of podocarpic acid-polyamine 

conjugates have been synthesized. The library of compounds made use of the phenolic and carboxylic acid 

moieties of the diterpene allowing attachment of polyamines (PA) of different lengths to afford a structurally-

diverse set of analogues. Evaluation of the conjugates for intrinsic antimicrobial properties identified two 

derivatives of interest: a PA3-4-3 (spermine) amide-bonded variant 7a that was a non-cytotoxic, non-hemolytic 

potent growth inhibitor of Gram-positive Staphylococcus aureus (MRSA) and 9d, a PA3-8-3 carbamate 

derivative that was a non-toxic selective antifungal towards Cryptococcus neoformans. Of the compound set, 

only one example exhibited activity towards Gram-negative bacteria. However, in the presence of sub-

therapeutic amounts of either doxycycline (4.5 µM) or erythromycin (2.7 M) several analogues were observed 

to exhibit weak to modest antibiotic adjuvant properties against Pseudomonas aeruginosa and/or Escherichia 

coli. The observation of strong cytotoxicity and/or hemolytic properties for subsets of the library, in particular 

those analogues bearing methyl ester or n-pentylamide functionality, highlighted the fine balance of structural 

requirements and lipophilicity for antimicrobial activity as opposed to mammalian cell toxicity.  
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Highlights: 

 

 Library of amide and/or carbamate linked podocarpate – polyamine conjugates prepared 

 Amide derivative exhibited potent and selective anti-MRSA activity 

 Carbamate derivative exhibited potent and selective antifungal activity 

 Weak to modest ability to enhance the action of antibiotics towards G- bacteria  

 

Graphical abstract: 
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1. Introduction 

 

Polyamines (PAs) are ubiquitous naturally-occurring amines that play multiple critical roles in 

biological functions including the regulation of cell growth and differentiation and modulation of cell signalling 

pathways.
1–5

 Natural product and synthetic analogues of polyamines have been reported to exhibit epigenetic 

modulation, 
6–8

 antiproliferative, 
9,10

 antiparasitic 
11–18

 and antibacterial properties. Examples of the latter include 

the marine natural products squalamine (1)
19,20

 and ianthelliformisamine A (2)
21,22

 and non-natural 1,-

(bis)thiourea analogues (e.g. 3)(Figure 1)
23

 all of which exhibit antibacterial activities and can also sensitize 

bacteria to antibiotics.
24,25

 Previously reported structure-activity relationship studies have highlighted the 

requirement of central charged nitrogens and terminal lipophilic aryl for antibacterial activity.
23,26

 Presumably 

these features aid electrostatic interaction between the positively charged central nitrogens and the negatively 

charged bacterial membrane, while the lipophilic end-group(s) facilitate membrane penetration. Examples of 

end-groups incorporated into antibacterial mono-substituted or ,-disubstituted polyamines include lipids,
27,28

 

naphthyl,
29

 cinnamic acids,
21,22

 indoles,
30,31

 sterols 
32–34

 and triterpenes.
35–37

  

 

 

Figure 1. Structures of antimicrobial polyamines 1–3. 

 

We have sought to expand the scope of lipophilic end groups by preparing polyamine conjugates of the 

diterpene natural product podocarpic acid (4) (Figure 2). Podocarpic acid is a readily available diterpene 

isolated from the heartshakes of the New Zealand conifer Dacrydium cupressinum (rimu). While extensive 
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studies have explored the use of podocarpic acid as a chiral intermediate for synthesis,
38

 there are limited 

accounts of biological activity associated with the acid and/or its derivatives, including inhibiting IL-1 

cytokine release,
39

 acting as agonists of liver X receptor (cholesterol metabolism),
40,41

 inhibition of influenza A 

viruses in vitro,
42

 opening large-conductance calcium-activated potassium channels
43

 and activation of the 

transient receptor potential TRPA1-Nrf pathway.
44

 Herein, we present details of our exploration of the potential 

of podocarpic acid diamino and polyamino-derivatives to act as antimicrobials and antibiotic adjuvants. 

 

 

Figure 2. Structure of podocarpic acid (4). 

 

2. Chemistry 

The first requirement was preparation of the Boc-protected polyamine scaffolds 5a-f (Figure 3) which 

have been previously described.
45–48

 These six polyamines (PA3-4-3, PA3-6-3, PA3-7-3, PA3-8-3, PA3-10-3, 

PA3-12-3) were targeted as they collectively allow exploration of the influence of chain length, lipophilicity and 

spatial requirements of dialkylammonium ion positive charges on bioactivity. 

 

Figure 3. Polyamine scaffolds 5a-f. 

 

Reaction of podocarpic acid with the Boc-protected polyamine scaffolds 5a-f mediated by the coupling 

agent PyBOP/DIPEA in DMF afforded the Boc-protected diamides 6a-f in modest yields of 27–58%. 

Deprotection of the Boc-protected diamides was carried out using TFA in CH2Cl2 to afford the target analogues 

7a-f as their di-TFA salts in 80–100% yield (Scheme 1).  
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Scheme 1. General method for the preparation of polyamine-diamides 7a-f. Reagents and conditions: (i) pre-

incubate podocarpic acid: PyBOP, DIPEA, DMF, 5 h, then polyamine 5a-f, 72 h, 27–58% yield; (ii) 

TFA/CH2Cl2 (10% v/v), 3 h (80–100% yield).  

 

Changing the coupling agent to 1,1'-carbonyldimidazole (CDI) for the reaction of podocarpic acid and 

polyamines 5a-f afforded the Boc-protected dicarbamates 8a-f that were subsequently deprotected using TFA in 

CH2Cl2 to afford dicarbamates 9a-f as their di-TFA salts (Scheme 2).  

 

 

Scheme 2. General method for the preparation of polyamine-dicarbamates 9a-f. Reagents and conditions: (i) 

pre-incubate podocarpic acid: CDI, CH2Cl2, 5 h, then polyamine 5a-f, 72 h, 12–26% yield; (ii) TFA/CH2Cl2 

(10% v/v), 3 h (55–100% yield).  
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Further elaboration of the carboxylic acid moiety present in carbamates 9a-f to less polar ester and 

amide derivatives were then explored. Conversion of Boc-protected dicarbamates 8a-f to their respective methyl 

esters 10a-f using trimethylsilyldiazomethane (TMSCHN2) followed by Boc deprotection afforded analogues 

11a-f (Scheme 3). The corresponding set of n-pentylamide analogues were prepared by PyBOP-mediated 

coupling of protected carbamates 8a-f with n-pentylamine to give 12a-f, deprotection of which afforded amides 

13a-f.  

 

Scheme 3. General method for the preparation of methyl ester polyamine-carbamates 11a-f and n-pentylamide 

polyamine-carbamates 13a-f. Reagents and conditions: (i) for 10a-f: trimethylsilyldiazomethane, CH2Cl2/MeOH 

(3:2), 2 h, 60–100% yield; for 12a-f; (ii) pre-incubate 8a-f with PyBOP, DIPEA, DMF, 5 h, then n-pentylamine, 

72 h, 50–100% yield; (iii) TFA/CH2Cl2 (10% v/v), 3 h (44–100% yield).  

 

The preceding sets of analogues (7a-f, 9a-f, 11a-f, 13a-f) all contained a core polyamine that was 1,-

disubstituted via an amide or carbamate linker to podocarpic acid. To explore monosubstituted variants, di-Boc-

protected triamines were prepared using the general methodology summarized in Scheme 4. Briefly, mono-Boc 

protected diamines 14a-f 
49

 were reacted with acrylonitrile (to give 15a-f), followed by Boc-protection (to give 

16a-f) and subsequent catalytic hydrogenation to give 17a-f.
50
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Scheme 4. General method for the preparation of di-Boc-triamines 17a-f. Reagents and conditions: (i) 

acrylonitrile (2 equiv.), Et3N, EtOH, 20 h (52–91% yield); (ii) Boc2O, Et3N, MeOH, 20 h (77–93% yield); (iii) 

Raney-Nickel, LiOH, Pd/C, dioxane/water (2:1), 50 
o
C, 24 h, H2 (66–85% yield).   

 

Applying our established workflow, reaction of podocarpic acid with protected polyamines 17a-f using PyBOP 

as the coupling agent gave 18a-f which were then deprotected using TFA/CH2Cl2 to give podocarpic amides 

19a-f (Scheme 5). Using CDI as the coupling agent afforded Boc-protected carbamates 20a-f, deprotection of 

which gave carbamates 21a-f (Scheme 6). 

 

 

Scheme 5. General method for the preparation of polyamine-podocarpic acid amides 19a-f. Reagents and 

conditions: (i) pre-incubate podocarpic acid: PyBOP, DIPEA, DMF, 5 h, then polyamine 17a-f, 72 h (28–84% 

yield); (ii) TFA/CH2Cl2 (10% v/v), 3 h (79–100% yield).  
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Scheme 6. General method for the preparation of polyamine-podocarpic acid carbamates 21a-f. Reagents and 

conditions: (i) pre-incubate podocarpic acid: CDI, CH2Cl2, 5 h, then polyamine 17a-f, 72 h, 11–61% yield; (ii) 

TFA/CH2Cl2 (10% v/v), 3 h (50–100% yield).  

 

A final set of analogues were prepared that had the unusual structural motif of a diterpenoid bearing 

two polyamine substituents. Protected carbamates 20a-f were reacted with polyamines 17a-f to give 

disubstituted intermediates 22a-f, with subsequent deprotection using TFA/CH2Cl2 affording products 23a-f 

(Scheme 7). 
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Scheme 7. General method for the preparation of dipolyamine substituted podocarpic acid analogues 23a-f. 

Reagents and conditions: (i) pre-incubate podocarpic acid carbamate: PyBOP, DIPEA, DMF, 5 h, then 

polyamine 17a-f, 72 h (38–81% yield); (ii) TFA/CH2Cl2 (10% v/v), 3 h (85–100% yield).  

 

3. Biological Results and Discussion 

 The intrinsic antimicrobial efficacy of podocarpic acid (4) and the set of polyamine analogues 7a-f, 9a-f, 

11a-f, 13a-f, 19a-f, 21a-f and 23a-f were evaluated against a range of Gram-positive (Methicillin-resistant 

Staphylococcus aureus (MRSA)) and Gram-negative (Pseudomonas aeruginosa, Escherichia coli, Klebsiella 

pneumoniae and Acinetobacter baumannii) bacteria and two fungal strains (Candida albicans and Cryptococcus 

neoformans) (Table 1).
51

 Podocarpic acid was found to be devoid of activity against any of the microbes in the 

test panel however some polyamine analogues did exhibit growth inhibition properties. While all but one of the 

analogues (23f) failed to inhibit the growth of Gram-negative bacteria, some analogues exhibited moderate to 

potent activities towards the Gram-positive bacteria S. aureus (MRSA) and the fungal strains C. albicans and C. 

neoformans. 

 For the amide series of analogues 7a-f, potent anti-S. aureus activity (MIC ≤ 0.24–0.26 M) was 

observed for 7a (polyamine 3-4-3), 7e (3-10-3) and 7f (3-12-3), while only the longer polyamine chain 

examples in this set exhibited antifungal activity. We and others have previously observed a general trend 

indicating that progressive lengthening of the polyamine chain leads to antibiotic activity,
52–54

 but in the current 

set, it was interesting to note the potent anti-S. aureus activity of the shortest chain variant (7a) but that the PA3-

6-3 and PA3-7-3 examples (7b and 7c) were devoid of activity. Interest in the potent anti-S. aureus and 

moderate to potent antifungal activities of 7e and 7f (C. neoformans, MIC 3.9 and ≤ 0.24 M, respectively) 
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were tempered somewhat however with the observation of cytotoxicity towards the human embryonic kidney 

(HEK-293) cell line for the former (IC50 0.87 M) and human erythrocyte hemolytic properties for the latter 

(HC10 ≤ 0.24 M) (Table 2). A lack of in vitro toxicity properties for the PA3-4-3 variant 7a identified it to be a 

non-toxic potent selective growth inhibitor of S. aureus (MRSA) with a selectivity index (SI, defined as 

cytotoxicity IC50 / MIC) of >130.  Of the carbamates 9a-f, the only activity observed was towards one or both of 

the fungal strains, with C. neoformans being the most susceptible and 9d being the most potent (MIC ≤ 0.23 

M). Additional evaluation of 9a-f against the yeast Saccharomyces cerevisiae strains BY4743 (laboratory 

isolate) and YJM789 (clinical isolate) identified modest activity (IC50 3.59 and 14.3 M, respectively) for the 

PA3-10-3 variant 9e, with all of other analogues being deemed inactive (IC50 > 25 M) (data not shown). This 

result will prompt future mechanism of action studies of 9e using gene-deleted mutants of S. cerevisiae.
55

 No 

cytotoxic or hemolytic properties were observed for 9d, identifying it as a non-toxic selective antifungal with an 

SI >128 . Conversion of carbamates 9a-f to their methyl ester (11a-f) or n-pentylamide (13a-f) derivatives led to 

marked increases in activity towards S. aureus and the fungal strains C. albicans and C. neoformans (Table 1) 

but, unfortunately, with concomitant increases in cytotoxicity and/or hemolytic properties (Table 2). It would 

appear that the increase in lipophilicity of the pendant podocarpic acid units in 11a-f and 13a-f has exceeded a 

hydrophobicity threshold leading to increased penetration/perturbation of mammalian cell membranes.
56

 

Truncated polyamines bearing a single podocarpic acid attached via an amide bond (19a-f) or a carbamate (21a-

f) were almost completely devoid of antimicrobial activity, with the single exception of the amide derivative 19f 

(S. aureus, MIC 5.4 M). Modest cytotoxicity (IC50 26.2 M, SI 4.9) was observed for the compound. These 

results highlighted the requirement for 1,-disubstitution for the biological activities observed for analogues 7a-

f and 9a-f. The final set of dipolyamino-podocarpate analogues, 23a-f, were almost universally inactive, except 

for the variant bearing the longest polyamine chains (23f) which exhibited strong S. aureus growth inhibition in 

addition to activity towards some of the Gram-negative strains (E. coli MIC ≤ 0.2 M, Klebsiella pneumoniae 

12.8 M and Acinetobacter baumannii MIC 6.4 M). Unfortunately, poor selectivity was observed for this 

compound, with it being found to be cytotoxic to the HEK293 cell line with IC50 0.33 M. These structure-

activity relationships are summarized in Figure 4.  
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Figure 4. Summary of structural analogues prepared and the resultant intrinsic antimicrobial, cytotoxic and 

hemolytic properties. 

 

Functionalized polyamines are capable of acting to synergize the action of antibiotics towards 

otherwise drug-resistant bacterial species.
24,25

 Compound sets 7a-f, 9a-f, 19a-f, 21a-f, 23a-f were evaluated for 

the ability to enhance the antibiotic activity of the tetracycline doxycycline towards P. aeruginosa ATCC27853 

and for erythromycin against E. coli ATCC28922.
21,28,37

 The assay uses a low fixed dose of 2 g/mL of either of 

the antibiotics doxycycline (4.5 M) or erythromycin (2.7 M), both concentrations of which are substantially 

less than their respective MIC's (doxycycline, P. aeruginosa, 40 g/mL, 90 M; erythromycin, E. coli, 128 

g/mL, 174 M). Of the compounds tested, only three exhibited any degree of antibiotic enhancement of 

doxycycline against P. aeruginosa, with 23a being classified as a moderate enhancer (32-fold increase in 

potency from MIC 800 to 25 M) and 23e and 23f being more modestly active (potency increase MIC 200 to 50 

M). Four- to eight-fold increases of potency of erythromycin towards E. coli were observed for five analogues 

(7a, MIC 212 to 26.5 M; 23a, MIC 200 to 25 M; 23b, MIC 400 to 50 M; 23c, MIC 200 to 50 M; 23e, MIC 

12.5 to 3.125 M).  
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Table 1: Antibacterial and antifungal activities of podocarpic acid (4) and analogues 7a-f, 9a-f, 11a-f, 13a-f, 

19a-f, 21a-f and 23a-f. 

Compound MIC (µM) 

S. aa P. ab E. cc K. pd A. be C. af C. ng 

4  >117 >117 >117 >117 >117 >117 

Diamide        

7a ≤0.26 >33.9 >33.9 >33.9 >33.9 >33.9 17.0 

7b 32.9 >32.9 32.9 >32.9 >32.9 32.9 32.9 

7c 32.5 >32.5 32.5 >32.5 >32.5 32.5 32.5 

7d 8.0 >32.0 32.0 >32.0 32.0 32.0 32.0 

7e ≤0.24 >31.1 >31.1 >31.1 >32.1 >32.1 3.89 

7f ≤0.24 >30.3 >30.3 >30.3 >30.3 7.58 ≤0.24 

Dicarbamate        

9a >31.0 >31.0 >31.0 >31.0 >31.0 7.76 7.76 

9b 30.2 >30.2 >30.2 >30.2 >30.2 30.2 30.2 

9c >29.8 >29.8 >29.8 >29.8 >29.8 29.8 7.45 

9d >29.4 >29.4 >29.4 >29.4 >29.4 14.7 ≤0.23 

9e >28.7 >28.7 >28.7 >28.7 >28.7 >28.7 7.17 

9f 14.0 >28.0 >28.0 >28.0 >28.0 >28.0 3.50 

Methyl ester        

11a 1.89 >30.2 30.2 >30.2 30.2 15.1 1.89 

11b ≤0.23 >29.4 14.7 >29.4 >29.4 ≤0.23 0.46 

11c ≤0.23 >29.1 >29.1 >29.1 >29.1 ≤0.23 7.26 

11d ≤0.22 >28.7 >28.7 >28.7 >28.7 ≤0.22 0.45 

11e 3.50 >28.0 >28.0 >28.0 >28.0 ≤0.22 ≤0.22 

11f ≤0.21 >27.3 >27.3 >27.3 >27.3 ≤0.21 0.43 

n-Pentyl amide        

13a ≤0.21 >27.4 >27.4 >27.4 >27.4 13.7 >27.4 

13b ≤0.21 >26.7 >26.7 >26.7 >26.7 1.67 6.68 

13c ≤0.21 >26.4 >26.4 >26.4 >26.4 ≤0.21 3.30 

13d 1.63 >26.1 >26.1 >26.1 >26.1 ≤0.20 ≤0.20 

13e ≤0.20 >25.5 >25.5 >25.5 >25.5 ≤0.20 3.19 

13f 1.56 >25.0 >25.0 >25.0 >25.0 ≤0.19 ≤0.19 

Mono-amide        

19a >50.8 >50.8 >50.8 >50.8 >50.8 >50.8 >50.8 

19b >48.6 >48.6 >48.6 >48.6 >48.6 >48.6 >48.6 

19c >47.6 >47.6 >47.6 >47.6 >47.6 >47.6 >47.6 

19d 46.7 >46.7 >46.7 >46.7 >46.7 >46.7 >46.7 
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19e >44.8 >44.8 >44.8 >44.8 >44.8 >44.8 >44.8 

19f 5.4 >43.1 43.1 >43.1 43.1 43.1 43.1 

Mono-carbamate        

21a >47.5 >47.5 >47.5 >47.5 >47.5 >47.5 >47.5 

21b >45.6 >45.6 >45.6 >45.6 >45.6 >45.6 >45.6 

21c >44.7 >44.7 >44.7 >44.7 >44.7 >44.7 >44.7 

21d >43.8 >43.8 >43.8 >43.8 >43.8 >43.8 >43.8 

21e >42.2 >42.2 >42.2 >42.2 >42.2 >42.2 >42.2 

21f >32.8 >32.8 >32.8 >32.8 >32.8 32.8 >32.8 

Dipolyamine        

23a >31.1 >31.1 >31.1 >31.1 >31.1 >31.1 >31.1 

23b >29.5 >29.5 >29.5 >29.5 >29.5 >29.5 >29.5 

23c >28.7 >29.7 >29.7 >29.7 >29.7 >29.7 >29.7 

23d >28.0 >28.0 >28.0 >28.0 >28.0 >28.0 >28.0 

23e 26.7 >26.7 >26.7 >26.7 >26.7 >26.7 >26.7 

23f ≤0.20 >25.5 ≤0.20 12.8 6.38 25.5 >25.5 

 

a Staphylococcus aureus ATCC 43300 (MRSA) with vancomycin (MIC 0.7 μM) used as positive controls and values 

presented as the mean (n = 2). 
b Pseudomonas aeruginosa ATCC 27853 with colistin (MIC 0.2 μM) used as positive controls and values presented as the 

mean (n = 2). 
c Escherichia coli ATCC 25922 with colistin (MIC 0.1 μM) used as positive controls and values presented as the mean (n = 

2). 
d Klebsiella pneumoniae ATCC 700603 with colistin (MIC 0.2 μM as a positive control and values presented as the mean (n 

= 2). 
e Acinetobacter baumannii ATCC 19606 with colistin (MIC 0.2 μM) as a positive control and values presented as the mean 

(n = 2). 
f Candida albicans ATCC 90028 with fluconazole (MIC 0.4 μM) as a positive control and values presented as the mean (n = 

2). 
g Cryptococcus neoformans ATCC 208821 with fluconazole (MIC 26 μM) as a positive control and values presented as the 

mean (n = 2). 
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Table 2: Cytotoxicity and hemolytic activity of analogues 7a-f, 9a-f, 11a-f, 13a-f, 19a-f, 21a-f and 23a-f. 

Compound Cyto
a
 Hem

b
 Compound Cyto

a
 Hem

b
 

Diamide   Mono-amide   

7a >33.9 >33.9 19a n.d.
c
 n.d.

c
 

7b 28.6 >32.9 19b >48.6 >48.6 

7c 19.1 >32.5 19c >47.6 >47.6 

7d 18.1 >32.0 19d >46.7 >46.7 

7e 0.87 >31.1 19e >44.8 >44.8 

7f >30.3 ≤0.24 19f 26.2 >43.1 

Dicarbamate   Mono-carbamate   

9a >31.0 >31.0 21a n.d.
c
 n.d.

c
 

9b >30.2 26.3 21b >45.6 >45.6 

9c >29.8 >29.8 21c >44.7 >44.7 

9d >29.4 >29.4 21d >43.8 >43.8 

9e >28.7 20.2 21e n.d.
c
 n.d.

c
 

9f >28.0 >28.0 21f >32.8 >32.8 

Methyl ester   Dipolyamine   

11a 16.4 14.6 23a >31.1 >31.1 

11b 4.68 >29.4 23b >29.5 >29.5 

11c >29.1 ≤0.23 23c >28.7 >28.7 

11d >28.7 ≤0.22 23d >28.0 >28.0 

11e 1.30 ≤0.22 23e 20.6 >26.7 

11f >27.3 0.77 23f 0.33 >25.5 

n-Pentyl amide      

13a >27.4 4.10    

13b >26.7 2.77    

13c >26.4 ≤0.21    

13d >26.1 ≤0.20    

13e >25.5 ≤0.20    

13f >25.0 ≤0.19    

 

a Concentration of compound at 50% cytotoxicity on HEK293 human embryonic kidney cells and values presented as the 

mean (n = 2). Tamoxifen was the positive control (IC50 9 μg/mL, 24 μM). 
b Concentration of compound at 10% hemolytic activity on human red blood cells and values presented as the mean (n = 2). 

Melittin was the positive control (HC10 2.7 μg/mL).  
c not determined. 
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4. Conclusions 

We have synthesized a series of 42 podocarpic acid polyamine conjugates functionalized at the 

phenolic and/or carboxylic acid positions of the natural product diterpene. Wide variation in intrinsic 

antimicrobial properties were observed for the compound set, with the Gram-positive bacterium S. aureus 

(MRSA) and the fungus C. neoformans being the most susceptible. Of note was the discovery of two analogues, 

7a and 9d that exhibited selective, non-toxic activity towards S. aureus and C. neoformans, respectively. The 

complete set of results indicate variation of biological activity was dependent upon polyamine structure and 

attachment point (phenolic vs carboxylic acid) of the diterpene and that lipophilic substitution of the carboxylic 

acid leads to sharp increases in undesirable cytotoxicity and/or hemolytic properties. When compared to 

previously reported 1,-disubstituted polyamines e.g. 2 and 3, the present compound set were overall 

substantially less active as antimicrobial agents and as antibiotic adjuvants. This highlights the delicate balance 

of structural features and properties of the end-group(s) attached to polyamines for the conjugates to exhibit 

desirable antimicrobial/adjuvant activities. The discovery of novel end-groups that exhibit these properties are 

the focus of our ongoing studies. 

 

5. Experimental 

 Full experimental details are given in the Supplementary Material (Appendix A). 
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Appendix A. Supplementary material (experimental details) 
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Experimental details and compound characterization data can be found online at: 

 

Appendix B. Supplementary material (NMR spectra) 

NMR spectra (
1
H and 

13
C) of compounds 7a-f, 9a-f, 11a-f, 13a-f, 19a-f, 21a-f, 23a-f can be found 

online at: 

 

Appendix C. Supplementary material (HRESIMS) 

HRESIMS spectra for compounds 7a-f, 9a-f, 11a-f, 13a-f, 19a-f, 21a-f, 23a-f can be found online at: 

 

 

References 

1.  Melchiorre C, Bolognesi ML, Minarini A, Rosini M, Tumiatti V. Polyamines in Drug Discovery: From 

the Universal Template Approach to the Multitarget-Directed Ligand Design Strategy. J Med Chem. 

2010;53(16):5906-5914. doi:10.1021/jm100293f 

2.  Seiler N, Raul F. Polyamines and Apoptosis. J Cell Mol Med. 2005;9(3):623-642. doi:10.1111/j.1582-

4934.2005.tb00493.x 

3.  Schipper RG, Penning LC, Verhofstad AAJ. Involvement of Polyamines in Apoptosis. Facts and 

Controversies: Effectors or Protectors? Semin Cancer Biol. 2000;10(1):55-68. 

doi:10.1006/scbi.2000.0308 

4.  Kusano T, Berberich T, Tateda C, Takahashi Y. Polyamines: Essential Factors for Growth and Survival. 

Planta. 2008;228(3):367-381. doi:10.1007/s00425-008-0772-7 

5.  Igarashi K, Kashiwagi K. Polyamines: Mysterious Modulators of Cellular Functions. Biochem Biophys 

Res Commun. 2000;271(3):559-564. doi:10.1006/bbrc.2000.2601 

6.  Huang Y, Greene E, Murray Stewart T, et al. Inhibition of Lysine-specific Demethylase 1 by Polyamine 

Analogues Results in Reexpression of Aberrantly Silenced Genes. Proc Natl Acad Sci. 

2007;104(19):8023-8028. doi:10.1073/pnas.0700720104 

7.  Huang Y, Marton LJ, Woster PM, Casero RA. Polyamine Analogues Targeting Epigenetic Gene 

Regulation. Wallace HM, ed. Essays Biochem. 2009;46:95-110. doi:10.1042/bse0460007 

8.  Sharma SK, Hazeldine S, Crowley ML, et al. Polyamine-based Small Molecule Epigenetic Modulators. 

MedChemComm. 2012;3(1):14-21. doi:10.1039/C1MD00220A 

9.  Casero RA, Marton LJ. Targeting Polyamine Metabolism and Function in Cancer and Other 

Hyperproliferative Diseases. Nat Rev Drug Discov. 2007;6(5):373-390. doi:10.1038/nrd2243 

10.  Casero RA, Woster PM. Recent Advances in the Development of Polyamine Analogues as Antitumor 

Agents. J Med Chem. 2009;52(15):4551-4573. doi:10.1021/jm900187v 

11.  Zou Y, Wu Z, Sirisoma N, et al. Novel Alkylpolyamine Analogues that Possess Both Antitrypanosomal 

and Antimicrosporidial Activity. Bioorg Med Chem Lett. 2001;11(12):1613-1617. doi:10.1016/S0960-

894X(01)00315-8 



17 

 

12.  Bi X, Lopez C, Bacchi CJ, Rattendi D, Woster PM. Novel Alkylpolyaminoguanidines and 

Alkylpolyaminobiguanides with Potent Antitrypanosomal Activity. Bioorg Med Chem Lett. 

2006;16(12):3229-3232. doi:10.1016/j.bmcl.2006.03.048 

13.  Zappia V, Pegg AE, eds. Progress in Polyamine Research: Novel Biochemical, Pharmacological, and 

Clinical Aspects. Vol 250. Springer US; 1988. doi:10.1007/978-1-4684-5637-0 

14.  Edwards ML, Stemerick DM, Bitonti AJ, et al. Antimalarial Polyamine Analogs. J Med Chem. 

1991;34(2):569-574. doi:10.1021/jm00106a015 

15.  Verlinden BK, Niemand J, Snyman J, et al. Discovery of Novel Alkylated (bis)Urea and (bis)Thiourea 

Polyamine Analogues with Potent Antimalarial Activities. J Med Chem. 2011;54(19):6624-6633. 

doi:10.1021/jm200463z 

16.  Choomuenwai V, Schwartz BD, Beattie KD, Andrews KT, Khokhar S, Davis RA. The Discovery, 

Synthesis and Antimalarial Evaluation of Natural Product-based Polyamine Alkaloids. Tetrahedron Lett. 

2013;54(38):5188-5191. doi:10.1016/j.tetlet.2013.07.058 

17.  Liew LPP, Kaiser M, Copp BR. Discovery and Preliminary Structure–Activity Relationship Analysis of 

1,14-Sperminediphenylacetamides as Potent and Selective Antimalarial Lead Compounds. Bioorg Med 

Chem Lett. 2013;23(2):452-454. doi:10.1016/j.bmcl.2012.11.072 

18.  Liew LPP, Pearce AN, Kaiser M, Copp BR. Synthesis and In Vitro and In Vivo Evaluation of 

Antimalarial Polyamines. Eur J Med Chem. 2013;69:22-31. doi:10.1016/j.ejmech.2013.07.055 

19.  Moore KS, Wehrli S, Roder H, et al. Squalamine: an Aminosterol Antibiotic from the Shark. Proc Natl 

Acad Sci U S A. 1993;90(4):1354-1358. 

20.  Alhanout K, Malesinki S, Vidal N, Peyrot V, Rolain JM, Brunel JM. New Insights into the Antibacterial 

Mechanism of Action of Squalamine. J Antimicrob Chemother. 2010;65(8):1688-1693. 

doi:10.1093/jac/dkq213 

21.  Pieri C, Borselli D, Di Giorgio C, et al. New Ianthelliformisamine Derivatives as Antibiotic Enhancers 

against Resistant Gram-Negative Bacteria. J Med Chem. 2014;57(10):4263-4272. doi:10.1021/jm500194e 

22.  Khan FA, Ahmad S, Kodipelli N, Shivange G, Anindya R. Syntheses of a Library of Molecules on the 

Marine Natural Product Ianthelliformisamines Platform and Their Biological Evaluation. Org Biomol 

Chem. 2014;12(23):3847. doi:10.1039/c3ob42537a 

23.  Wang B, Pachaiyappan B, Gruber JD, Schmidt MG, Zhang YM, Woster PM. Antibacterial Diamines 

Targeting Bacterial Membranes. J Med Chem. 2016;59(7):3140-3151. 

doi:10.1021/acs.jmedchem.5b01912 

24.  Blanchet M, Borselli D, Brunel JM. Polyamine Derivatives: a Revival of an Old Neglected Scaffold to 

Fight Resistant Gram-negative Bacteria? Future Med Chem. 2016;8(9):963-973. doi:10.4155/fmc-2016-

0011 

25.  Douafer H, Andrieu V, Phanstiel O, Brunel JM. Antibiotic Adjuvants: Make Antibiotics Great Again! J 

Med Chem. 2019;62(19):8665-8681. doi:10.1021/acs.jmedchem.8b01781 

26.  Li SA, Cadelis MM, Sue K, et al. 6-Bromoindolglyoxylamido Derivatives as Antimicrobial Agents and 

Antibiotic Enhancers. Bioorg Med Chem. 2019;27(10):2090-2099. doi:10.1016/j.bmc.2019.04.004 

27.  Balakrishna R, Wood SJ, Nguyen TB, et al. Structural Correlates of Antibacterial and Membrane-

Permeabilizing Activities in Acylpolyamines. Antimicrob Agents Chemother. 2006;50(3):852-861. 

doi:10.1128/AAC.50.3.852-861.2006 



18 

 

28.  Brunel JM, Lieutaud A, Lome V, Pagès JM, Bolla JM. Polyamino Geranic Derivatives as New 

Chemosensitizers to Combat Antibiotic Resistant Gram-negative Bacteria. Bioorg Med Chem. 

2013;21(5):1174-1179. doi:10.1016/j.bmc.2012.12.030 

29.  Yasuda K, Ohmizo C, Katsu T. Mode of Action of Novel Polyamines Increasing the Permeability of 

Bacterial Outer Membrane. Int J Antimicrob Agents. 2004;24(1):67-71. 

doi:10.1016/j.ijantimicag.2004.01.006 

30.  Cadelis MM, Pike EIW, Kang W, et al. Exploration of the Antibiotic Potentiating Activity of 

Indolglyoxylpolyamines. Eur J Med Chem. 2019;183:111708. doi:10.1016/j.ejmech.2019.111708 

31.  Cadelis MM, Li SA, Bourguet‐ Kondracki M, et al. Spermine Derivatives of Indole‐ 3‐ carboxylic Acid, 

Indole‐ 3‐ acetic Acid and Indole‐ 3‐ acrylic Acid as Gram‐ Negative Antibiotic Adjuvants. 

ChemMedChem. 2021;16(3):513-523. doi:10.1002/cmdc.202000359 

32.  Chen WH, Wennersten C, Moellering Jr. RC, Regen SL. Towards Squalamine Mimics: Synthesis and 

Antibacterial Activities of Head-to-Tail Dimeric Sterol-Polyamine Conjugates. Chem Biodivers. 

2013;10(3):385-393. doi:10.1002/cbdv.201100431 

33.  Djouhri-Bouktab L, Vidal N, Rolain JM, Brunel JM. Synthesis of New 3,20-Bispolyaminosteroid 

Squalamine Analogues and Evaluation of Their Antimicrobial Activities. J Med Chem. 

2011;54(20):7417-7421. doi:10.1021/jm200506x 

34.  Kim HS, Khan SN, Jadhav JR, Jeong JW, Jung K, Kwak JH. A Concise Synthesis and Antimicrobial 

Activities of 3-Polyamino-23,24-bisnorcholanes as Steroid–Polyamine Conjugates. Bioorg Med Chem 

Lett. 2011;21(13):3861-3865. doi:10.1016/j.bmcl.2011.05.048 

35.  Bildziukevich U, Vida N, Rárová L, et al. Polyamine Derivatives of Betulinic Acid and β-sitosterol: A 

Comparative Investigation. Steroids. 2015;100:27-35. doi:10.1016/j.steroids.2015.04.005 

36.  Spivak AYu, Khalitova RR, Nedopekina DA, Gubaidullin RR. Antimicrobial Properties of Amine- and 

Guanidine-functionalized Derivatives of Betulinic, Ursolic and Oleanolic acids: Synthesis and 

Structure/activity Evaluation. Steroids. 2020;154:108530. doi:10.1016/j.steroids.2019.108530 

37.  Khusnutdinova EF, Sinou V, Babkov DA, Kazakova O, Brunel JM. Development of New Antimicrobial 

Oleanonic Acid Polyamine Conjugates. Antibiotics. 2022;11(1):94. doi:10.3390/antibiotics11010094 

38.  Cambie RC, Rutledge PS, Woodgate PD. Transformations of Podocarpic Acid. Aust J Chem. 1993, 

46(10):1447-1471. doi: 10.1071/CH9931447 

39.  He W, Gavai A, Huang FC, et al. Novel Cytokine Release Inhibitors. Part IV: Analogs of Podocarpic 

Acid. Bioorg Med Chem Lett. 1999;9(3):469-474. doi:10.1016/S0960-894X(99)00023-2 

40.  Singh SB, Ondeyka JG, Liu W, et al. Discovery and Development of Dimeric Podocarpic Acid Leads as 

Potent Agonists of Liver X Receptor with HDL Cholesterol Raising Activity in Mice and Hamsters. 

Bioorg Med Chem Lett. 2005;15(11):2824-2828. doi:10.1016/j.bmcl.2005.03.100 

41.  Liu W, Chen S, Dropinski J, et al. Design, Synthesis, and Structure–Activity Relationship of Podocarpic 

Acid Amides as Liver X Receptor Agonists for Potential Treatment of Atherosclerosis. Bioorg Med Chem 

Lett. 2005;15(20):4574-4578. doi:10.1016/j.bmcl.2005.06.100 

42.  Dang Z, Jung K, Zhu L, et al. Phenolic Diterpenoid Derivatives as Anti-Influenza A Virus Agents. ACS 

Med Chem Lett. 2015;6(3):355-358. doi:10.1021/ml500533x 

43.  Cui YM, Yasutomi E, Otani Y, et al. Design, Synthesis and Characterization of Podocarpate Derivatives 

as Openers of BK Channels. Bioorg Med Chem Lett. 2008;18(19):5197-5200. 

doi:10.1016/j.bmcl.2008.08.081 



19 

 

44.  Chaudhuri J, Bose N, Gong J, et al. A Caenorhabditis elegans Model Elucidates a Conserved Role for 

TRPA1-Nrf Signaling in Reactive α-Dicarbonyl Detoxification. Curr Biol. 2016;26(22):3014-3025. 

doi:10.1016/j.cub.2016.09.024 

45.  Pearce AN, Kaiser M, Copp BR. Synthesis and Antimalarial Evaluation of Artesunate-polyamine and 

Trioxolane-polyamine Conjugates. Eur J Med Chem. 2017;140:595-603. 

doi:10.1016/j.ejmech.2017.09.040 

46.  Klenke B, Gilbert IH. Nitrile Reduction in the Presence of Boc-Protected Amino Groups by Catalytic 

Hydrogenation over Palladium-Activated Raney-Nickel. J Org Chem. 2001;66(7):2480-2483. 

doi:10.1021/jo005637f 

47.  Klenke B, Stewart M, Barrett MP, Brun R, Gilbert IH. Synthesis and Biological Evaluation of s -Triazine 

Substituted Polyamines as Potential New Anti-Trypanosomal Drugs. J Med Chem. 2001;44(21):3440-

3452. doi:10.1021/jm010854+ 

48.  Israel M, Rosenfield JS, Modest EJ. Analogs of Spermine and Spermidine. I. Synthesis of 

Polymethylenepolyamines by Reduction of Cyanoethylated α,ι-Alkylenediamines1,2. J Med Chem. 

1964;7(6):710-716. doi:10.1021/jm00336a006 

49.  Cinelli MA, Cordero B, Dexheimer TS, Pommier Y, Cushman M. Synthesis and Biological Evaluation of 

14-(Aminoalkyl-aminomethyl)aromathecins as Topoisomerase I Inhibitors: Investigating the Hypothesis 

of Shared Structure–activity Relationships. Bioorg Med Chem. 2009;17(20):7145-7155. 

doi:10.1016/j.bmc.2009.08.066 

50.  Chadwick J, Jones M, Mercer AE, et al. Design, Synthesis and Antimalarial/Anticancer Evaluation of 

Spermidine Linked Artemisinin Conjugates Designed to Exploit Polyamine Transporters in Plasmodium 

falciparum and HL-60 Cancer Cell Lines. Bioorg Med Chem. 2010;18(7):2586-2597. 

doi:10.1016/j.bmc.2010.02.035 

51.  Blaskovich MAT, Zuegg J, Elliott AG, Cooper MA. Helping Chemists Discover New Antibiotics. ACS 

Infect Dis. 2015;1(7):285-287. doi:10.1021/acsinfecdis.5b00044 

52.  Pearce AN, Chen D, Edmeades LR, et al. Repurposing Primaquine as a Polyamine Conjugate to Become 

an Antibiotic Adjuvant. Bioorg Med Chem. 2021;38:116110. doi:10.1016/j.bmc.2021.116110 

53.  Böttcher T, Kolodkin-Gal I, Kolter R, Losick R, Clardy J. Synthesis and Activity of Biomimetic Biofilm 

Disruptors. J Am Chem Soc. 2013;135(8):2927-2930. doi:10.1021/ja3120955 

54.  Hoque J, Konai MM, Sequeira SS, Samaddar S, Haldar J. Antibacterial and Antibiofilm Activity of 

Cationic Small Molecules with Spatial Positioning of Hydrophobicity: An in Vitro and in Vivo 

Evaluation. J Med Chem. 2016;59(23):10750-10762. doi:10.1021/acs.jmedchem.6b01435 

55.  Dasyam N, Munkacsi AB, Fadzilah NH, Senanayake DS, O’Toole RF, Keyzers RA. Identification and 

Bioactivity of 3- epi -Xestoaminol C Isolated from the New Zealand Brown Alga Xiphophora 

chondrophylla. J Nat Prod. 2014;77(6):1519-1523. doi:10.1021/np500171z 

56.  Glukhov E, Burrows LL, Deber CM. Membrane Interactions of Designed Cationic Antimicrobial 

Peptides: The Two Thresholds. Biopolymers. 2008;89(5):360-371. doi:10.1002/bip.20917 

 


