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ABSTRACT Invasive fungal diseases are generally difﬁcult to treat and often fatal.
The therapeutic agents available to treat fungi are limited, and there is a critical
need for new agents to combat these deadly infections. Antifungal compound development has been hindered by the challenge of creating agents that are highly
active against fungal pathogens but not toxic to the host. Host defense peptides
(HDPs) are produced by eukaryotes as a component of the innate immune response
to pathogens and have served as inspiration for the development of many new antibacterial compounds. HDP mimics, however, have largely failed to exhibit potent
and selective antifungal activity. Here, we present an HDP-like nylon-3 copolymer
that is effective against diverse fungi while displaying only mild to moderate toxicity
toward mammalian cells. This polymer is active on its own and in synergy with existing antifungal drugs against multiple species of Candida and Cryptococcus, reaching levels of efﬁcacy comparable to those of the clinical agents amphotericin B and
ﬂuconazole in some cases. In addition, the polymer acts synergistically with azoles
against different species of Aspergillus, including some azole-resistant strains. These
ﬁndings indicate that nylon-3 polymers are a promising lead for development of
new antifungal therapeutic strategies.
KEYWORDS antifungal agents, antimicrobial peptides, broad spectrum, drug
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H

ost defense peptides (HDPs) are part of the eukaryotic innate immune response to
invasion by bacteria, fungi, viruses, and protozoa (1, 2), and these peptides have
been recognized as potential sources of antimicrobial agents (2). HDPs have diverse
amino acid compositions and sizes; many examples are rich in cationic and hydrophobic residues. Some HDPs target fungi in preference to bacteria, while others are active
against both bacteria and fungi (3). Among antifungal HDPs, some are more active
against ﬁlamentous fungi than against yeast, such as plant heavin-type peptides and
hairpinins, while others have the opposite selectivity, such as the histatins and mammalian defensins (3). Although antifungal mechanisms of action remain unresolved,
there is evidence to suggest that fungi may be attacked via binding to the cell wall,
membrane permeabilization, and/or interactions with intracellular targets to generate
reactive oxygen species and ultimately cause apoptosis (1, 3–6). Amphipathicity (i.e.,
the presence of both cationic moieties and hydrophobic moieties) is hypothesized to
be essential for microbial membrane permeabilization by HDPs.
Efforts to develop HDPs as clinical antimicrobial agents, unsuccessful thus far, have
been hampered by the high cost of production, susceptibility to proteolysis in vivo,
delivery challenges, and limited antibacterial potency, among other problems (2, 7). A
subset of these problems, including production cost and enzymatic degradation, might
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FIG 1 Subunits in the nylon-3 polymers discussed here. The cationic NM (no methyl), MM (monomethyl),
and DM (dimethyl) subunits are derived from racemic precursors. The precursor to the hydrophobic TM
(tetramethyl) subunit is achiral.

be addressed by use of synthetic polymers that mimic key functional properties of
HDPs. The possibility that the biological activity proﬁles of sequence-speciﬁc antibacterial peptides could be reproduced by sequence-random copolymers was ﬁrst explored over a decade ago (8–10).
Polymers in the nylon-3 family have been particularly well studied as antimicrobial
agents. These materials are generated via ring-opening polymerization of ␤-lactams,
and ␤-lactams bearing a wide variety of side chains can be conveniently synthesized on
large scale (11, 12). The nylon-3 subunit is a ␤-amino acid residue; therefore, these
polymers have a backbone featuring periodic secondary amide groups that is reminiscent of the protein backbone but is impervious to degradation by natural proteases
(which cleave ␣-amino bonds). This protein-like, hydrophilic backbone is expected to
promote both biocompatibility and stability of nylon-3 materials. Initial studies identiﬁed binary nylon-3 copolymers containing both hydrophobic and cationic subunits that
displayed potent antibacterial activity but little or no hemolytic activity against human
red blood cells (11, 12). More recently, nylon-3 polymers with selective antifungal
activity have been described. The ﬁrst such examples were homopolymers containing
the cationic NM (no methyl) subunit (Fig. 1), which were active against the K1 strain of
Candida albicans (13). Subsequent efforts to achieve activity against other fungal
pathogens, such as species of Cryptococcus and Aspergillus, revealed that incorporation
of a hydrophobic subunit was necessary for antifungal activity (14).
In an ongoing effort to improve antifungal activities among nylon-3 materials, we
have now examined new binary copolymers containing the hydrophobic TM (tetramethyl) subunit paired with either the MM (monomethyl) or DM (dimethyl) cationic unit
(Fig. 1). Preliminary studies (see supplemental material) focused our attention on the
MM-TM copolymer that is the subject of the studies reported below. This copolymer
displays activity against fungi from the three genera that cause the majority of
fungus-related deaths worldwide, Cryptococcus, Candida, and Aspergillus (15). These
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FIG 2 Nylon-3 copolymers are synthesized by the anionic-ring-opening polymerization (AROP) of ␤-lactams. The MM-TM copolymer was
synthesized by the AROP of a cationic subunit and a hydrophobic subunit in tetrahydrofuran (THF). MM␤ (monomethyl; racemic) and TM␤
(tetramethyl) were mixed in a 2:3 molar ratio. 4-tert-Butylbenzoyl chloride (5 mol%, which is intended to produce an average chain length
of 20 subunits) was used as the reaction initiator, and lithium bis(trimethylsilyl)amide [LiN(TMS)2] was used as the base. After
polymerization was complete, deprotection was carried out with triﬂuoroacetic acid (TFA) at room temperature (Rm Temp). The resulting
MM-TM copolymer was found to contain roughly 80 mol% MM and 20 mol% TM, with a 15-mer average chain length (molecular mass
of 3,300 g/mol).

fungi cause invasive disease in both healthy and immunocompromised individuals, and
they exhibit different susceptibilities to current antifungal drugs. The inadequacy of
current therapeutic options contributes to high morbidity and mortality from invasive
fungal diseases. Here, we characterize antifungal activities of the MM-TM copolymer
alone and in combination with current antifungal drugs and evaluate polymer lytic
activity toward mammalian cells.
RESULTS
Nylon-3 copolymer synthesis. The MM-TM copolymer was prepared from a 2:3
molar mixture of the ␤-lactams MM␤ (monomethyl; racemic) and TM␤ (Fig. 2). 4-tertButylbenzoyl chloride was included to serve as the in situ precursor for the N-acyl-␤lactam species that acts as a coinitiator of the polymerization reaction. A coinitiator is
required for control of average chain length in these reactions, and average chain
lengths of ⬍30 subunits have been shown previously to favor lower hemolytic activity
(12). We used 5 mol% 4-tert-butylbenzoyl chloride relative to the total amount of
␤-lactam, which is predicted to lead to a 20-mer average chain length. Unlike traditional
chemical syntheses, which are intended to provide material that contains only one type
of molecule, nylon-3 polymer samples contain a diverse population of molecules that
vary in composition, subunit sequence, subunit stereochemistry, and chain length.
Therefore, we assessed the consistency of the polymerization process by comparing
MM-TM copolymer samples generated via independent reactions.
Synthetic polymer samples were characterized via two measurements, 1H nuclear
magnetic resonance (1H NMR) and gel permeation chromatography (GPC). The NMRbased compositional analysis provided very consistent results for eight independently
synthesized samples of the MM-TM copolymer (Table 1), showing similar subunit
proportions in each sample (⬃80 mol% MM and ⬃20 mol% TM). However, this
composition does not mirror the 2:3 ratio of MM␤ and TM␤ employed for the polymerization reactions; the difference between the initial ␤-lactam ratio and the ﬁnal
subunit ratio presumably reﬂects differences in ␤-lactam reactivity (i.e., TM␤ is less
reactive than MM␤).
To determine the average chain length, or degree of polymerization (Dp), of the
eight MM-TM samples, we conducted GPC analysis of protected copolymers (i.e.,
samples in which the side chain amino groups of MM subunits retain the tertbutyloxycarbonyl [Boc] protecting group that is present in MM␤). We also conducted
NMR analysis of deprotected copolymers. These analyses indicated average chain
lengths of 15 ⫾ 1 (Dp determined by NMR [DpNMR]) and 19 ⫾ 4 subunits (Dp
determined by GPC [DpGPC]) We then used the NMR-based chain length (15 units) to
calculate the average molecular mass of the polymers. The eight polymerization
reactions provided samples characterized by relatively similar average molecular mass
values, with an overall average molecular mass of 3,300 g/mol ⫾ 390 g/mol (Table 1).
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TABLE 1 MM-TM nylon-3 copolymer characterizationa

Batch
1b
2b
3b
4b
5c
6b
7b
8b

GPC characterization

NMR characterization

DGPCd
1.27
1.18
1.20
1.19
1.24
1.16
1.21
1.21

Observed subunit
ratio (MM:TM)h
80:20
79:21
79:21
81:19
75:25
80:20
80:20
77:33

MnGPCe
4,461
4,529
3,723
4,715
2,195
4,262
4,168
3,291

DpGPCf
22
22
18
23
11
21
20
15

DpNMRg
15
14
14
16
12
15
15
13

MnNMRi
3,280
3,058
3,723
3,504
2,596
3,280
3,280
3,824

average bulk molecular mass was 3,300 g/mol ⫾ 390 g/mol.
chain-protected polymer characterization by gel permeation chromatography (GPC) using
N,N-dimethylacetamide (DMAc) as the mobile phase.
cSide chain-protected polymer characterization by GPC using tetrahydrofuran (THF) as the mobile phase.
dD
GPC, dispersity index by GPC.
eMn
GPC, number-average molecular mass of side chain-protected polymers.
fDp
GPC, degree of polymerization or average polymer chain length as calculated from MnGPC using the
subunit ratios determined from nuclear magnetic resonance (NMR) analysis.
gDp
NMR, degree of polymerization or average polymer chain length as calculated by NMR integrations based
on end group analysis, i.e., the assumption that each chain contains only one tert-butyl benzoyl group.
hThe MM:TM subunit ratio for each polymer sample was calculated from NMR integrations.
iMn
NMR, the number-average molecular mass of side chain-deprotected polymers, based on NMR-calculated
subunit ratios.
aThe
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bSide

The MM-TM copolymer shows activity against multiple species of Candida. We
used the CLSI M27-A3 broth microdilution method (17) to determine the MIC (MIC that
inhibits 100% growth [MIC100]) values of the MM-TM copolymer against four strains of
Candida albicans and one strain of Candida lusitaniae (Table 2). Three of the four strains
of C. albicans tested were drug-resistant isolates: K1 (ﬂuconazole [FLC] resistant), Gu5
(FLC resistant), and E4 (FLC and amphotericin B [AMB] resistant). MIC100 assays were
performed for all Candida strains with suspensions of 1.25 ⫻ 103 cells/ml at 35°C.
Synergy assays were conducted with suspensions of 1.25 ⫻ 105 cells/ml at 30°C.
The MM-TM copolymer showed moderate activity against all four strains of C.
albicans (MIC100 values of 5 to 9 M [5 to 30 g/ml]; Table 3). Comparable activity was
observed against C. lusitaniae (CL3), with an MIC100 of 1.4 M (4.7 g/ml). As benchmarks, MIC100 for the Candida test strains were determined using amphotericin B and
ﬂuconazole; the results of these control studies were consistent with previous reports
(21–23). Thus, AMB manifested MIC100s of ⬍1.7 to 2.2 M (⬍1.6 to 2.0 g/ml) except
for strain E4, which is resistant to AMB with an MIC100 of 6.8 M (6.3 g/ml) (21). FLC
was very active in two cases (MIC100 and MIC50 of ⬍5.2 M [⬍1.6 g/ml]) but not
against the resistant strains (MIC100 of ⬎600 M [⬎200 g/ml]) (Table 3) (22, 23).
Interestingly, the AMB- and FLC-resistant strains of C. albicans showed no differences in
sensitivity to the copolymer relative to sensitive strains, which suggests that the
mechanism of antifungal action for MM-TM differs from that for AMB or FLC.
To test whether the MM-TM copolymer could act synergistically with FLC, which is
commonly used to treat candidiasis, we exposed two Candida strains to MM-TM and
FLC at the same time. Checkerboard tests were used to determine the fractional
inhibitory concentrations (FIC) of the combination of FLC and MM-TM copolymer
against the FLC-sensitive strain SC5314 and FLC-resistant strain K1. Assays were performed at 30°C and ambient levels of CO2 to maintain the yeast morphology of the
strains. The data indicated that there was no synergism between MM-TM and FLC
against strain SC5314 (冱FIC index value of 1.0) (Table 4), a situation in which FLC alone
is very active. In contrast, FLC and MM-TM in combination appeared synergistic (冱FIC
index value of 0.08) against the FLC-resistant K1 strain (Table 4). FLC MIC100 values
against the K1 strain in combination with copolymer decreased dramatically, resulting
in a ⱖ100-fold improvement in antifungal activity relative to the MIC100 of FLC as a
single agent.
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A. terreus

Clinical (Northampton, UK)

Clinical (UK)
Clinical
Clinical (Liverpool, UK)

Environmental (Sydney, Australia)
Clinical (Papua New Guinea)

resistance as reported by the ATCC is indicated by an asterisk.
bUW-Madison, University of Wisconsin–Madison.

aDrug

F16216

WM276
C751/PNG9

C. gattii
C. gatti

A. fumigatus

JEC21
C21F3

C. neoformans
C. neoformans

AF293
CEA10
F11628

H99
B3501

Cryptococcus spp.
C. neoformans
C. neoformans

Azole*

Azole*

Rapamycin* and FK506*

Fluconazole*
Fluconazole*
Polyene antibiotics*
(amphotericin B)

Drug resistancea

Cyp51A mutation L98H ⫹ TR

Cyp51A mutation G138C

ATCC (ATCC 96910)
ATCC (ATCC MYA-737)

Serotype D; MAT␣
Serotype D; MAT␣; does not
express FKBP12
Serotype B; MAT␣
Serotype B; MAT␣

ATCC (ATCC MYA-4609)
Keller laboratory
Regional Mycology Laboratory Manchester; gift
from David Denning; Keller laboratory (26)
Regional Mycology Laboratory Manchester; gift
from David Denning; Keller laboratory (26)
Keller laboratory

ATCC (ATCC 4071)
Gift from Dee Carter lab, University of Sydney

ATCC (ATCC 208821)
ATCC (ATCC 3487)

ATCC (ATCC MYA-2876)
ATCC (ATCC 42720)
Gift from Bruce Klein lab, UW-Madisonb
ATCC (ATCC MYA-574)
ATCC (ATCC 38248)

Source

Serotype A; MAT␣
Serotype D; MAT␣

MTL␣

Feature(s) or marker(s)
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Aspergillus spp.
A. fumigatus
A. fumigatus
A. fumigatus

Clinical
Clinical
Clinical
Clinical (Germany)
Clinical

SC5314
CL3
K1
Gu5
E4

Clinical (NY, US)
Single progeny from cross ATCC
28957 ⫻ ATCC 28958
Derived from B-3501 and B-3502
Derived from JEC 21 (ATCC 96910)

Origin

Strain

Species
Candida spp.
C. albicans
C. lusitaniae
C. albicans
C. albicans
C. albicans

TABLE 2 Strains used in this study
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TABLE 3 MIC results for MM-TM against Candida spp.a
FLCd
Isolate
C. albicans SC5314
C. lusitaniae CL3
C. albicans K1
C. albicans Gu5
C. albicans E4

MM-TMb MIC100
(M) (g/ml)
4.8 (15.7)
1.4 (4.7)
7.6 (25)
9.5 (31.3)
4.2 (14.0)

AMBc MIC100
(M) (g/ml)
⬍1.7 (⬍1.6)
⬍1.7 (⬍1.6)
⬍1.7 (⬍1.6)
2.2 (2.0)
6.8 (6.3)

MIC100 (M)
(g/ml)
⬍5.2 (⬍1.6)
⬍5.2 (⬍1.6)
⬎650 (⬎200)
⬎650 (⬎200)
⬎650 (⬎200)

MIC50 (M)
(g/ml)
⬍5.2 (⬍1.6)
⬍5.2 (⬍1.6)
⬍5.2 (⬍1.6)
326 (100)
⬍5.2 (⬍1.6)

3
100 or MIC50 results by broth microdilution. The inoculum density was 1.25 ⫻ 10 cells/ml, and the
isolates were incubated for 24 h at 35°C. Each experiment was repeated in duplicate on separate days in at
least two different trial experiments. The MIC100 (MIC that inhibits 100% growth) or MIC50 (MIC that inhibits
50% growth) values are given in micromolar concentrations. The italic values within parentheses are given
in micrograms per milliliter.
bThe average molecular mass of the MM-TM copolymer used for molarity conversion is 3,300 g/mol.
cAMB, amphotericin B (molecular mass, 924.091 g/mol).
dFLC, ﬂuconazole (molecular mass, 306.271 g/mol).
aMIC
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The MM-TM copolymer shows activity against multiple species of Cryptococcus.
We determined MIC100 values for MM-TM against four strains of Cryptococcus neoformans and two strains of Cryptococcus gattii using the CLSI M27-A3 broth microdilution
method (17) (Table 2). The MIC100 values of ⬍1 M (⬍3 g/ml) were measured for the
MM-TM copolymer against all Cryptococcus spp. tested (Table 5). For comparison of
MM-TM with currently used antifungal drugs, we measured MIC100 values for the
Cryptococcus test strains using AMB and FLC. All results were consistent with previous
reports: MIC100 of ⬃1 M (⬃1 g/ml) for AMB and MIC100 and MIC50 of ⱕ10 M (ⱕ3.1
g/ml) for FLC (Table 5) (24).
To test whether the MM-TM copolymer could act synergistically with AMB, which is
commonly used to treat cryptococcosis, we exposed the virulent type strain (H99) to
MM-TM and AMB at the same time. Checkerboard tests were used to determine the
fractional inhibitory concentrations of the combination of AMB and MM-TM copolymer.
AMB and MM-TM acted synergistically against strain H99 (冱FIC index value of 0.08),
decreasing the MIC100 of AMB by ⬎10-fold, and this synergy was fungicidal (Table 6).
The MM-TM copolymer shows synergism with azole drugs against Aspergillus
spp. We determined the MIC100 values for MM-TM against four strains of Aspergillus
fumigatus and one strain of Aspergillus terreus (Table 7). In contrast to our ﬁndings with
Candida spp. and Cryptococcus spp., we found that the MM-TM copolymer was not

TABLE 4 Synergy results with FLC and MM-TM against Candida albicans isolatesa
MIC100 of test agent (M)
(g/ml)b
Isolate
SC5314

Test agent
MM-TM
FLC

Alonec
20 (67)
⬍1.0 (⬍0.3)f

Combinationd
⬍0.02 (⬍005)f
⬍1.0 (⬍0.3)f

K1

MM-TM
FLC

30 (100)
⬎160 (⬎50)f

2.6 (8.4)
⬍1.3 (⬍0.4)f

冱FIC indexe

FIC interpretation

1.00

Indifferent

0.08

Synergistic

inoculum density was 1.25 ⫻ 105 cells/ml, and the isolates were incubated for 48 h at 30°C. The
inoculum density was increased for synergy studies 100-fold to 1.25 ⫻ 105 cells/ml relative to MIC studies
to ensure there was sufﬁcient inoculum for fungicidal testing. Each experiment was repeated in duplicate
on separate days in at least two different trial experiments.
bThe MIC
100 of the test agent is shown in micromolar. The italic values within parentheses are the MIC100
values in micrograms per milliliter.
cMIC as determined by OD
600 measurements after 48 h for the test agent alone.
dMIC as determined by OD
600 measurements after 48 h for test agents incubated with Candida in
combination.
eFractional inhibitory concentration (FIC).
fThe high off-scale MIC value, ⬎163.5 M, was converted to the next highest concentration, 327 M, for
calculation of the FIC index. The low off-scale MIC values were converted to the next lowest concentration
(onefold serial dilution) for calculation of the FIC index.
aThe

October 2017 Volume 61 Issue 10 e00204-17

aac.asm.org 6

Nylon-3 Antifungal Activity

Antimicrobial Agents and Chemotherapy

TABLE 5 MIC results for MM-TM against Cryptococcus spp.a
FLCd
Isolate
C. neoformans isolates
JEC21
B3501
H99
C21F3

MM-TMb MIC100
(M) (g/ml)

AMBc MIC100
(M) (g/ml)

MIC100 (M)
(g/ml)

MIC50 (M)
(g/ml)

0.5
0.9
0.9
0.9

0.2
0.9
1.7
0.9

(0.2)
(0.8)
(1.6)
(0.8)

5.2 (1.6)
5.2 (1.6)
10 (3.1)
5.2 (1.6)

0.3 (0.1)
0.3 (0.1)
10 (3.1)
⬍5.2 (⬍1.6)

C. gattii isolates
WM276
C751

0.9 (3.1)
0.9 (3.1)

0.9 (0.8)
ⱕ0.2 (ⱕ0.2)

2.6 (0.8)
5.2 (1.6)

2.6 (0.8)
2.6 (0.8)

(1.6)
(3.1)
(3.1)
(3.1)
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3
100 or MIC50 results by broth microdilution. The inoculum density was 1.25 ⫻ 10 cells/ml, and the
isolates were incubated for 48 h at 30°C. Each experiment was repeated in duplicate on separate days in at
least two different trial experiments. The MIC100 or MIC50 values are given in micromolar concentrations.
The italic values within parentheses are given in micrograms per milliliter.
bThe average molecular mass of the MM-TM copolymer used for molarity conversion is 3,300 g/mol.
cAMB, amphotericin B (molecular mass, 924.091 g/mol).
dFLC, ﬂuconazole (molecular mass, 306.271 g/mol).
aMIC

active against Aspergillus spp., displaying MIC100 values of ⬎60 M (⬎200 g/ml) in all
cases (Table 7). For comparison of MM-TM with drugs currently used to treat aspergillosis, we determined MIC100 values for the Aspergillus test strains with posaconazole
and itraconazole. The results were consistent with previous reports: MIC100 values of ⬃1
M (⬃1 g/ml) for both drugs against azole-sensitive strains and MIC100 values of ⬎45
M (⬎32 g/ml) for the azole-resistant strain F11628. Strain F16216 was sensitive to
posaconazole (MIC100 of 2.5 M or 1.7 g/ml) and resistant to itraconazole (MIC100 of
45 M or 32 g/ml) (Table 7) (25).
Due to the increase in drug-resistant clinical isolates of A. fumigatus (26–28) and
ﬁndings that synergistic effects between azoles and other chemicals have been fruitful
in retarding A. fumigatus growth (29, 30), we tested MM-TM and the azoles in combination for possible synergistic activity against Aspergillus. Using a checkerboard test, we
determined the FIC values of these drugs and MM-TM against both azole-sensitive and
azole-resistant A. fumigatus strains. Overall, we found that MM-TM can exhibit synergistic activity with both posaconazole and itraconazole against both sensitive and
resistant strains of A. fumigatus (Table 8). Speciﬁcally, there was weak synergy (冱FIC
index values from 0.1 to 0.3) with both azoles against azole-sensitive strains (AF293 and
CEA10), resulting in ⬍7-fold decreases in azole MIC100 in the presence of copolymer. In
contrast, synergy with both azoles against the azole-resistant strain F11628 was very
strong (冱FIC index values of 0.02 and 0.04), resulting in ⬎600-fold and ⬎100-fold
decreases in the MIC100 values in the presence of MM-TM for posaconazole and

TABLE 6 Synergy checkerboard results with AMB and MM-TM against Cryptococcus
neoformans H99a
MIC100 of test agent (M)
(g/ml)b
Test agent
MM-TM
AMB

Alonec
2.9 (9.4)
3.4 (3.1)

Combinationd
0.01 (0.03)
0.16 (0.15)

冱FIC indexe

FIC interpretation

0.08

Synergistic

inoculum density was 1.25 ⫻
cells/ml, and the isolates were incubated for 48 at 30°C. The
inoculum density was increased for synergy studies 100-fold to 1.25 ⫻ 105 cells/ml relative to MIC studies
to ensure there was sufﬁcient inoculum for fungicidal testing. Each experiment was repeated in duplicate
on separate days in at least two different trial experiments.
bThe MIC
100 values are given in micromolar concentrations. The italic values within parentheses are given in
micrograms per milliliter.
cMIC as determined by OD
600 measurements after 48 h for test agent alone.
dMIC as determined by OD
600 measurements after 48 h for test agents incubated with Cryptococcus in
combination.
eFractional inhibitory concentration (FIC).
aThe

105
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TABLE 7 MIC100 results for MM-TM against Aspergillus spp.a
MIC100 (M) (g/ml)b
Isolate
A. terreus NIH2624
A. fumigatus AF293
A. fumigatus CEA10
A. fumigatus F11628
A. fumigatus F16216

MM-TMc
⬎61 (⬎200)
⬎61 (⬎200)
⬎61 (⬎200)
⬎61 (⬎200)
⬎61 (⬎200)

POSd
1.4 (1.0)
2.9 (2.0)
0.7 (0.5)
⬎46 (⬎32)
2.5 (1.7)

ITRAe
1.4 (1.0)
1.4 (1.0)
⬎1.4 (⬎1.0)
68 (48)
45 (32)

5
100 results by broth microdilution. The inoculum density was 1 ⫻ 10 cells/ml, and the isolates were
incubated for 48 h at 35°C. Each experiment was repeated in duplicate on separate days in at least two
different trial experiments.
bThe MIC
100 values are given in micromolar concentrations. The italic values within parentheses are given in
micrograms per milliliter.
cThe average molecular mass of the MM-TM copolymer used for molarity conversion is 3,300 g/mol.
dPOS, posaconazole (molecular mass, 700.778 g/mol).
eITRA, itraconazole (molecular mass, 705.64 g/mol).
aMIC

TABLE 8 Synergy results with azoles and MM-TM against Aspergillus spp.a
MIC100 of test agent (M) (g/ml)b
Isolate
A. fumigatus AF293

A. fumigatus CEA10

A. fumigatus F11628

A. fumigatus F16216

Test agent
MM-TM
Posaconazole

Alonec
⬎30 (⬎100)e
1.6 (1.1)

Combinationd
1.2 (3.9)
0.3 (0.2)

冱FIC indexe

FIC interpretation

0.23

Synergistic

MM-TM
Itraconazole

⬎30 (⬎100)e
1.7 (1.2)

1.2 (3.9)
0.3 (0.2)

0.22

Synergistic

MM-TM
Posaconazole

⬎30 (⬎100)e
0.7 (0.5)

0.5 (1.6)
0.1 (0.1)

0.20

Synergistic

MM-TM
Itraconazole

⬎30 (⬎100)e
⬎1.4 (⬎1.0)

0.5 (1.6)
0.3 (0.2)

0.11

Synergistic

MM-TM
Posaconazole

⬎30 (⬎100)e
100 (72)

1.2 (3.9)
0.1 (0.1)

0.02

Synergistic

MM-TM
Itraconazole

⬎30 (⬎100)e
100 (72)

2.1 (7.0)
0.6 (0.4)

0.04

Synergistic

MM-TM
Posaconazole

⬎30 (⬎100)e
2.5 (1.8)

0.5 (1.6)
1.4 (1.0)

0.57

Indifferent

MM-TM
Itraconazole

⬎30 (⬎100)e
91 (64)

⬎30 (⬎100)e
85 (60)

1.44

Indifferent

results with azoles and MM-TM (40:60). The inoculum density was 1 ⫻
cells/ml, and the isolates were incubated for 48 h at 35°C. Each experiment was
repeated in duplicate on separate days in at least two different trial experiments.
bThe MIC
100 values are given in micromolar concentrations. The italic values within parentheses are given in micrograms per milliliter.
cMIC after 48 h for the test agent alone.
dFIC, fractional inhibitory concentration.
eThe high off-scale MIC value, ⬎30.3 M, was converted to the next highest concentration, 60.6 M, for calculation of the FIC index.
aSynergy
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itraconazole, respectively (Table 8). This ﬁnding contrasts with the results for the
itraconazole-resistant strain F16216, for which no synergy between the azole and the
polymer was detected. This ﬁnding was somewhat surprising because the F11628 and
F11626 strains have mutations in the same gene, cyp51A, which encodes a 14␣-sterol
demethylase that is involved in ergosterol biosynthesis (Table 2) (29, 31, 32). To probe
the relationships between these mutations and synergy, we evaluated MIC100 values for
MM-TM with either itraconazole or posaconazole against a panel of strains with
different combinations of mutations similar to those of strains F11628 and F16216 (see
Table S3 in the supplemental material). There was no clear pattern between types of
mutations in azole-resistant strains and synergism between an azole and the MM-TM
polymer (Tables S4 and S5), which may reﬂect the considerable heterogeneity among
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FIG 3 Lytic effects of MM-TM and conventional antifungal agents on mammalian cells. Human foreskin ﬁbroblasts (HFFs), human
differentiated macrophages (U937), murine ﬁbroblasts (NIH 3T3), murine macrophages (macs) (RAW 264.7), and human red blood cells
(hRBCs) were tested in dilution series of concentrations of MM-TM, amphotericin B (AMB), and ﬂuconazole (FLC). The percentage of cell
lysis for each compound was compared to no treatment (0% lysis) and complete lysis (detergent) controls. Solid horizontal lines represent
the highest concentrations tested in each dilution series (120 M for MM-TM, 220 M for AMB, and 2,600 M for FLC). Note that higher
bars indicate lower lytic potency. (A) The concentration of drug necessary to cause lysis of 10% of macrophages/ﬁbroblasts (IC10) or lysis
of 10% of hRBCs (“hemolysis”; HC10). (B) The concentration of drug necessary to cause lysis of 50% of macrophages/ﬁbroblasts (IC50) or
50% of hRBCs (HC50). In cases where IC50 or HC50 values were between two concentrations in the dilution series, the lower concentration
is reported. hRBCs that were not tested with FLC are indicated by an asterisk.

A. fumigatus strains (29, 33). These results indicate that whether synergy is observed for
MM-TM/azole combinations is dependent on unknown properties of the strains.
MM-TM shows variable toxicity toward mammalian cells. To determine the
cytotoxicity proﬁle of the MM-TM copolymer on mammalian cells, we evaluated the
ability of MM-TM to induce lysis of ﬁbroblasts, macrophages, and red blood cells as a
function of polymer concentration. Comparable studies were conducted with AMB and
FLC. These experiments employed human foreskin ﬁbroblasts (HFFs), human differentiated mouse macrophages (U937), mouse ﬁbroblasts (NIH 3T3), mouse macrophages
(RAW 264.7), and human red blood cells (hRBCs). Fibroblasts and macrophages were
incubated for 12 h in the presence of a dilution series of copolymer, AMB, or FLC. hRBCs
were incubated for 1 h with a dilution series of copolymer or AMB. The percentage of
cells lysed by each treatment was measured by release of lactate dehydrogenase (LDH)
(ﬁbroblasts and macrophages) or hemoglobin (hRBCs) and compared to control measurements for 0% lysis (no treatment) and for 100% lysis (Triton X-100) to determine the
amount of each agent that would cause 10% or 50% lysis (10% inhibitory concentration
[IC10] or IC50 for macrophages or ﬁbroblasts; 10% hemolysis concentration [HC10] or
HC50 for hRBCs).
MM-TM exhibited a lower propensity to lyse ﬁbroblasts compared to macrophages
(Fig. 3, black bars, and Fig. S7). Fifteen times more MM-TM was required to lyse 10% of
ﬁbroblasts (HFFs and NIH 3T3) relative to the concentration required to lyse 10% of
macrophages (U937 and RAW 264.7) (Fig. 3A). A similar trend was observed for the
concentrations required to lyse 50% of cells (Fig. 3B). In assays with human red blood
cells, 10% and 50% hemolysis were observed at 30 and 61 M (100 and 200 g/ml),
respectively. These levels of hemolysis were comparable to those observed with AMB
(Fig. 3 and Fig. S10 and S11).
Like MM-TM, AMB showed a very low propensity to lyse human ﬁbroblasts (HFFs),
with less than 10% lysis observed at the highest concentration tested (220 M or 200
g/ml) (Fig. 3 and Fig. S8). However, AMB was signiﬁcantly more lytic toward murine
October 2017 Volume 61 Issue 10 e00204-17
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ﬁbroblasts (NIH 3T3), lysing 10% and 50% of NIH 3T3 cells at 27 M and 54 M (25 and
50 g/ml), respectively. For both human and murine macrophages, AMB caused lysis at
similar concentrations (110 M or 100 g/ml for 10% lysis and ⬎220 M or ⬎200
g/ml for 50% lysis). As anticipated, FLC showed negligible lytic effects toward all cells
tested (Fig. S9). From these data, we conclude that MM-TM is more lytic toward
mammalian cells than ﬂuconazole is; however, both MM-TM and AMB display a variable
lytic proﬁle toward mammalian cells. While MM-TM shows apparent higher lytic activity
than AMB does in some cases, the concentration of MM-TM needed to inhibit fungi as
a solo agent or in combination with AMB or an azole is often much lower than the
concentrations required for mammalian cell lysis. For example, C. neoformans (H99) is
100% inhibited by MM-TM at 0.9 M (3.1 g/ml), a concentration that would be
expected to have almost no lytic effect on ﬁbroblasts and to lyse ⬍5% of human
macrophages (Fig. S7). In synergy studies, only 0.5 M (1.6 g/ml) MM-TM was needed
to inhibit A. fumigatus (CEA10) growth in the presence of posaconazole (0.1 M or 0.1
g/ml). Given the ability of MM-TM to exhibit favorable antifungal activities at low
concentrations, this polymer is a promising candidate for further investigation.
In a separate toxicity study not based on cell lysis, MM-TM was tested against
Arabidopsis thaliana seedlings to assess its effects on plant growth. Fungicide resistance
in fungal phytopathogens is a growing concern (34, 35), and A. thaliana is often used
to assess off-target effects of potential fungicides (36, 37). At 0.3 M and 3.0 M (1 and
10 g/ml) MM-TM, seedlings appeared to grow normally, and root growth was not
statistically different from that of the controls. At 30 M (100 g/ml) MM-TM, however,
root growth decreased by roughly 40%, and the roots themselves displayed an unusual
waving and rightward skewing behavior (Fig. S12). These results indicate that at high
concentrations, the MM-TM copolymer has negative effects on A. thaliana, but at lower
concentrations (to which fungi are susceptible), MM-TM does not adversely affect
germination or growth of A. thaliana.
DISCUSSION
The high cost of synthesizing sequence-speciﬁc peptides on a large scale constitutes
a signiﬁcant barrier to the development of HDPs or related sequence-speciﬁc oligomers
for therapeutic use (2, 7). This limitation has led many research groups to study the
antimicrobial properties of synthetic, amphipathic polymers (11, 12, 16, 38–52), an
approach inspired by the observation that HDPs with diverse amino acid compositions
and sizes display similar growth-inhibitory activities against bacteria (53). Nylon-3
copolymers were among the ﬁrst reported materials to manifest an HDP-like activity
proﬁle, inhibiting the growth of diverse bacteria but displaying very low hemolytic
activity (11).
Recent work has broadened the range of nylon-3 polymer functions by demonstration of antifungal activity (13, 14). Here we augment this development by describing a
new nylon-3 copolymer, MM-TM, that shows excellent activity against a diverse set of
invasive human fungal pathogens and relatively low toxicity toward mammalian cells.
The fungi used in this study were chosen on the basis of their clinical relevance,
phylogenetic diversity, and the wealth of genetic, molecular, bioinformatic, and animal
tools available to study each genus. Collectively, these pathogens account for ⬎75% of
fungus-caused fatalities (15). Two are ascomycetes (Candida and Aspergillus), each with
diverse properties (yeast versus ﬁlamentous fungus), and the third is a basidiomycete
yeast (Cryptococcus). These three fungal genera have been the subjects of intense study
and therefore represent model systems in the ﬁeld of mycology (18).
The MM-TM copolymer displays good activity against Candida spp. and excellent
activity against Cryptococcus spp. as a stand-alone agent. The MM-TM polymer displays
strong synergistic activity with azole drugs against C. albicans and A. fumigatus, even
against some azole-resistant strains. The latter ﬁnding is especially promising, as many
studies are turning to combination approaches to stem the rise of resistance to
conventional antifungal drugs and preserve activity of the limited number of therapeutic antifungal drugs available thus far (29, 30). The decreased MIC100 values (ⱕ1 M
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and ⱕ3 g/ml) of MM-TM against select strains of Candida, Cryptococcus, and Aspergillus in combination with either azoles or AMB highlight the potential of MM-TM in the
combination format. Combination therapy represents a promising strategy to enhance
the efﬁcacy of antifungals and improve clinical outcomes by decreasing the emergence
of drug resistance, reducing dosages, and avoiding host toxicity associated with an
already limited panel of available antifungal drugs.
Many current antifungal drugs, particularly AMB, are relatively toxic to the human
host (19). We found that the lytic effects of MM-TM on selected mammalian cell types
were on par with or greater than those of AMB, but cell type-speciﬁc variations in lytic
activity were observed. The relatively low lytic activity of MM-TM toward ﬁbroblasts and
hRBCs is promising in terms of future development. In contrast, the relatively high lytic
activity of the nylon-3 copolymer toward macrophages could be problematic in this
regard. However, this difference in lytic effects among cell types could provide interesting opportunities in antifungal compound development. For example, elucidating
the mechanism of differential lytic propensities toward mammalian cells could provide
insights regarding the MM-TM mechanism of action against fungi. Phagocyte-speciﬁc
lytic activity could be exploited against fungal pathogens (such as Cryptococcus) that
have been proposed to use phagocytes as Trojan horses in which to disseminate in the
host or to lie dormant for long periods of time (20). Targeting pathogen-harboring
phagocytes could be a strategy for limiting fungal dissemination. In this regard, we
note that the polymer concentration leading to 10% macrophage lysis (7.6 M or 25
g/ml) is somewhat higher than the MIC100 for the Cryptococcus species we evaluated
(0.9 M or 3.1 g/ml). Thus, it might be possible to eliminate an invading pathogen
while sparing most host cells. Even if it is not possible to exploit the lytic activity of
MM-TM toward macrophages, the comparably low lytic activity toward dermal ﬁbroblasts (HFFs) indicates that the polymer could be well suited for development as a
topical antifungal agent.
The remarkable activity of the MM-TM copolymer, a nontraditional chemotype for
drug development, against diverse fungi suggests that optimization could lead to an
effective broad-spectrum antifungal agent. The chemistry of nylon-3 polymers facilitates modiﬁcation of polymer structure and composition in pursuit of broad-spectrum
agents or customized materials with activity against a particular fungus (11–14, 54).
Furthermore, the chemistry allows for optimization of antifungal agents for either
combination therapy with current drugs or for mass production as a topical agent.
Conclusion. Our demonstration of antifungal activity against pathogenic species in
multiple genera by a new nylon-3 copolymer, MM-TM, offers the prospect of a
nontraditional strategy for developing agents to treat fungal disease. Examination of
this sequence-random copolymer was inspired by the antifungal activities reported for
naturally occurring sequence-speciﬁc peptides; the copolymer, however, is much easier
to synthesize than a sequence-speciﬁc peptide is. Although the polymer exerts moderate lytic effects on some mammalian cells, it might be possible to minimize this
source of toxicity via synergistic combinations of the polymer with an established
antifungal drug, both at low concentrations. In certain cases, it might be possible to
harness selective polymer lytic activity toward macrophages for anticryptococcal therapy. The results described here provide a motivation for determining the mechanism(s)
by which MM-TM and other nylon-3 polymers kill fungi.
MATERIALS AND METHODS
Fungal strain maintenance. All strains were handled using standard techniques and media as
described previously (55). Candida and Cryptococcus strains were grown on yeast extract-peptonedextrose (YPD) agar plates and stored at 4°C. Candida and Cryptococcus strains were cultured overnight
in liquid media at 30°C and washed with phosphate-buffered saline (PBS) prior to MIC100 (MIC that
inhibits 100% growth), minimum fungicidal concentration (MFC), and synergy studies. Aspergillus strains
were maintained as glycerol stocks at ⫺80°C and propagated on glucose-containing minimal medium
(GMM) at 37°C (56). Spores were harvested in 0.01% Tween 80, enumerated using a hemacytometer, and
used for MIC100, MFC, and synergy studies immediately postharvest.
Synthesis, puriﬁcation, and characterization of the MM-TM random copolymers. Nylon-3 copolymers were synthesized and puriﬁed as described previously (11, 12); in the ␤-lactam MM␤, the side
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chain amino group is protected by tert-butyloxycarbonyl (Boc). For dispersity and molecular mass
determinations, the copolymer with Boc side chain protecting groups intact was analyzed by gel
permeation chromatography (GPC) using N,N-dimethylacetamide (DMAc) as the mobile phase. The
degree of polymerization determined by GPC (DpGPC) or average number of subunits per chain was
calculated based on the number-average molecular mass (Mn) value from GPC data, the nuclear magnetic
resonance (NMR)-determined average ratio of subunits per polymer chain, and the molecular masses of
the subunits using the equation below
DpGPC ⫽ 共Mn ⫺ Meg兲 ⁄ 关MMMx ⫽ MTM共1 ⫺ x兲兴
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where Meg is the mass of the N-terminal end group (t-BuC6H4-CO- [t-Bu is tert-butyl]), MMM is the mass
of the MM subunit with the side chain protecting group intact, MTM is the mass of the TM subunit, and
x is the mole fraction of MM subunit as determined via NMR. Nylon-3 copolymers after deprotection of
the side chain amino groups were characterized by 1H NMR. The degree of polymerization determined
by NMR (DpNMR) or average number of subunits per chain was calculated from NMR integrations of
resonances characteristic of one of the subunits (see Tables S1 and S2 in the supplemental material).
Please see the supplemental material for a more detailed explanation of the synthesis, puriﬁcation, and
characterization of the MM-TM random copolymers.
Antifungal activity assays. MIC100 values for Candida and Cryptococcus spp. were determined by the
broth microdilution method according to the CLSI M27-A3 guidelines (17), with slight modiﬁcations. In
brief, fungal cells at a density of 1.25 ⫻ 103 cells/ml were incubated in RPMI 1640 plus 0.145 M
3-(N-morpholino)propanesulfonic acid (MOPS), pH 7.0, in 96-well plates with twofold serial dilutions of
MM-TM copolymer (0.06 to 60.6 M or 0.2 to 200 g/ml), amphotericin B (AMB) (0.22 to 216 M or 0.2
to 200 g/ml), or ﬂuconazole (FLC) (0.3 to 653 M or 0.1 to 200 g/ml). After 24 h or 48 h for Candida
and Cryptococcus spp., respectively, the optical density at 600 nm (OD600) of each well was measured
using a microplate reader. Wells containing fungal cells with no drug and wells containing only RPMI
1640 were used as positive and blank controls, respectively. Percent cell growth was determined as
follows: [(sample absorbance ⫺ blank absorbance)/(control absorbance ⫺ blank absorbance)] ⫻ 100%.
The MIC100 endpoint of each antifungal agent was determined as the lowest concentration to inhibit
100% of fungal growth compared to the no-drug control. All values reported represent the average
MIC100 concentration of two or more biological replicates and two or more technical replicates each. The
average MIC100 value consistently fell within a twofold serial dilution of the concentration of each
experimental replicate.
The MIC100 values for Aspergillus spp. were determined by the broth microdilution method according
to the European Committee for Antimicrobial Susceptibility Testing (EUCAST) Subcommittee on Antifungal Susceptibility Testing (AFST) Aspergillus guidelines (57, 58). Brieﬂy, Aspergillus conidia at a density
of 1 ⫻ 105 conidia/ml were incubated in 96-well plates with twofold serial dilutions of the MM-TM
copolymer (0.9 to 60.6 M or 3.1 to 100 g/ml), posaconzole (1.1 to 68.5 M or 0.75 to 48 g/ml), or
itraconazole (0.7 to 45.3 M or 0.5 to 32 g/ml) in RPMI 1640 plus 0.145 M MOPS supplemented with
2% glucose. After 48 h at 35°C, the MIC100 endpoint of each antifungal agent was determined as the
lowest concentration to inhibit 100% of hyphal outgrowth from conidia. All values reported represent the
average MIC100 value of two or more biological replicates and two or more technical replicates each.
The average MIC100 value consistently fell within a twofold serial dilution of the concentration of each
experimental replicate.
Synergy studies. Synergistic drug interactions were evaluated using a checkerboard microdilution
approach interpreted using the method of lowest FIC index (59). For C. albicans and C. neoformans, fungal
cells at a density of 1.25 ⫻ 105 cells/ml were incubated in 96-well plates with twofold serial dilutions of
either FLC (0 to 81.6 M or 0 to 25 g/ml) or AMB (0 to 6.8 M or 0 to 6.3 g/ml) and the nylon-3
copolymer MM-TM (0 to 15.2 M or 0 to 50 g/ml) in RPMI 1640 plus 0.145 M MOPS, pH 7.0. After 48 h,
the OD600 of each well was measured using a microplate reader. The MIC100 endpoint of the drugs alone
or in combination was determined as the lowest concentration to inhibit 100% of fungal growth
compared to the no-drug control.
A. fumigatus synergistic drug interactions were also evaluated using a checkerboard microdilution
method. A. fumigatus conidia at a density of 1 ⫻ 105 conidia/ml were incubated in 96-well plates with
0.25-fold or 2-fold serial dilutions of either posaconazole (0 to 68.5 M or 0 to 48 g/ml) or itraconazole
(0 to 68.0 M or 0 to 48 g/ml) and nylon-3 copolymer MM-TM (0 to 30.3 M or 0 to 100 g/ml) in RPMI
1640 plus 0.145 M MOPS (pH 7.0) supplemented with 2% glucose. Posaconazole or itraconazole plus
copolymer concentrations were tailored to the antifungal agent and A. fumigatus strains used in each
assay. The MIC100s of the drugs alone and in combination were determined as the lowest drug
concentrations preventing hyphal outgrowth from conidia.
The sum of the fractional inhibitory concentrations (冱FIC) was calculated as follows for assessing
synergy: 冱FIC ⫽ 冱FICA ⫹ 冱FICB, where 冱FICA ⫽ (MIC100 of antifungal A in combination/MIC100 of
antifungal A alone) where the “MIC100 of antifungal A alone” is the MIC100 of antifungal A when used as
a sole agent. The “MIC100 of antifungal A in combination” is the MIC100 of antifungal A when used in
combination with agent B. When the MIC100 of the antifungal agent alone or in combination did not fall
within the range of concentrations tested, the next serial dilution higher was used as the MIC100. The
following values were used as cutoffs: ⱕ0.5 for synergism; ⬎0.5 and ⱕ4 for indifference; and ⬎4 for
antagonism.
Hemolysis. Hemolysis assays were performed using expired human red blood cells (hRBCs) obtained
from the University of Wisconsin–Madison hospital as described previously (60). Twofold serial dilutions
of MM-TM (0.9 to 121.2 M or 3.1 to 400 g/ml) and AMB (3.4 to 432.8 M or 3.1 to 400 g/ml) dissolved
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in Tris-buffered saline (TBS) (10 mM Tris, 150 mM NaCl [pH 7.2]) were incubated with 2% (vol/vol) hRBC
suspension in TBS. hRBCs treated with TBS only and hRBCs treated with a 20% Triton X-100 solution in
TBS were used as the blank and positive control, respectively. Assays were performed in 96-well plates,
with a total volume of 200 l per well, and incubated for 1 h at 37°C. After incubation and centrifugation,
the OD405 values of the supernatants were measured. The percent hemolysis for each sample was
calculated as [(sample absorbance ⫺ blank absorbance)/(control absorbance ⫺ blank absorbance)] ⫻
100%.
Lysis of ﬁbroblasts and macrophages. The lytic activities of MM-TM toward differentiated U937
macrophages, human foreskin ﬁbroblasts (HFFs), NIH 3T3 ﬁbroblasts, and RAW 264.7 macrophages were
evaluated side by side with the lytic activities of AMB and FLC using the CytoTox-ONE assay kit
(Promega). U937 cells were cultured as nonadherent cells in RPMI 1640 plus 10% fetal bovine serum
(FBS), 1 mM sodium pyruvate, and 2 mM L-glutamine and differentiated into macrophages in 96-well
plates (5 ⫻ 105 cells/well) by 14-h incubation with 50 ng/ml phorbol 12-myristate 13-acetate (PMA)
followed by 60 h without PMA. Conﬂuent HFFs in Dulbecco modiﬁed Eagle medium (DMEM) plus 10%
2 mM L-glutamine, 1.5 ⫻ 104 NIH 3T3 cells/well in DMEM plus 10% FBS, or 1 ⫻ 104 RAW 264.7 cells/well
in RPMI plus 10% FBS and 2 mM glutamine were passaged into 96-well plates and grown at 37°C and
5% CO2 (up to 2 weeks for HFFs and 24 h for NIH 3T3 and RAW 264.7 cells). For all cultured mammalian
cells, medium was removed, and twofold serial dilution series of MM-TM (0.9 to 121.2 M or 3.1 to 400
g/ml), AMB (1.7 to 216 M or 1.6 to 200 g/ml), or FLC (20.4 to 2,612 M or 6.3 to 800 g/ml) were
added to the wells in triplicate with a total volume of 100 l of cell culture medium per well. The plates
were incubated at 37°C and 5% CO2 for 12 h. Cells in culture medium only served as the negative lysis
control (blank), and cells treated with a lysate solution of Triton X-100 to cause 100% lysis (full toxicity)
served as a positive control. Fluorescence intensity was measured on a Tecan Inﬁnite M1000 microplate
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