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ABSTRACT: Amphiphilic aminoglycosides have attracted
interest due to their novel antifungal activities. A crucial but
often neglected factor for drug development in academia is
cost of production. Herein is reported a one-step, inexpensive
synthesis of amphiphilic alkyl kanamycins constituted with
only natural components. The synthetic methodology also
enabled the preparation of a series fluorescent amphiphilic
aryl kanamycins for direct structure−activity mode of action
studies. The lead compounds showed prominent antifungal
activities against a panel of fungi, including Fusarium
graminearum, Cryptococcus neoformans, and several Candida
sp., and also significant antibacterial activities. With
fluorescence-based whole cell assays, the aryl amphiphilic kanamycins were observed to permeabilize fungal surface membranes
at faster rates than bacterial surface membranes. Also, the antifungal action of the amphiphilic kanamycins was observed to
occur in a biphasic mode with an initial fast phase correlated with rapid membrane permeabilization at subminimal inhibitory
concentrations and a slower phase membrane permeabilization that elevates the reactive oxygen species production leading to
cell death. Inactive hydrophobic amphiphilic kanamycins displayed no membrane permeabilization. The results offer cost-
effective methods for producing amphiphilic kanamycins and reveal insights into how nonfungal specific amphiphilic
kanamycins can be employed for fungal specific diagnostic and therapeutic applications.
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Aminoglycoside antibiotics, once effective against infec-
tious bacterial infections, are plagued with the rampage of

antibiotic resistant bacteria.1 To counteract this problem,
modifications of aminoglycoside antibiotics have been studied
extensively with the goal of reviving antibacterial activity.2−5

Recently, the discovery of amphiphilic aminoglycosides
provides a new strategy and approach in the fight against
resistant bacteria.6 Unlike traditional aminoglycosides, amphi-
philic aminoglycosides have been shown to increase the
membrane permeability for both bacteria and fungi.7−14 The
antifungal activity of amphiphilic kanamycin (AK) is of
particular interest as it represents a new strategy of repurposing
and reviving the use of an old drug.15−17

To provide cost-effective antimicrobials, our group has
focused on low cost syntheses of AK for uses in green
agriculture and human medicine (Figure 1). The lead
compound, K20, displayed effectiveness in controlling
Fusarium head blight in wheat field trials.18,19 In addition,
combinations of K20 and half-label rates of commonly
employed agrofungicides significantly lowered deoxynivalenol
(DON) mycotoxin levels in harvested grain. Nevertheless, two

shortcomings are associated with K20. First, the cost of
production of K20 is not compatible with agrofungicides
currently used in the market.20 Second, K20 contains a non-
natural structural scaffold that makes it difficult to be classified
as a natural or organic fungicide. Also, questions still linger
regarding the antifungal mode of action of the AKs. Several
reports have shown that AKs increase the permeability of
fungal membranes.6−12 However, it is unclear whether this is
the sole mode of action (MOA) against fungi. Several studies
have reported AKs that are active against both fungi and
bacteria (nonfungal specific)6−10 while K20 and FG08 are
active only against fungi. Therefore, it is of interest to
determine the factors that cause AKs to be fungal or nonfungal
specific agents.

■ RESULTS AND DISCUSSION
Cost-Effective Synthesis of Amphiphilic Kanamycins.

To address the cost and natural product issues mentioned
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above about AKs, we explored the possibility of AK synthesis
in a low cost one-step modification of kanamycin. We selected
kanamycin sulfate and fatty acids as the low cost starting
materials and attempted one-step regioselective acylation of
the amino groups on kanamycin A. The fatty acids were
converted into the corresponding esters of N-hydroxysuccini-
mide with modification of a previously reported method.21

Slow addition of these esters to a solution of kanamycin A
afforded the desired AKs (Scheme 1). Modest to excellent
yields were achieved for the one-step regioselective acylation.
On the basis of the chemicals needed, the cost of production of
these AKs is about 1/10 of that for K20. Since both fatty acids
and kanamycin are natural products, the newly synthesized

AKs are anticipated to be classified as natural, thus meeting our
goals of price competitiveness and natural and green products.
The same synthetic method was used to synthesize 3f using
tobramycin as the starting material. Three derivatives 2h−j
with aryl carboxyl group were also synthesized using the same
synthetic methods for potential MOA with direct visualization
of time-based uptake in to the fungi, bacteria, and mammalian
cell.

Assay of Antifungal and Antibacterial Activities. The
newly synthesized AKs were tested for their antibacterial and
antifungal activities and cytotoxicity toward mammalian cells.
For antifungal activity, a collection of significant human and
plant fungal pathogens was used, including Aspergillus f lavus

Figure 1. Structures of selected kanamycin class antibiotics and AKs.

Scheme 1
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(human and plant pathogen), Fusarium graminearum (plant
pathogen), Candida albicans 64124 (human pathogen, azole
resistant), C. albicans MYA2876 (human pathogen, azole
susceptible), Cryptococcus neoformans H99 (human pathogen),
and Rhodotorula pilimanae, using voriconazole as the controls.
From the minimum inhibitory concentrations (MICs), the
compounds with linear alkyl chain showed a clear SAR: the
antifungal activity increases as the chain length increases
(Table 1). The antifungal activity is broad spectrum among

various strains which becomes optimal with the attachment of
hexadecyl (C16) (2f and 3f) and octadecyl (C18) (2g) groups.
By comparing the outcomes of 2f and 3f, it appears that the
core kanamycin is not a significant factor for creating antifungal
activity. For AKs with aryl groups, compound 2i shows the
best antifungal activity followed by 2j whereas 2h is inactive.
Since the addition of linear alkyl chain showed superior

activities, we selected several of these newly synthesized
versions of kanamycin derivatives and investigated their activity
against clinically emerging and significant Candida species,
including C. albicans B-311, C. rugosa 95-967, C. parapsolis
Cas08-0490 (azole resistant), and C. tropicalis 95-41. C. albicans
B-311 has been reported to exhibit biotin-independent
growth.22 C. rugosa is an emerging human fungal pathogen
in some regions with decreased susceptibility to fluconazole, a
commonly used antifungal agent.23 C. parapsolis is often the
second or most commonly isolated Candida species from
blood cultures.24 C. tropicalis is the second most virulent
Candida species found in skin, the gastrointestinal tract, and
the female genitourinary tract that is capable of producing
biofilm.25 The MIC values show that the lead compounds are
still 2f, 2g, and 3f (Table 2).
For the test of antibacterial activity, we selected

representative strains of bacteria, including Escherichia coli
(ATCC 25922), Staphylococcus aureus (ATCC 25923),
S. aureus (ATCC 33591, MRSA), and S. aureus (ATCC
43300, MRSA). The AKs with linear alkyl chain showed a
similar SAR as their antifungal activity: the antibacterial activity
increases as the chain length increases with the most active one
bearing hexadecyl or octadecyl groups (Table 3). An
interesting difference has been noted: the AKs with octyl

groups attached to ring III of kanamycin at the O-6″ or O-4″
positions, such as K20 and FG08,11,18 are considered inactive
(MICs ≥ 256 μg/mL) against bacteria while exerting
noticeable antifungal activity, i.e., fungal specific. In contrast,
the attachment of an octyl group at the N-6′ position of
kanamycin (2b) does not manifest either antifungal or
antibacterial activity. Comparing the antifungal and antibacte-
rial activities, the bioactivity profile of the newly synthesized
AKs appears to resemble those with alkylthio groups at O-6″
position.12 The combined SAR study results reported herein
and by others indicate that long linear alkyl groups (C14−
C18) are advantageous in exerting antifungal and antibacterial
activity, i.e., nonfungal specific. However, these AKs on average
show better antifungal activity.

Membrane Permeabilization and Cytotoxicity Study.
It has been reported that nonfungal specific AKs cause
increases in fungal and bacterial membrane permeabilities.12,14

Many of these studies were accomplished using fungi treated
with AKs with long incubation time (hours). Thus, we were
interested in exploring whether nonfungal specific AKs can
behave like K20 or FG08, fungal specific AKs, with fast
membrane permeabilization properties. We used fluorogenic
sytox green dye to investigate the kinetic membrane
permeabilization effect of newly synthesized AKs using
C. albicans MYA2876. The fungi were treated with two AKs,
2b and 2g, to observe time-dependent membrane permeabi-
lization. The active 2g caused a drastic fluorescence increase
within minutes, while almost no fluorescence increase was

Table 1. MICs of AKs against Fungia

compound Ab Bb Cb Db Eb Fb

2a NDc ≥256 ≥256 ≥256 ≥256 ≥256
2b ND ≥256 ≥256 ≥256 ≥256 ≥256
2c ND ≥256 ≥256 ≥256 128 128
2d 256 16 32 32 8 16
2e 256 8 16 16 4 4
2f 32 4 8 8 4 4
2g 16 4 8 8 4 4
2h ND ≥256 ≥256 ≥256 128 256
2i ≥256 16 16 16 16 16
2j ≥256 32 64 128 32 16
3f ND 2 4 4 2 4
K20 32 8 16 16 8 4
FG08 ND 7.8 ND ND ND 7.8
kanamycin A ND >128 ≥256 ≥256 ≥256 ND
voriconazole 1 32 ≥256 0.125 0.125 8

aUnit: μg/mL. bA: A. f lavus; B: F. graminearium B4-5A; C: C. albicans
64124; D: C. albicans MYA2876; E: C. neoformans H99; F:
R. pilimanae. cND: not determined.

Table 2. Minimum Inhibitory Concentration of AKs against
Candida sp.a

compound Ab Bb Cb Db

2c ≥256 ≥256 ≥256 ≥256
2d 128 64 128 128
2e 16 16 32 32
2f 8 8 16 16
2g 8 8 8 16
2i 64 64 128 128
3f 8 8 8 16
K20 16 16 32 32

aUnit: μg/mL. bA: C. albicans B-311; B: C. rugosa 95-967; C:
C. parapsolis Cas08-0490 (azole resistant); D: C. tropicalis 95-41.

Table 3. MICs of AKs against Bacterial Strainsa

compound Ab Bb Cb Db

2a ≥256 ≥256 ≥256 ≥256
2b ≥256 ≥256 ≥256 ≥256
2c ≥256 ≥256 ≥256 ≥256
2d 32 32 128 128
2e 64 16 32 32
2f 32 16 16 16
2g 64 32 32 32
2h ≥256 ≥256 ≥256 ≥256
2i 128 32 128 32
2j 128 128 ≥256 ≥256
3f 32 16 32 32
K20 256 128 >256 >256
FG08 ≥256 ≥256 NDc ND

aUnit: μg/mL. bA: E. coli (ATCC 25922); B: S. aureus (ATCC
25923); C: S. aureus (ATCC 33591) MRSA; D: S. aureus (ATCC
43300) MRSA. cND: Not determined.
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observed for the cells treated with 2b even after 2 h compared
to control (Figure 2). The inability of the 2b to permeabilize

the fungal membrane is consistent with its lack of antifungal
activity. This outcome confirms that 2g causes membrane

Figure 2. Kinetic membrane permeabilization study of the AKs. (A) Time-dependent measurement of sytox green fluorescence in relative
fluorescence unit (RFU); (B, C) images of C. albicansMYA2876 treated with 2b for 60 min; (D, E) images of C. albicansMYA2876 treated with 2g
for 60 min.

Figure 3. Images of fungi treated with fluorescent 2j. (A, B) F. graminearum treated for 5 min; (C, D) F. graminearum treated for 60 min; (E, F)
C. albicans MYA2876 treated for 5 min; (G, H) C. albicans MYA2876 treated for 60 min; (I, J) C. albicans 64124 treated for 5 min; (K, L)
C. albicans 64124 treated for 60 min.
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permeabilization consistent with the fast-acting nature of K20
or FG08 and other membrane permeabilizing agents.
The cytotoxicity (concentration at which 50% of the cells

were dead, IC50) of AKs was also determined using HeLa
cells.26 From the IC50 values, the cytotoxicity increases as the
chain-length of the AKs with linear alkyl group at N-6′ position
increases where as the typical aminoglycosides in the natural
form are reported to be nontoxic up to the 100 μg/mL
concentration.27,28 The result from newly synthesized AKs is
consistent with the feature of nonselective membrane targeting
antiseptic agents. However, the cytotoxicity for the lead AKs,
2f and 2g (IC50 of 64.6 and 63.0 μg/mL, respectively), is still
lower than their antifungal and antibacterial activities. The AKs
with aryl (fluorescent) groups and K20 and FG08 are
considered much less toxic (IC50 > 100 μg/mL).
Uptake Study of Amphiphilic Kanamycin Using

Fluorescent Analog. To directly observe cell uptake and
interaction of the new AKs during membrane permeabilization,
AKs (2h−j) with aryl group were synthesized. However, 2h
was found to be nonfluorescent while 2i and 2j show strong
fluorescence.29 Thus, our fluorescence-based investigation was
directed to the use of 2i and 2j. A recent report showed that
AKs incorporated with fluorophores “rapidly accumulated in
the cytosol and led to structural changes in proteins and
DNA”.30 In the current study, we chose to use hydrophobic
fluorophores instead of an alkyl chain/fluorophore combina-

tion so that the overall structures of 2i and 2j would more
closely resemble the amphipathic structural features of the
AKs.
First, 2j was incubated at 32 μg/mL, which is one, 1/4, and

1/2 of the MICs against F. graminearum, C. albicansMYA2876,
and C. albicans 64124, respectively (Figure 3). Interestingly,
fluorescence from 2j closely resembled previously reported
images30 and was observed to physically associate with cells of
F. graminearum and the two C. albicans strains within 5 min of
initial exposure. Therefore, it is likely that AKs not only caused
fast membrane permeabilization but also quickly interacted
with cells at concentrations lower than the corresponding MICs.
Incubation for 5 or 60 min revealed preferential localization of
2j on or in the cells observed as subcellular areas of higher
fluorescence intensities. For 2i, F. graminearum, C. albicans
MYA2876, and C. ablicans 64124 were treated with 16 μg/mL,
corresponding to their respective MICs (Figure 4). Again,
images show a fast (within 5 min) association with cells.
Fluorescent compounds 2i and 2j containing aryl group

were also investigated for their kinetic membrane permeabi-
lization property using a second fluorescent dye, propidium
iodide (PI) (red fluorescence) (Figure 6). C. albicans 64124
was treated with 2i and 2j at their corresponding MICs (16
μg/mL for 2i and 64 μg/mL for 2j). Again, a fast increase of
fluorescence from PI was observed when cells were treated
with 2i and 2j (Figure 5A). The images were taken after 2 h of

Figure 4. Images of fungi treated with fluorescent 2i. (A, B) F. graminearum treated for 5 min; (C, D) F. graminearum treated for 60 min; (E, F)
C. albicans MYA2876 treated for 5 min; (G, H) C. albicans MYA2876 treated for 60 min; (I, J) C. albicans 64124 treated for 5 min; (K, L)
C. albicans 64124 treated for 60 min.
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incubation and observed in three different fluorescent
channels, blue, green, and red, reflecting the presence of 2i,
2j, and PI, respectively (Figure 5B−G), along with bright field
image. When cells were treated with 2i and 2j, fluorescence
from all of these compounds can be seen. In contrast, no
fluorescence increase was observed when cells were treated
with PI alone.31 Interestingly, the fluorescence profile from
treated with 2i resembles the one treated with 2g while the
fluorescence profile treated with 2j appears to have two more
more phases. The difference may be attributed to the
molecular designs: 2i resembles 2g more closely as an AK
while 2j has polar functional groups (CO and OH) on the
hydrophobic fluorophore. It is possible that such a structural
difference changes the MOA events and kinetics.
To investigate the membrane selectivity of AKs, bacteria

(E. coli and S. aureus) were incubated with 2j at MIC (128 μg/
mL) and 1/4 MIC (32 μg/mL) of both bacteria and the
fluorescence was observed after 5 and 60 min of incubation.
The images showed that 2j can still cause membrane
permeabilization of bacteria, but higher concentrations (at
least at MIC) and longer incubation time are needed.31

Human cells (HeLa, cervical cancer cells) were incubated with
2j at 32 μg/mL. No fluorescence was noted after incubation
for 5 and 60 min.31 These results offer useful information on
the rate of membrane permeabilization caused by AKs in the
order of fungi > bacteria ≫ mammalian cells. This finding,
which cannot be revealed by traditional assays such as MIC
determination, implies that it is possible to employ AKs for
detection or as a diagnostic tool selective toward fungi even
though the AKs reported herein and by others show activity
against both fungi and bacteria.
Evaluation of Reactive Oxygen Species. Production of

cellular reactive oxygen species (ROS) is a common mode of
action for antibiotics of various classes.32 Aminoglycosides are
reported as the ROS generator in bacteria and mammalian
cells.28,33,34 Therefore, we decided to examine the production
of cellular ROS in fungi treated with the AKs. Four members of
the newly synthesized AKs and K20 were investigated using
2′,7′-dichlorofluorescein diacetate (DCF-DA) dye. Compound
4 (1,1′-(hexane-1,6-diyl)bis(3-decyl-4,9-dioxo-4,9-dihydro-1H-
naphtho[2,3-d][1,2,3]triazol-3-ium triflate)), a cationic anthra-
quinone analog developed in our group and known to trigger

the production of ROS, was used as the positive control.35,36

DCF-DA dye is nonfluorescent itself and turns into fluorescent
2′,7′-dichlorofluorescein (DCF) once hydrolyzed by the
esterage and then oxidized by the ROS species. Incubation
of these selected compounds with C. albicansMYA2876 reveals
that all of the active AKs lead to elevated levels of cellular ROS
compared to the control having cells only (Figure 6). The

inactive one, 2b, has an ROS level similar to the blank control.
From the ROS production study, it is reasonable to propose
that AKs exert their biological activity by membrane
perturbation and then enter the cells causing ROS production,
which leads to cascades of cellular oxidative damage and
eventual cell death. Particular membrane lipids such as
sphingolipids with 4-hydroxylated sphinganine backbones
and inositolphosphate-containing head groups that are unique
to fungi may play a crucial role in the fungi specific activity of
AKs.13 Therefore, the reason that most of the reported AKs
display lower cytotoxicity is likely due to the fact that these
AKs simply cannot penetrate the mammalian plasma
membrane as quickly as they do with bacterial or fungal
membranes.

■ CONCLUSION
We have developed a one-step cost-effective synthesis of a
library of AKs from kanamycin. Compared to the common
agrofungicides used in agriculture, the cost of production for

Figure 5. Kinetic membrane permeabilization study of 2i and 2j with PI. (A) Time-dependent measurement of fluorescence in relative fluorescence
unit (RFU); (B−D) images of C. albicans strain 64124 treated with 2i and PI for 2 h under bright field, blue channel, and red channel; (E−G)
images of C. albicans strain 64124 treated with 2j and PI for 2 h under bright field, green channel, and red channel.

Figure 6. Cellular ROS production.
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the lead compounds consisting of only natural components is
competitive or even lower. The revealed SAR indicates that a
long linear alkyl chain (C14−C18) is crucial to generate
significant antifungal and antibacterial activities. The analysis
of antifungal activity provides a characteristic profile for
nonselective membrane-targeting agents. The lead AKs also
exhibit minimal cytotoxicity against mammalian cells. From the
kinetic membrane permeabilization and fluorescence imaging
studies, we discover that, even for nonfungal specif ic AKs, it is
possible to achieve fungi selective membrane permeabilization
by controlling the time of incubation and concentration of AKs
and thus avoid inducing bacterial resistance. Once the integrity
of the microbial membrane is compromised, the fast acting
AKs can enter the cells, leading to the production of ROS and
cell death disrupting the functions of multiple cellular targets.
The design of fluorescent AKs that closely resemble the
structural features of nonfluorescent AKs provides direct
visualization of AKs in action and represents a sensitive and
selective diagnostic tool for fungi.

■ EXPERIMENTAL SECTION
Materials and Methods. Chemicals were purchased from

the commercial sources and used without further purification.
The fluorescence profile of the compounds was measured in a
Spectro fluorophotometer (Shimadzu, RF-5301PC), and
fluorescence intensity for the membrane permeabilization
study was measured in a Cytation 5 imaging reader.
Fluorescence images of the fungi were taken on an Olympus
IX innervated fluorescence microscope and Cytation 5 imaging
reader. 1H NMR and 13C NMR of the compounds were
recorded in Bruker AvanceIII HD Ascend-500 at 283 K
temperature.
General Procedure for the Synthesis of 2a−2c. 0.582 g

(1 equiv, 1 mmol) of kanamycin sulfate was dissolved in 10 mL
of water, and 2 equiv of potassium carbonate was added; the
mixture was stirred for 15 min. Then, 1.5 equiv, 1.5 mmol, of
NHS-acyl ester dissolved in 10 mL of MeOH was added in 4
portions at a 1 h interval. After 24 h of reaction, solvent was
removed by air blowing, and the compound was purified by
column chromatography using methanol to 10% NH4OH in
MeOH. Pure compounds in neutral form were acidified with
5% acetic acid and then air blown to dryness. The compound
with acetate counterion was passed through the IR410 ion-
exchange resin (in Cl− form) to get the compound with
chloride counteranions.
General Procedure for the Synthesis of 2d−2j. 0.582 g

(1 equiv, 1 mmol) of kanamycin and 3 equiv of potassium
carbonate were dissolved in 10 mL of water; then, 2 equiv of
NHS-acyl ester dissolved in 10 mL of DMF was added in 4
portions at a 1 h interval. After 48 h of reaction, solvent was
removed by the air blowing, and the compound was purified by
column chromatography using MeOH to 10% NH4OH in
MeOH. These compounds were also converted to the cationic
form and chloride similar to the compounds 2a−2c.
6′-N-Hexanoylkanamycin A (2a). This compound was

synthesized as orange solid by the reaction of kanamycin A
sulfate with NHS-hexyl ester, synthesized as before,37 following
the general procedure. 1H NMR (500 MHz, D2O) δ 5.38 (d, J
= 4.0 Hz, 1H), 5.04 (d, J = 3.5 Hz, 1H), 3.8−3.9 (m, 3H),
3.6−3.8 (m, 7H), 3.4−3.6 (m, 6H), 3.24 (t, J = 9.0 Hz, 1H),
2.4−2.5 (m, 1H), 2.20 (t, J = 7.0 Hz, 2H), 1.8−1.9 (m, 1H),
1.4−1.6 (m, 2H), 1.1−1.3 (m, 4H), 0.79 (t, J = 7.0 Hz, 3H);
13C NMR (125 MHz, D2O) δ 178.04, 100.44, 97.94, 83.55,

79.25, 72.92, 72.73, 72.12, 71.28, 71.10, 70.10, 68.15, 65.34,
59.74, 54.99, 49.70, 48.23, 39.10, 35.73, 30.47, 27.68, 25.12,
21.65, 13.24. ESI/APCI calcd for C24H47N4O12

+ [MH]+:
583.3190; measured m/e: 583.3192.

6′-N-Octanoylkanamycin A (2b). This compound was
synthesized as white solid by the reaction of kanamycin A
sulfate with NHS-octyl ester, synthesized as before,38 following
the general procedure. 1H NMR (500 MHz, D2O) δ 5.38 (d, J
= 4.0 Hz, 1H), 5.04 (d, J = 3.5 Hz, 1H), 3.8−3.9 (m, 3H),
3.6−3.8 (m, 7H), 3.4−3.6 (m, 6H), 3.24 (t, J = 9.5 Hz, 1H),
2.4−2.5 (m, 1H), 2.20 (t, J = 7.5 Hz, 2H), 1.8−1.9 (m, 1H),
1.4−1.6 (m, 2H), 1.1−1.3 (m, 8H), 0.78 (t, J = 7.0 Hz, 3H);
13C NMR (125 MHz, D2O) δ 178.03, 100.45, 98.03, 83.62,
79.44, 73.00, 72.72, 72.15, 71.27, 71.14, 70.09, 68.16, 65.33,
59.72, 54.99, 49.73, 48.26, 39.06, 35.76, 30.98, 28.11, 28.04,
27.85, 25.41, 21.94, 13.37. ESI/APCI calcd for C26H51N4O12

+

[MH]+: 611.3503; measured m/e: 611.3484.
6′-N-Decanoylkanamycin A (2c). This compound was

synthesized as white solid by the reaction of kanamycin A
sulfate with NHS-decyl ester, synthesized as before,38 following
the general procedure. 1H NMR (500 MHz, D2O) δ 5.38 (d, J
= 4.0 Hz, 1H), 5.04 (d, J = 3.5 Hz, 1H), 3.8−3.9 (m, 3H),
3.6−3.8 (m, 7H), 3.4−3.6 (m, 6H), 3.24 (t, J = 9.5 Hz, 1H),
2.4−2.5 (m, 1H), 2.20 (t, J = 7.5 Hz, 2H), 1.8−1.9 (m, 1H),
1.4−1.6 (m, 2H), 1.1−1.3 (m, 12H), 0.78 (t, J = 7.0 Hz, 3H);
13C NMR (125 MHz, D2O) δ 178.04, 100.45, 98.07, 83.62,
79.47, 73.02, 72.72, 72.16, 71.26, 71.14, 70.09, 68.16, 65.32,
59.71, 54.99, 49.73, 48.26, 39.07, 35.75, 31.12, 28.60, 28.39,
28.34, 28.14, 27.86, 25.40, 22.04, 13.41. ESI/APCI calcd for
C28H55N4O12

+ [MH]+: 639.3816; measured m/e: 639.3788.
6′-N-Dodecanoylkanamycin A (2d). This compound

was synthesized as white solid by the reaction of kanamycin A
sulfate with NHS-dodecyl ester, synthesized as before,38

following the general procedure. 1H NMR (500 MHz,
CD3OD) δ 5.37 (d, J = 3.5 Hz, 1H), 5.17 (d, J = 4.0 Hz,
1H), 3.8−3.9 (m, 4H), 3.6−3.8 (m, 5H), 3.5−3.6 (m, 5H),
3.4−3.5 (m, 2H), 3.18 (t, J = 9.5 Hz, 1H), 2.5−2.6 (m, 1H),
2.26 (t, J = 7.5 Hz, 2H), 1.9−2.0 (m, 1H), 1.6−1.7 (m, 2H),
1.3−1.4 (m, 16H), 0.92 (t, J = 7.0 Hz, 3H); 13C NMR (125
MHz, CD3OD) δ 175.81, 99.98, 97.53, 84.11, 80.94, 73.69,
72.91, 72.25, 72.05, 71.71, 71.15, 68.78, 66.18, 60.44, 55.54,
49.87 (one carbon is underneath the solvent peak), 39.39,
35.71, 31.67, 29.39, 29.35, 29.28, 29.15, 29.07, 29.02, 28.26,
25.68, 22.33, 13.05. ESI/APCI calcd for C30H59N4O12

+

[MH]+: 667.4124; measured m/e: 667.4108.
6′-N-Tetradecanoylkanamycin A (2e). This compound

was synthesized as white solid by the reaction of kanamycin A
sulfate with NHS-tetradecyl ester, synthesized as before,38

following the general procedure. 1H NMR (500 MHz,
CD3OD) δ 5.32 (d, J = 4.0 Hz, 1H), 5.15 (d, J = 4.0 Hz,
1H), 3.8−4.0 (m, 5H), 3.6−3.7 (m, 4H), 3.4−3.6 (m, 7H),
3.18 (t, J = 9.5 Hz, 1H), 2.4−2.5 (m, 1H), 2.25 (t, J = 7.5 Hz,
2H), 1.8−1.9 (m, 1H), 1.6−1.7 (m, 2H), 1.3−1.4 (m, 20H),
0.92 (t, J = 7.0 Hz, 3H); 13C NMR (125 MHz, CD3OD) δ
175.77, 99.91, 98.01, 84.47, 81.93, 73.61, 72.98, 72.43, 72.10,
71.67, 71.21, 68.84, 66.18, 60.37, 55.58, 49.95 (one carbon is
underneath the solvent peak), 39.98, 35.68, 31.67, 29.40, 29.38
(3C), 29.36, 29.27, 29.14, 29.07, 29.01, 25.65, 22.32, 13.03.
ESI/APCI calcd for C32H63N4O12

+ [MH]+: 695.4442;
measured m/e: 695.4418.

6′-N-Hexadecanoylkanamycin A (2f). This compound
was synthesized as white solid by the reaction of kanamycin A
sulfate with NHS-hexadecyl ester, synthesized as before,38
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following the general procedure. 1H NMR (500 MHz,
CD3OD) δ 5.34 (d, J = 3.5 Hz, 1H), 5.17 (d, J = 3.5 Hz,
1H), 3.8−4.0 (m, 5H), 3.6−3.8 (m, 4H), 3.4−3.6 (m, 7H),
3.18 (t, J = 9.5 Hz, 1H), 2.4−2.6 (m, 1H), 2.25 (t, J = 7.5 Hz,
2H), 1.8−1.9 (m, 1H), 1.6−1.7 (m, 2H), 1.3−1.4 (m, 24H),
0.92 (t, J = 7.0 Hz, 3H); 13C NMR (125 MHz, CD3OD) δ
175.78, 99.92, 97.75, 84.28, 81.41, 73.66, 72.97, 72.30, 72.05,
71.68, 71.19, 68.82, 66.17, 60.37, 55.55, 49.88 (one carbon is
underneath the solvent peak), 39.97, 35.68, 31.67, 29.40, 29.38
(5C), 29.36, 29.27, 29.14, 29.07, 29.01, 25.65, 22.32, 13.03.
ESI/APCI calcd for C32H63N4O12

+ [MH]+: 723.4755;
measured m/e: 723.4750.
6′-N-Octadecanoylkanamycin A (2g). This compound

was synthesized as white solid by the reaction of kanamycin A
sulfate with NHS-octadecyl ester, synthesized as before,38

following the general procedure. 1H NMR (500 MHz,
CD3OD) δ 5.33 (d, J = 4.0 Hz, 1H), 5.15 (d, J = 3.5 Hz,
1H), 3.8−4.0 (m, 5H), 3.6−3.8 (m, 4H), 3.4−3.6 (m, 7H),
3.18 (t, J = 9.5 Hz, 1H), 2.4−2.6 (m, 1H), 2.26 (t, J = 7.0 Hz,
2H), 1.8−1.9 (m, 1H), 1.6−1.7 (m, 2H), 1.3−1.4 (m, 28H),
0.92 (t, J = 7.0 Hz, 3H); 13C NMR (125 MHz, CD3OD) δ
175.77, 99.93, 98.00, 84.44, 81.90, 73.61, 72.97, 72.44, 72.10,
71.69, 71.20, 68.84, 66.18, 60.38, 55.58, 49.96 (one carbon is
underneath the solvent peak), 39.97, 35.68, 31.67, 29.39 (7C),
29.35, 29.35, 29.29, 29.15, 29.07, 29.02, 25.66, 22.33, 13.04.
ESI/APCI calcd for C36H71N4O12

+ [MH]+: 751.5063;
measured m/e: 751.5057.
6′-N-(2-Phenyl-4-quinolinecarbonyl)kanamycin A

(2h). To 2.49 g (1 equiv, 10 mmol) of 2-phenylquinoline-4-
carboxylic acid dissolved in 50 mL of anhydrous DMF were
added 1.725 g (1.5 equiv, 30 mmol) of N-hydroxysuccinimide
and 4.125 g (2 equiv, 40 mmol) of N,N′-dicyclohexylcarbo-
diimide, and the solution was stirred overnight at room
temperature. After filtration of the reaction mixture, the solvent
from the filtrate was removed by air blowing. The residue was
recrystallized from dichloromethane and ether to obtain pure
2,5-dioxopyrrolidin-1-yl 2-phenylquinoline-4-carboxylate (1h)
with 78% yield. 1H NMR (500 MHz, CDCl3) δ 8.67 (dt, J =
8.5, Hz, 1H), 8.6 (s, 1H), 7.59 (s, 1H), 8.30 (s, J = 8.5 Hz,
1H), 8.24 (d, J = 7.5 Hz, 2H) 7.85 (dt, J = 7.5, 1.5 Hz, 1H),
7.70 (dt, J = 7.5, 1.5 Hz, 1H) 7.5−7.6 (m, 3H), 3.00 (s, 4H);
13C NMR (125 MHz, CDCl3) δ 168.92 (2C), 161.57, 156.64,
148.91, 137.97, 131.06, 130.70, 130.37, 130.19, 129.07 (2C),
128.74, 127.63 (2C), 124.90, 123.42, 121.05, 25.78 (2C). ESI/
APCI calcd for C20H15N2O4

+ [MH]+: 347.1032; measured m/
e: 347.1016. Kanamycin A sulfate was reacted with 2,5-
dioxopyrrolidin-1-yl 2-phenylquinoline-4-carboxylate as de-
scribed in the general procedure to give the white solid 6′-
N-(2-phenyl-4-quinolinecarbonyl)kanamycin A. 1H NMR
(500 MHz, D2O) δ 7.82 (t, J = 8.0 Hz, 2H), 7.6−7.7 (m,
3H), 7.59 (s, 1H), 7.47 (t, J = 8.0 Hz, 1H), 7.3−7.4 (m, 3H),
5.22 (d, J = 3.5 Hz, 1H), 4.29 (d, J = 3.5 Hz, 1H), 4.05 (dd, J =
14.0 Hz, J = 3.5 Hz, 1H), 3.8−3.9 (m, 1H), 3.7−3.8 (m, 3H),
3.3−3.4 (m, 7H), 3.2−3.3 (m, 2H), 3.15 (t, J = 11.0 Hz, 1H),
2.99 (t, J = 10.0 Hz, 1H), 2.3−2.4 (m, 1H), 2.2−2.3 (m, 1H)
1.7−1.8 (m, 1H); 13C NMR (125 MHz, D2O) δ 169.49,
157.13, 147.25, 142.75, 137.51, 131.07, 130.22, 129.06 (2C),
127.95, 127.88, 127.56 (2C), 124.77, 122.83, 117.68, 98.66,
95.04, 83.71, 78.31, 72.58, 72.45, 71.51, 71.03, 71.02, 70.97,
67.67, 65.89, 59.74, 54.68, 48.94, 47.36, 40.43, 27.70. ESI/
APCI calcd for C34H46N5O12

+ [MH]+: 716.3143; measured m/
e: 716.3107.

6′-N-(1-Pyrenebutanoyl)kanamycin A (2i). This com-
pound was synthesized as white solid by the reaction of
kanamycin A sulfate with 2,5-dioxopyrrolidin-1-yl 4-(pyren-1-
yl)butanoate, synthesized as before,39 following the general
procedure. 1H NMR (500 MHz, D2O) δ 7.98 (d, J = 7.5 Hz,
1H), 7.95 (d, J = 7.5 Hz, 1H), 7.7−7.9 (m, 6H), 7.55 (d, J =
7.5 Hz, 1H), 4.91 (d, J = 3.5 Hz, 1H), 4.77 (d, J = 3.5 Hz, 1H),
3.6−3.8 (m, 4H), 3.4−3.6 (m, 6H), 3.3−3.4 (m, 4H), 2.9−3.2
(m, 5H), 2.3−2.4 (m, 1H), 2.1−2.3 (m, 2H), 1.9−2.0 (m,
2H), 1.6−1.8 (m, 2H); 13C NMR (125 MHz, D2O) δ 176.86,
135.64, 130.83, 130.32, 129.18, 127.96, 127.35, 127.12, 126.95,
126.33, 126.06, 124.79, 124.74, 124.67, 123.89, 123.86, 123.02,
100.31, 96.93, 83.47, 78.68, 72.69, 72.31, 72.14, 70.98, 70.90,
70.43, 67.99, 65.24, 59.67, 54.96, 49.53, 47.85, 39.47, 35.19,
31.31, 27.48, 26.58. ESI/APCI calcd for C38H51N4O12

+

[MH]+: 755.3503; measured m/e: 755.3476.
6′-N-(Fluorescein)kanamycin A (2j). This compound

was synthesized as white solid by the reaction of kanamycin A
sulfate with 2,5-dioxopyrrolidin-1-yl 2-(6-hydroxy-3-oxo-3H-
xanthen-9-yl)benzoate, synthesized as before,40 following the
general procedure. 1H NMR (500 MHz, D2O) δ 7.77 (d, J =
7.5 Hz, 1H), 7.31 (t, J = 7.0 Hz, 1H), 7.08 (t, J = 7.0 Hz, 1H),
6.63 (s, 1H), 6.57 (s, 1H), 6.39 (d, J = 7.5 Hz, 1H), 6.33 (t, J =
8.5 Hz, 2H), 6.24 (d, J = 9.0 Hz, 1H), 6.18 (d, J = 8.5 Hz, 1H),
5.05 (d, J = 3.5 Hz, 1H) (one proton hidden inside solvent
peak), 3.3−3.9 (m, 15H), 2.7−2.9 (m, 2H), 2.4−2.5 (m, 1H),
1.8−1.9 (m, 1H); 13C NMR (125 MHz, D2O) δ 171.94,
157.26, 156.86, 153.39, 152.72, 152.54, 133.80, 129.92, 129.55,
129.02, 128.85, 123.78, 122.82, 112.47, 111.86, 111.27, 108.99,
102.71, 102.35, 100.61, 98.22, 83.53, 79.54, 73.17, 72.66,
71.18, 71.08, 70.51, 69.87, 68.18, 66.20, 65.23, 59.60, 55.03,
49.77, 48.47, 41.28, 27.28. ESI/APCI calcd for C38H47N4O15

+

[MH]+: 799.3032; measured m/e: 799.3037.
6′-N-Hexadecanoyltobramycin (3f). 0.20 g (1 equiv,

0.50 mmol) of tobramycin and 2 equiv of potassium carbonate
were dissolved in 10 mL of water; then, 2 equiv of NHS-
hexadecyl ester, as synthesized before,38 in 10 mL of DMF was
added in 4 portions at a 1 h interval. After 48 h of reaction,
solvent was removed by air blowing and the compounds was
purified by column chromatography using 100% MeOH to
10% NH4OH in MeOH.

1H NMR (500 MHz, D2O) δ 5.38 (d, J = 4.0 Hz, 1H), 5.04
(d, J = 3.5 Hz, 1H), 3.8−3.9 (m, 3H), 3.6−3.8 (m, 7H), 3.4−
3.6 (m, 6H), 3.24 (t, J = 9.0 Hz, 1H), 2.4−2.5 (m, 1H), 2.20
(t, J = 7.0 Hz, 2H), 1.8−1.9 (m, 1H), 1.4−1.6 (m, 2H), 1.1−
1.3 (m, 4H), 0.79 (t, J = 7.0 Hz, 3H); 13C NMR (125 MHz,
D2O) δ 178.04, 100.44, 97.94, 83.55, 79.25, 72.92, 72.73,
72.12, 71.28, 71.10, 70.10, 68.15, 65.34,59.74, 54.99, 49.70,
48.23, 39.10, 35.73, 30.47, 27.68, 25.12, 21.65, 13.24. ESI/
APCI calcd for C34H68N5O10

+ [MH]+: 706.4966; measured m/
e: 706.4975.

Procedure for Antibacterial Assay. Antibacterial activity
of the compounds was tested against E. coli (ATCC25922),
S. aureus (ATCC25923), S. aureus MRSA (ATCC 33591), and
S. aureus MRSA (ATCC 43300). Bacteria were grown in
Lysogeny broth (LB) medium at 35 °C for 18 h before using
for the assay. The compounds (50 μL) with concentrations
from 512 to 0.25 μg/mL with 2-fold dilution were added in a
96 well plate. Then, 50 μL of bacterial growth with scattering
OD600 adjusted from 0.08 to 0.1 was added to each well with
the solution of the compounds and incubated at 35 °C for 18
h. Then, the minimum concentration of the compounds which
inhibits the growth of the bacteria to the visible clearance was
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recorded as the minimum inhibitory concentration of the
compound.
Procedure for Antifungal Assay. Antifungal activity of

the synthesized compounds was tested against Aspergillus
f lavus (human and plant pathogen), Fusarium graminearum B4-
5A (plant pathogen), Candida albicans 64124 (human
pathogen, azole resistant), C. albicans MYA2876 (human
pathogen, azole susceptible), Cryptococcus neoformans H99
(human pathogen), and Rhodotorula pilimanae, using vor-
iconazole as the control following the standard protocol.41,42

RPMI 1640 medium supplemented with 0.165 M 3-(N-
morpholino)propanesulfonic acid (MOPS; pH = 7.0) was used
for growing the fungi and during the assay of the compounds.
For Fusarium, 1 × 105 cells/mL and, for other fungal strains, 2
× 104 cells/mL cell confluence were used during the assay of
the compounds. The fungal cells were treated with the
compounds from 256 to 0.125 μg/mL with 2-fold dilution in a
96 well plate and incubated for 24 to 36 h. The concentration
of the compounds which inhibited the growth of the
compounds to clearance was considered as the minimum
concentration of the compounds.
Procedure for Membrane Permeabilization Study of

2b and 2g. Candida albicans MYA2876 cells were grown in
potato dextrose broth (PDB) at 28 °C for 48 h. Cells were
spun down at 10 000 rpm for 2 min in a Fisher Scientific
accuSpin Micro centrifuge at room temperature and
resuspended in water. Controls (cells only and cells treated
with sytox green) along with cells treated with 2b, 2g, and
sytox green in water were added to different wells of 96 well
plates (Costar 3925), maintaining a final volume of 200 μL and
cell confluence of 1 × 107 cells/mL. The final concentrations
of 2b and 2g were 8 μg/mL, and the final concentration of
sytox was 0.125 μM. Fluorescent intensity was measured every
2 min for 2 h with excitation wavelength of 485 nm and
emission wavelength of 528 nm in a Cytation 5 imaging reader.
The experiment was performed in triplicate. In this study, the
fluorescence intensity at 60 min was similar to the fluorescence
at 2 h, especially for the active compound 2g, so we did the
imaging of the cells treated with the compounds for 60 min in
the bright field and green channels.
Procedure for Kinetic Membrane Permeabilization

Study of 2i and 2j. The excitation and emission wavelengths
of 2j overlapped with the sytox green dye used in the
membrane permeabilization study of 2a and 2g. Therefore, we
used propidium iodide (PI), a red fluorescence dye, in this
study. Propidium iodide functions in the same way as sytox
green, with no or less fluorescence by itself (Figure 4) and an
increase in fluorescence upon binding to the nucleic acids
(reported in the manuscript). Candida albicans 64124 grown in
PDB medium was washed with water and treated with 2i and
2j in water maintaining a final concentration of compounds of
1× MIC (16 μg/mL for 2i and 64 μg/mL for 2j) and
propidium iodide of 2 μg/mL. Fluorescence intensity was
measured every 2 min for 2 h in a Cytation 5 imaging reader
with excitation wavelength of 538 nm and emission wavelength
of 617 nm. From this study, we see the increase in fluorescence
up to 2 h, especially for 2j, so we did the imaging of the cells
incubated for 2 h in the bright field and blue and red channels.
Procedure for the Fluorescence Imaging of Fungi.

Fusarium graminerum spores (1 × 105) were grown in PDB
medium at 28 °C for 18 h with gentle shaking. One mL of
fungi growth was washed twice with water by spinning down at
13 000 rpm for 5 min in a Fisher Scientific accuSpin Micro

centrifuge at room temperature and resuspended in 500 μL of
water. Then, 2i and 2j were added to the fungi (16 μg/mL for
2i and 32 μg/mL for 2j) and incubated at 37 °C for 5 and 60
min. After incubation, the cells were washed two times and
resuspended in water. Images were taken in blue (for 2i) and
green (for 2j) channels in a Cyatation 5 imaging reader using a
40× objective. Similarly, C. albicans 64124 and C. albicans
MYA were grown in PDB medium for 48 h at 28 °C with
gentle shaking. One mL of growth was washed with water
twice by spinning down at 10 000 rpm for 2 min in a Fisher
Scientific accuSpin Micro centrifuge at room temperature and
resuspended in the same volume of water. Then, the cells were
treated with 16 μg/mL of 2i and 32 μg/mL of 2j in water
maintaining the cell confluence at 1 × 107 in 1 mL and
incubated at 37 °C for 5 and 60 min. After incubation, cells
were washed with water two times and resuspended in the
same volume of water. The images of fungi treated with 2i
were taken in a Cyation 5 imaging reader in a blue channel
using a 40× objective, and the images of the 2j were taken in
an Olympus IX71 microscope in the green channel using a
100× oil immersion objective.

Procedure for the Assay of Reactive Oxygen Species
(ROS) Generation. Candida albicans MYA grown in potato
dextrose broth (PDB) medium was washed with water and
then treated with 1× MIC of 2f, 2g, 2i, K20, and 4 (Figure 3)
(8 μg/mL for 2f and 2g, 16 μg/mL for 2i and K20, and 4 μg/
mL for compound 4), 16 μg/mL of 2b, and only media
(control) in RPMI1640 and incubated for 3 h at 37 °C.
Compound 4, known to produce reactive oxygen species, was
used as the positive control.31,32 After incubation with
compounds, cells were washed with water twice, and then,
25 μM of DCF-DA dye dissolved in RPMI medium was added
and incubated for another 30 min at 37 °C. Then, the cells
were washed with water twice, and the fluorescence intensity of
the cells was measured in a Cytation 5 imaging reader with
excitation wavelength of 485 nm and emission wavelength of
525 nm.
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