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Gentamicin is a potent broad-spectrum aminoglycoside antibiotic
whose use is hampered by ototoxic side-effects. Hospital gentami-
cin is a mixture of five gentamicin C-subtypes and several impuri-
ties of various ranges of nonexact concentrations. We developed a
purification strategy enabling assaying of individual C-subtypes
and impurities for ototoxicity and antimicrobial activity. We found
that C-subtypes displayed broad and potent in vitro antimicrobial
activities comparable to the hospital gentamicin mixture. In con-
trast, they showed different degrees of ototoxicity in cochlear ex-
plants, with gentamicin C2b being the least and gentamicin C2 the
most ototoxic. Structure-activity relationships identified sites in the
C4'-C6’ region on ring | that reduced ototoxicity while preserving
antimicrobial activity, thus identifying targets for future drug design
and mechanisms for hair cell toxicity. Structure-activity relationship
data suggested and electrophysiological data showed that the
C-subtypes both bind and permeate the hair cell mechanotransducer
channel, with the stronger the binding the less ototoxic the com-
pound. Finally, both individual and reformulated mixtures of
C-subtypes demonstrated decreased ototoxicity while maintaining
antimicrobial activity, thereby serving as a proof-of-concept of drug
reformulation to minimizing ototoxicity of gentamicin in patients.
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Gentamicin is an aminoglycoside antibiotic with potent ac-
tivity against a broad spectrum of gram-positive and gram-
negative bacteria. Gentamicin is used to treat patients with sino-
pulmonary infections, particularly those with underlying cystic
fibrosis, complicated urinary tract infections, and also as an
empiric agent in neonates with signs of systemic infection (1-3).
However, its usage is severely restricted by its reversible neph-
rotoxic and irreversible ototoxic side-effects (4, 5). As the use of
gentamicin is expected to increase with the rising incidence of
antibiotic resistance, there is a pressing need to alleviate its side-
effects (6, 7).

The Micromonospora species of bacteria produce gentamicin
as a mixture, consisting of five structurally distinct C-subtypes
(C1, Cla, C2, C2a, C2b) (Fig. 1 4 and B) (8). In the United
States, the gentamicin mixture used in hospitals (hospital gen-
tamicin) consists of 10 to 35% Cla, 25 to 50% C1 and C2b, 25 to
55% C2 and C2a, and up to 10% impurities with no individual
impurity, consisting of more than 3% (9). In Europe, the ap-
proved mixture is comprised of 10 to 30% Cla, 25 to 45% Cl1,
and 35 to 55% as the sum of C2, C2a, and C2b (10). The clinical
significance of the mixture is unclear, and it is unknown whether
the breadth of antimicrobial activity stems from multiple com-
ponents. In other words, whether each component operates
across a narrower range of bacterial strains or species than the
mixture as a whole is unknown. For example, C1 is reported to
be equally effective as hospital gentamicin in treating urinary
tract infections, while causing less nephrotoxicity (11). In terms
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of ototoxicity, C2 is more toxic than Cla and C1; however, tox-
icity of other subtypes is less clear (12, 13). Thus, we currently
lack a comprehensive understanding of the ototoxicity and an-
timicrobial activity of each gentamicin component, including the
potential contribution of the impurities. These knowledge gaps
hinder the design of new drugs or formulations related to gen-
tamicin. Many previous studies have relied on commercially
available gentamicin components or purified compounds that
were incompletely validated (12-15). For example, gentamicin
B1 has been misidentified by the manufacturer to be the impurity
geneticin (G418). To date, a major obstacle is the lack of reliable
methods for isolating individual gentamicin components.

In bacteria, aminoglycosides inhibit protein synthesis by di-
rectly binding to a conserved region in the 30S ribosomal subunit
(16). In the inner ear, ototoxicity arises from the ability of ami-
noglycosides to permeate mechanotransducer (MET) channels
at the tips of sensory hair cells (17, 18). Both blockers of MET
channel and mutations causing defective MET channels are
protective against aminoglycoside ototoxicity (17-21). Moreover,
studies have shown that sisomicin, a gentamicin impurity,
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Fig. 1. Antimicrobial breadths and potencies of hospital gentamicin and its components. (4) Gentamicin C-subtypes are three-ringed structures, containing a
central 2-deoxystreptamine with an ammonium group on either side of the deoxy carbon and added at position 4 to ring |, and at position 6 to ring lll. (B) The
main components of gentamicin differ at the 5’ and 6’ position on ring |. These are termed gentamicin C2 (cyan), C2a (green), C1 (orange), C1a (blue), and C2b
(purple); colors used throughout. (C) The antimicrobial breadths of the C-subtypes relative to hospital gentamicin (Hos.), where breadth is defined as the
number of strains inhibited by the drug at MIC value < 4 pg/mL. The colors represent different species, the numbers in the columns refer to the number of
individual strains inhibited, where black = S. aureus (Sa), gray = E. coli (Ec), blue = K. pneumoniae (Kp), green = P. aeruginosa (Pa); colors used throughout.
Hospital gentamicin inhibits 35 of 40 strains tested, with the C-components inhibiting 31 to 35 strains. (D) The MIC values for all strains (diamond symbols) split
by species (10 each). The box indicates the 25 to 75 percentiles, asterisks indicate geometric means, dashed line indicates the 4 ug/mL cutoff for susceptibility
(*P < 0.05, **P < 0.01 Mann-Whitney U test). Gentamicin C1 is less potent than hospital gentamicin against S. aureus strains only (P < 0.05, Mann-Whitney U
test, n = 10). There are also some differences between the C-subtypes against S. aureus and P. aeruginosa strains. (E) The antimicrobial breadths of the
impurities relative to hospital gentamicin. Hospital gentamicin inhibits 35 of 40 strains tested, with the impurities gentamicin X, A, B, and G418 inhibiting 15
to 22 strains. The impurity sisomicin inhibited 35 of 40 strains. (F) The MIC values for all strains split by species. The impurities gentamicin X, A, B, and G418 are
all significantly less potent than hospital gentamicin (P < 0.05, Mann-Whitney U test). The impurity sisomicin was the same as the hospital gentamicin against
E. coli and K. pneumoniae (P > 0.05, Mann-Whitney U test), and was more potent than hospital gentamicin against S. aureus and P. aeruginosa (P < 0.05,
Mann-Whitney U test). S/ Appendix, Figs. S3 and S4 show individual strains for each drug. ***P < 0.001.

permeates the MET channel and that chemical modification of  currently unknown how the antimicrobial activity and ototoxicity
sisomicin diminished permeation through the MET channel, of the individual gentamicin subtypes relate to their ability to
leading to reduced ototoxicity in vitro and in vivo (22). It is permeate the MET channel.
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To determine whether specific properties of antimicrobial  hospital gentamicin mixture can be reformulated to reduce ototox-
activity and ototoxicity were ascribed to the individual constitu- icity while retaining antibacterial action.
ents, we developed a purification approach allowing investiga-
tion of each component of hospital gentamicin. We found that
the breadth and potency of antimicrobial activity for each of the
five C-subtypes was comparable to hospital gentamicin. The
C-subtypes displayed differences in ototoxicity in vitro, with C2b
being the least and C2 the most ototoxic. Moreover, C-subtypes
both acted as permeant blockers and bound the hair cell MET
channel, resulting in different degrees of MET channel blockage
that correlated with the severity of ototoxicity. Structure—activity
relationships identified sites at the C4’-C6’ region of ring I
governing ototoxicity with minimal effects on antimicrobial action.
Finally, reformulations containing C2b alone or in combination
with other C-subtypes reduced ototoxicity while maintaining anti-
microbial breadth and potency, providing proof-of-concept that the

Results

Purifying Individual Gentamicin C-Subtypes from Mixtures. Genta-
micin is a mixture of three-ringed compounds consisting of five
main subtypes and over 20 impurities (Fig. 14) (23-25). The
C-subtypes (C1, Cla, C2, C2a, and C2b) are required to make
up >90% of hospital gentamicin for clinical application (Fig. 1B)
(9). The biosynthetic pathway for the gentamicin C-subtypes is
known (SI Appendix, Fig. S14) and the specific complement of
components in any mixture is dictated by the bacteria and the
conditions in which they are grown (26-28).

The C-subtypes of gentamicin differ in the C6’ positions on
ring I (Fig. 1 A and B). The relatively minor structural differ-
ences between the C-subtypes are determined by the presence or
absence of methyl groups on N6’ and C6’ and the relative

A @_,—»lj}—»[ﬂ—»li]—» 3 > ) —>r_\_

PS5 Rat Cochlea 1hr 48hrs Immuno Imaging Dose
Cochlea on pin Drug No Drug histochemistry ROI Response
B & Undamaged 200pM Sisomicin
=3
3
>
S
.

C D T T
1.04# —— e aan
1200+ *
_ 0.8 BE
E 1000+
%0.6- g s00{ .
& 0.44c2b (2= 0.99) 2 500 "
T Cla (2 = 0.99) 3
O golci (=095 w4004 B
C2a (2= 0.97)
0.0{c2 =097 200+
"~ |Hos (r2 = 0.99) 0
%0 1000 & N N, n? a9
Drug (uM) e S e
E F G
1.0 8001
E 08" & kk 5.
> __ 6001 € 4
S 061 = B
a 2 £ 3
O 0.4- g 4001 &
% O S 2
0.2- = =
G418 200+ T 1;
Sis (r* = 0.99)
0.0 Hos (2 = 0.99) " 0=
100 1000 o 5P & & RF
Drug (uM) TE S

Fig. 2. Components of hospital gentamicin have different degrees of ototoxicity. (A) Schematic of the experimental method using cochlear explants from P5
rats to study ototoxicity. ROI, region of interest. (B) Representative images of the midapical turn of undamaged and sisomicin-damaged cochlear tissues
showing inner hair cells (IHC) and three rows of outer hair cells (OHC) (Scale bar, 25 um.) (C) Dose-responses of the C-subtypes and hospital gentamicin (red)
and OHC survival in the midapical region of the cochlea. Data are shown as mean + SD, n = 5 to 16 for each data point (S/ Appendix, Table S3). Hill function
best fits were used for each dataset and were used to derive ECsos and Hill coefficient values. (D) Relative to hospital gentamicin (Hos), C2 is more and C2b is
less ototoxic (P < 0.05, F-test; ECso + SE, C2 =403 + 23 pM, Hos. = 563 + 28 uM, C2b = 1,130 + 22 pM). (E) Dose-responses of the impurities (sisomicin and G418)
and hospital gentamicin. A biphasic function was used to fit the G418 dose-response results. (F) Sisomicin (Sis) is more ototoxic than the hospital gentamicin
(P < 0.05, F-test, n = 8 to 60; Sis. = 199 + 17 pM, Hos. = 563 + 28 pM. (G) Hospital gentamicin has a lower Hill coefficient than the individual components
(excluding G418) (P < 0.05, F-test, n = 8 to 60), global fit used for sisomicin and the C-subtypes. *P < 0.05, **P < 0.01, ***P < 0.001.
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stereochemistry of the C6’-methyl, rendering C-subtype separa-
tion technically challenging, particularly between C2, C2a, and
C2b. Unlike prior studies using only one starting material, we
took a unique approach by examining the natural separation of
gentamicin mixtures that occurs simply based on the different
strains of bacteria from which the compounds were synthesized.

and the mass spectral fragmentation patterns, which give dif-
fering molecular weight according to the presence or absence of
methyl groups in ring I (SI Appendix, Fig. S2 and Table S2).

Gentamicin C-Subtypes Have Similar Antimicrobial Activity to
Hospital Gentamicin. The antimicrobial activity of the C-subtypes

Variation occurs based on different Micromonospora strains and
growth conditions employed during manufacturing (SI Appendix,
Fig. S14) (24, 28). We compared the composition of gentamicin
from five commercial vendors using high-performance liquid
chromatography (HPLC) (SI Appendix, Fig. S1B). The five
gentamicin C-subtypes were purified from vendors B and E be-
cause these lots had the largest quantities of C1, Cla, C2, C2a,
and C2b (see methods for purification details in SI Appendix).
The identity of each subtype is confirmed using HPLC (SI Ap-
pendix, Fig. S1C) by matching the known NMRs (which indicate
the presence or absence of methyl groups) to those we obtained,

was compared to a single bottle of hospital gentamicin (Fresenius
Kabi, Cat #401896G) purchased from Stanford Hospital. This
bottle is referred to as “hospital gentamicin” hereon. Using a
microbroth dilution assay, 10 different strains each from 4 dif-
ferent species of bacteria—Escherichia coli, Klebsiella pneumoniae,
Pseudomonas aeruginosa, and Staphylococcus aureus—were tested
by the Clinical Microbiology Institute (Oregon, United States).
The breadth of coverage, measured as the number of strains with
minimum inhibitory concentration (MIC) < 4 ug/mL, and the
potency (the MIC value for each bacterial strain) were compared
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Fig. 3. Structure-activity relationships between gentamicin subtypes: Ototoxicity and antimicrobial activity. (A) Sisomicin and Cla differ at the 4’ and 5’
position. (B) C4'-5’ saturation alters ototoxicity. Sisomicin has a lower ECsq than C1a (P < 0.05, F-test, n = 8 to 60; Sis. = 199 + 17 uM, Cla = 821 + 24 uM). (C).
Sisomicin and C1a have similar antimicrobial breadths (35 vs. 34 stains). (D) There is no difference in potency between sisomicin and C1a (P > 0.05, Mann-
Whitney U test, all strains). (E) Gentamicin C2 and C2a are epimers at the C6’ position. (F) C2 is more ototoxic than C2a (P < 0.05, F-test, n =7 to 16; C2 =403 +
23 uM, C2a = 656 + 36 pM). (G) C2 and C2a have similar antimicrobial breadths (35 vs. 32 strains). (H) C2 and C2a show no difference in antimicrobial potency
(P > 0.05, Mann-Whitney U test, all strains). (/) Gentamicin C1a and C2b differ at the N6’ site. (J) C1a has a lower ECso than C2b (P < 0.05, F-test, n = 8; C2b =
1,130 + 22 pM, Cla = 821 + 24 uM). (K) Cla and C2b have similar antimicrobial breadths (34 vs. 32 strains). (L) There is a detectable difference in potency
between Cla and C2b (P < 0.05, Mann-Whitney U test, all strains). Fig. 2 shows this is related to P. aeruginosa strains. (M) Gentamicin C2 and C1 differ at the
N6’ position. (N) C2 has a lower ECso than C1 (P < 0.05, F-test, n = 8; C2 = 403 + 23 pM, C1 =728 + 59 pM). (O) C2 has a slightly higher breadth than C1 (four
strains). (P) C2 is more potent than C1 (P < 0.05, Mann-Whitney U test, all strains). Fig. 1 shows breakdown by species for all compounds. *P < 0.05, n.d., no
difference.
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(29). The <4 pg/mL value is the recommended cutoff for clinical
susceptibility (29).

Each C-subtype had similar breadth to hospital gentamicin,
with the hospital gentamicin inhibiting growth of 35 of 40 strains
and each C-subtype inhibiting growth in 31 to 35 strains (Fig. 1C).
The strains inhibited are similar across C-subtypes (SI Appendix,
Fig. S3). Thus, the mixture of compounds found in the hospital
gentamicin is not necessary for its broad-spectrum activity. These
data suggest that a single C-subtype might be used therapeutically
or as the starting material for new antibiotic development.

We next examined antimicrobial potency by assessing MIC
values and found that most C-subtypes (Cla, C2, C2a, and C2b)
were not significantly different from hospital gentamicin across
all four species tested (Fig. 1D). Gentamicin C1 was comparable
to hospital gentamicin against E. coli, K. pneumoniae, and P.
aeruginosa, but showed slightly higher MICs against S. aureus
strains (P < 0.05, Mann—Whitney U test, n = 10 strains). Small
differences were also observed between the C-subtypes, with Cla
showing lower MIC values than C1 against S. aureus and P.
aeruginosa strains (P < 0.05, Mann-Whitney U test, n > 8 strains
per species). Since the differences in MICs were small and sig-
nificantly below 4 pg/mL for three of the four strains tested
(Fig. 1D), these differences are unlikely to be clinically signifi-
cant. In support of this interpretation, C1 has been used alone
clinically as an antimicrobial agent (5, 11). Taken together, these
data further suggest that the breadth and potency of the hospital
gentamicin are not derived from being a mixture.

Most Impurities Display Inferior Antimicrobial Activities Relative to
Hospital Gentamicin. Hospital gentamicin contains several impu-
rities (e.g., sisomicin, G418, gentamicin A, B, and X), which
account for <10% of the mixture, each comprising <3% (9). We
compared the antimicrobial activities of commercially obtained
impurities (SI Appendix, Table S1). Impurity composition was
confirmed using NMR (81 Appendix, Fig. S2 and Table S2) except
for gentamicin X, where there was limited compound.

The antimicrobial activity of five impurities was compared to
the hospital gentamicin (Fig. 1E). Four impurities (G418, gen-
tamicin A, B, and X) displayed lower breadths than the hospital
gentamicin. Each strain inhibited by these impurities was also
inhibited by the C-subtypes, suggesting that these impurities are
unlikely to increase the breadth of the hospital gentamicin
mixture (SI Appendix, Fig. S4). Unlike the other impurities,
sisomicin has the same antimicrobial breadth as the hospital
gentamicin (Fig. 1F). Among the 35 species inhibited by hospital
gentamicin, 33 were inhibited by both sisomicin and hospital
gentamicin. Notably, sisomicin was effective against one
multidrug-resistant P. aeruginosa strain against which neither the
C-subtypes nor the hospital gentamicin inhibited (S Appendix,
Fig. S4). Given the MIC value of sisomicin for this specific strain
was 4 pg/mlL, and that sisomicin can only make up 3% of hospital
gentamicin, it is unlikely to contribute to the antimicrobial
breadth of hospital gentamicin. Additionally, hospital gentamicin
and the C-subtypes were effective against one K. pneumoniae
isolate against which sisomicin was not (S Appendix, Fig. S4). As
expected, the four impurities showing lower breadth (G418,
gentamicin A, B, and X) were also significantly less potent than
hospital gentamicin (P < 0.05, Mann-Whitney U test, n > 8
strains) (Fig. 1F). In contrast, sisomicin was more potent than
hospital gentamicin against S. aureus and P. aeruginosa (P < 0.05,
Mann-Whitney U test, n > 8 strains) (Fig. 1F). Collectively, the
impurities were less broad and potent than hospital gentamicin
and are unlikely to contribute to the antimicrobial breadth and
potency of the hospital gentamicin mixture.

Subtypes of Gentamicin Have Different Degrees of Ototoxicity.

Sensory hair cells in the cochlea are selectively targeted by
aminoglycosides due to the characteristics of the hair cell MET

O’Sullivan et al.

channel, which allows for drug entry and subsequent cell death
(17, 18, 30). We examined the toxicity of C-subtypes and impu-
rities on rat cochlear hair cells using an in vitro damage model
(Fig. 2 A and B) (31). Data points for each drug were fitted with
Hill functions from which ECsys and Hill coefficients were de-
rived. In comparison to hospital gentamicin, C2 is more ototoxic
and C2b is less ototoxic (P < 0.05, F-test, n = 7 to 16 cochleae)
(Fig. 2C and SI Appendix, Table S3), while C1, Cla, and C2a
were not significantly different (P > 0.05, F-test, n = 5 to 8).
Overall, C2 has the lowest and C2b the highest ECs, values
(Fig. 2D). As ototoxicity and antimicrobial activity do not di-
rectly correlate for C-subtypes, we postulate that it is possible to
reformulate hospital gentamicin with less ototoxic components
without altering antimicrobial activity.

Of the two impurities tested, sisomicin was more ototoxic than
hospital gentamicin (P < 0.05, F-test, n = 8 to 60) (Fig. 2 E and
F). G418 was also ototoxic at lower doses, but in contrast to all
other drugs tested it showed a biphasic dose-response (Fig. 2E).
It is possible that the ototoxicity at lower doses of hospital
gentamicin is attributed to sisomicin and G418 since they are
more toxic than gentamicin C-subtypes. Since some impurities
were more ototoxic and showed inferior antimicrobial activity
relative to hospital gentamicin (Fig. 2F), we hypothesize that a
gentamicin mixture without impurities may be less ototoxic and
may have unimpaired antimicrobial activity. This idea is further
supported by analysis of the hospital gentamicin ototoxicity
dose-response curve, which has a smaller Hill coefficient
(Fig. 2G) than the individual components. The smaller Hill co-
efficient is likely due to the difference in ECsos between the
components.

Structure—Activity Relationships of Gentamicin C-Subtypes. Thus far,
data suggest that antimicrobial activity is comparable across
hospital gentamicin constituents (C-subtypes and sisomicin im-
purity), but that there are differences in ototoxicity. Here, we
analyze the individual differences between these components,
and identify four structure—activity relationships for both oto-
toxicity and antimicrobial activity (Fig. 3).

Sisomicin has a double bond at the C4’-C5’ position that Cla
lacks (Fig. 34). This chemical difference led to a twofold in-
crease in the ECs for ototoxicity (Fig. 3B) (P < 0.05, F-test, n =
5 to 8; sisomicin = 199 + 17 pM, Cla = 821 + 24 pM), with no
difference between the Hill coefficients (global fit, = > 0.95).
However, this difference did not alter antimicrobial activity, as
both Cla and sisomicin have comparable breadth (35 vs. 34
strains) and potency (P > 0.05, Mann—Whitney U test, all strains)
(Fig. 3 C and D and SI Appendix, Figs. S3 and S4). Data suggest
that the presence of a double bond leads to differential ototox-
icity but not antimicrobial activity. Structurally, the double bond
alters the conformation of ring I from a chair to a more flattened
conformation (32). There is a slight increase in the pK, of the
N6’ amine but one unlikely to alter the relative charge. Given
that aminoglycosides are permeant blockers that enter the MET
channel based on a function of drug size and charge, one would
not expect this structural change to cause significant differences
in their ability to permeate and block the MET channel (33). We
thus hypothesize that the changes in ototoxicity are caused by
other factors that impact channel permeation or differential
toxicity inside the hair cell.

Gentamicin C2 and C2a are isomers where the primary amine
and methyl orientation around C5’ differs (Fig. 3E). This chiral
difference alters ototoxicity, with gentamicin C2 being 50% more
ototoxic than C2a (Fig. 3F) (P < 0.05, F-test, n =5 to 8; C2 =
403 + 23 pM, C2a = 656 + 36 pM). Chirality had no detectable
effect on the Hill coefficient values (global fit, * > 0.95). In
bacteria, the chiral difference between C2 and C2a had little
effect on antimicrobial breadth (35 vs. 32 strains) (Fig. 3G and S
Appendix, Figs. S3 and S4). In addition, no significant effect on
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antimicrobial potency was identified (P > 0.05, Mann—Whitney U
test, all strains) (Fig. 3H). As before, since there are no differ-
ences in size or charge between C2 and C2a, the difference in
ototoxicity likely arises from factors other than their properties
as permeant blockers of the MET channel or by a mechanism of
intracellular toxicity.

The third structure—activity relationship we investigated is be-
tween Cla and C2b, which is distinguished by N6’ methylation
(Fig. 3I). Gentamicin C2b N6’ methylation results in decreased
ototoxicity relative to Cla (P < 0.05, F-test, n = 5 to 8; C2b =
1,130 + 22 pM, Cla = 821 + 24 pM) (Fig. 3/). The N6’ methylation
had no effect on the Hill coefficients (global fit, 7 > 0.95) (Fig. 3K).
This structural difference had little effect on antimicrobial breadth
(34 vs. 32 strains) (Fig. 3K and SI Appendix, Fig. S3) and led to a
small difference in potency, mainly in the P. aeruginosa species
(both <4 pg/mL) (Figs. 1D and 3L). The N6’ methylation results in
a secondary amine with a slightly reduced pK,, which is unlikely to
significantly alter charge. It is plausible that the reduced ototoxicity
is a function of the amine being shielded, implying that the com-
pound is interacting directly with the MET channel.

A fourth structure—activity relationship investigated was be-
tween Cl and C2 (Fig. 3M), where again the difference is the
presence of N6’ methylation in C1. Consistent with the previous
comparison between Cla and C2b, N6’ methylation reduced
ototoxicity (Fig. 3N) (P < 0.05, F-test, C2 = 402 + 23 pM, C1 =
748 + 59 pM). It also had a limited effect on antimicrobial ac-
tivity, a small reduction in breadth (35 vs. 31 strains) and potency
(Fig. 3 O and P) (P < 0.05, Mann—Whitney U test, all strains).
Given the similar effects of N6’ methylation on C1 and C2b in
alleviating ototoxicity with minimal effects on antimicrobial ef-
ficacy, this represents a candidate site for further modification to
reduce ototoxicity. As above, these data could similarly argue for
an effect on permeation of the MET channel resulting from the
drug binding to the channel while traversing.

Gentamicin Subtypes Binding the MET Channel Are Otoprotective.
Impeding aminoglycoside uptake via the hair cell MET chan-
nel decreases ototoxicity (17, 19, 22). Aminoglycosides are tra-
ditionally considered permeant blockers of the MET channel as
they prevent current flow, particularly at negative potentials
across the hair cell membrane (30, 33). At positive potentials
when the driving force across the channel is less, no or minimal
current blockage is expected as drugs are driven away from the
channel. In addition, factors that hinder drug passage through
the MET channel, such as a decrease in charge and increase in
size, predictively increase the extent of MET channel block by
classic permeant blockers, including gentamicin (33). As noted
previously, we detected changes in ototoxicity among gentamicin
C-subtypes that are unaccounted for based on minimal changes in
charge and size, such that a simple permeant blocking model in-
completely describes the mechanism of decreased ototoxicity. To
explore the possibility of alternative factors altering MET channel
permeation by gentamicin C-subtypes, we used whole-cell voltage-
clamp recordings from outer hair cells in postnatal day (P) 7 to 10
rat cochlea.

A protocol that elicited the total MET current by using a strong
positive and negative hair bundle deflection (AX) (Fig. 44) was
coupled with a series of voltage steps between —140 and +140 mV
(AV) (Fig. 44). The control current responses are presented in
Fig. 44 after having the non-MET currents subtracted. Mea-
surements in the presence of either 1 mM sisomicin or gentamicin
C2b (the most- and least-ototoxic gentamicin constituents, re-
spectively) demonstrated a large reduction of inward MET current
with considerably less reduction of the outward MET current
(Fig. 44). Even at this these high concentrations, the current was
not completely blocked by either drug. Moreover, the block
appeared reduced at more depolarized, negative potentials
(Fig. 4B), which is unexpected for a permeant channel blocker
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because the reduced driving force should be less effective at
moving the drug through the channel, thereby resulting in more
blockage. These data suggest that neither C2b nor sisomicin be-
haved only as permeant blockers of the MET channel.

We next generated voltage—current relationships for the five
gentamicin C-subtypes and sisomicin and found a reduced block
at more negative potentials and a greater block at higher doses
(Fig. 4C and SI Appendix, Fig. S54). Inspection of the 100- and
300-uM dosages shows an unexpected flattening of the response
between —100 and —20 mV, where the channel block is reduced
rather than enhanced by the reduced driving force. To further
characterize this unusual response, we plotted the ratio of the
current in the presence of the drug over the control current at
each potential and dose for each drug tested (Fig. 4D and S/
Appendix, Fig. S5B). As expected, the channel block was reduced
between —100 and 0 mV, which were potentials more negative
than predicted for a permeant blocker. These data suggest that a
larger than expected driving force is required to move compounds
into the channel vestibule or, alternatively, a voltage-dependent
interaction between the compounds and the channel (34). Im-
portantly, dose-response curves made at negative potentials likely
do not reflect the true permeation of the channel.

Permeant blockers typically display lower half-blocking doses
for the MET channel at more negative, depolarizing voltages. As
a group, gentamicin C-subtypes and sisomicin displayed half-
blocking doses for the MET channel that increase with depo-
larization (Fig. 4E). This relationship further supports the con-
cept that C-subtypes and sisomicin are not behaving only as
traditional permeant blockers. We next compared the ability of
C-subtypes and sisomicin to block MET channels to their in vitro
ototoxicity. At both —140 and —20 mV, the half-maximum (Ky)
of MET channel block correlated well with ototoxicity for all
gentamicin C-subtypes (Fig. 4 F and G). However, at —140mV,
sisomicin was considerably more toxic than its blocking efficacy
suggests, but its K4 of MET channel block correlated with oto-
toxicity at —20 mV (Fig. 4G). However, the variance of different
components was quite high likely because of the smaller current
amplitudes (Fig. 4G).

The hypothesis that gentamicin C-subtypes and sisomicin bind
to the MET channel was further investigated by exploring MET
currents in the presence of drugs at positive potentials. Permeant
blockers are expected to not block the channel when presented
from the outside at positive potentials because they will be
electrically driven away from the channel. Comparison between
sisomicin and C2b showed that the results were more complex:
the sisomicin block was mostly but not completely relieved, while
C2b maintained a strong block at positive potentials (Fig. 44).
Among the compounds tested, sisomicin showed the most and
C2b the least complete loss of block at positive potentials
(Fig. 4C and SI Appendix, Fig. S5A). Indeed, the apparent block
was not removed, but often increased at positive potentials
(Fig. 4D and SI Appendix, Fig. S5B). Given our primary interest
is in determining the relationship between drug interactions and
ototoxicity, we examined the maximal drug block at +140 mV
against the Ky of ototoxicity (Fig. 4H) and found a clear positive
correlation.

Reformulating Gentamicin to Reduce Ototoxicity. Because of the
differences in ototoxicity (Fig. 2) but minimal differences in
antimicrobial breadth or potency among the C-subtypes (Fig. 1),
we postulate that it is possible to reformulate the gentamicin
mixture to minimize ototoxicity and preserve antimicrobial ac-
tions. To do this, we prepared a reference mixture consisting of a
defined composition of C-subtypes devoid of impurities (mix 1)
(Fig. 54). Mix 1 consisted of 53% C1, 24% Cla, 15% C2, 6%
C2a, and 2% C2b, where the mixture totals 100% of C-subtypes
only. A similar ratio of C-subtypes is found in hospital genta-
micin plus an additional 10% impurities. Comparing mix 1 (no
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Fig. 4. Components of hospital gentamicin bind and block the hair cell MET channel. (A, Upper) The timing of the voltage steps (AV) and mechanical stimulus
(AX) used to evoke maximal MET currents. (Lower) Control currents are showed in (Left) with responses in the presence of sisomicin or gentamicin C2b
presented Center and Right, respectively. The currents shown are net mechanosensitive currents where color indicates voltage step. (B) Negative potential
responses in the presence of sisomicin (Upper) and gentamicin C2b (Lower, both 1 mM). (C) Summary voltage (mV)-current (nA) plots for sisomicin and
gentamicin 2b, where color denotes drug concentration as indicated. Data from C were used to identify half-blocking drug concentrations used for plots in
E-G. Data from C were also used to generate plots of drug block of MET channel normalized at each voltage (D). (D) Data were derived from the corre-
sponding plot in (C and S/ Appendix, Fig. S5A) for each drug. (E) Plots showing membrane potential against the half blocking dose, derived from the data in C
and S/ Appendix, Fig. S5A, of each tested aminoglycoside as indicated by the color code. (F) Plots showing the half-blocking concentration obtained
at —140 mV against the K for ototoxicity obtained in Fig. 3. (G) Plots showing half-blocking dose at —20 mV against the ototoxicity Kq4. (H) The maximal block

at +140 mV against the ototoxicity K4 at 1 mM. n = 8 for each drug.

impurities) to hospital gentamicin (Fig. 5B) revealed no differ-
ence in ototoxicity (P > 0.05, F-test, n = 5 to 8, hospital genta-
micin = 562 + 28 pM, mix 1 = 673 + 19 uM) but a difference in
Hill coefficients (* = 0.88 when the same fit was used, cutoff /* >
0.95). Given that the lower Hill coefficient is driven by increased
toxicity at lower doses, we ascribe this change to the loss of
impurities, as only sisomicin and G418 were toxic at these lower
doses (Fig. 2E). In support of this interpretation, gentamicin
C-subtypes have higher Hill coefficients than hospital gentamicin
(Fig. 2G). Removal of the impurities had little effect on anti-
microbial activity, reducing breadth (Fig. 5C) by just one K.
pneumoniae strain and no differences in potency (Fig. 5D) (P >
0.05, Mann-Whitney U test, all strains). Thus, removing the
impurities increases the therapeutic window between ototoxicity
and antimicrobial activity.

To further explore reformulation, we removed C2 as it was the
most ototoxic C-subtype that provides no additional antimicro-
bial activity (SI Appendix, Figs. S3 and S4). In addition, we re-
moved Cl1, which is the most abundant component contained in
hospital gentamicin bottles and yet the least antimicrobial
component with comparable ototoxicity (SI Appendix, Figs. S3
and S4) (24). Both components were replaced by C2b because it
was the least ototoxic component but retained antimicrobial
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activity. Termed mix 2, we compared ototoxicity and antimicrobial
activity to mix 1 (a hospital formulation without impurities). Relative
to mix 1, mix 2 is less ototoxic (Fig. 5 E and F) (P < 0.05, F-test, n = §,
mix 1 =673 + 19 pM, mix 2 = 1,229 + 44 pM). Mix 2 also demon-
strated comparable antimicrobial breadth and potency (Fig. 5 G and
H) (P > 0.05, Mann-Whitney U test, all strains). Thus, these data
demonstrate that hospital gentamicin can be reformulated to reduce
ototoxicity while retaining antimicrobial breadth and potency.

A final question addressed is whether the mix 2 provides added
value over an individual C-subtype. We compared mix 2 to its major
component C2b and found that ototoxicity is comparable (Fig. 5I)
(P > 0.05, F-test, n = 8; C2b = 1,130 + 22 pM, mix 2 = 1,229 +
44 uM). Even though all of the other subtypes in mix 2 are more
toxic than C2b at comparable concentrations, no difference in
ototoxicity was detectable between mix 2 and C2b. Antimicrobial
breadth was comparable, and potency was slightly better for mix 2
(P < 0.05, Mann—Whitney U test, all strains) (SI Appendix, Fig. S6).
These data further support the concept that reformulating the hospital
gentamicin can yield a less ototoxic aminoglycoside antibiotic.

Discussion
Gentamicin is a broad-spectrum aminoglycoside antibiotic mix-
ture that is associated with ototoxicity and nephrotoxicity (3, 5).
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Fig. 5. Reformulations of hospital gentamicin showing reduced ototoxicity with unimpaired antimicrobial activities. (A) A formulation of individual
C-subtypes without impurities (mix 1). The percentage composition of this mixture was 53% C1, 24% Cla, 15% C2, 6% C2a, and 2% C2b. (B) There is no
difference between the ECs, of hospital gentamicin and mix 1 (P > 0.05, F-Test, n = 8; mix 1 = 673 + 19 uM, Hos. = 563 + 28 pM). The Hill coefficient for
hospital gentamicin and mix 1 are significantly different (P < 0.05, F-test). (C) Mix 1 and hospital gentamicin have comparable breadths (one strain difference).
(D) There is no difference in potency between mix 1 and hospital gentamicin (P > 0.05, Mann-Whitney U test, all strains). (E) A formulation of C-subtypes,
where C1 and C2 was replaced with C2b (mix 2). (F) The ECso of mix 1 is lower than mix 2 (P < 0.05, F-test, n = 8; mix 1 =673 + 19 pM, mix 2 = 1,229 + 44 pM).
(G) There is no difference in breadth between mix 1 and mix 2. (H) There is no detectable difference in potency between mix 1 and mix 2 (P > 0.05,
Mann-Whitney U test, all strains). (/) Next, we compared gentamicin C2b and mix 2. There is no difference in ototoxicity between C2b and mix 2 (P > 0.05,
F-test, C2b = 1,130 + 22 pM, mix 2 = 1,229 + 44 uM). (J) There is a one-strain difference in breadth between mix 2 and C2b. (K) There is a small difference in
potency between mix 2 and C2b (P < 0.05, Mann-Whitney U test, all strains). See S/ Appendix, Fig. S6 for the breakdown by species. *P < 0.05, n.d., no

difference.

These side-effects are common to most aminoglycosides, limiting
the use of this class of antibiotics. The ultimate goal of this work is
to alleviate ototoxicity in order to maximize the usability of these
potent antibiotics. Developing a purification approach that takes
advantage of the variance in gentamicin composition allowed for
the characterization of the individual components. First, we found
that antimicrobial activity is not derived from the mixture or its
impurities, but from the individual C-subtypes. A range of oto-
toxicity was found among C-subtypes that was independent of
antimicrobial activity, and removal of the impurities produced a
less ototoxic mixture while preserving antimicrobial activity. As the
least ototoxic C-subtype, gentamicin C2b represents a less toxic
alternative to hospital gentamicin, and also a candidate compound
for further modifications for drug development. Moreover,
structure—activity relationships reveal that four different modifi-
cations of the C4'-C6’ region of ring I underlie decreases in oto-
toxicity without affecting antimicrobial activity. Finally, these
structural changes limited penetration of C-subtypes through the
hair cell MET channel, likely via direct binding to the channel,
resulting in reduced hair cell toxicity. Collectively, these results
provide proof-of-concept of reducing ototoxicity and preserving
antimicrobial function of aminoglycosides.
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Minimal Variations in Antimicrobial Activity. Among the gentamicin
C-subtypes, we observed small differences in potency (e.g., C1 is
less potent than Cla); however, these are unlikely to be clinically
significant given their MIC values were well below 4 pg/mL for
most species. Consistent with this interpretation, treatment with
C1 alone appeared equally efficacious as hospital gentamicin in
treating infection in patients, implying that the small differences
in MIC values below 4 pg/mL are unlikely to reduce their clinical
value (5, 11). In terms of mechanisms accounting for the dif-
ferences in potency between C1 and Cla, while it is not known if
gentamicin C-subtypes similarly enter and bind to intracellular
targets, our observation that C1 is less potent than Cla is con-
sistent with kinetic bacterial ribosome binding data (35). Previ-
ous ribosomal data show that C1 has a lower affinity for the
intracellular bacterial ribosomal binding site than Cla (35).
However, it remains an open question if all C-subtypes and im-
purities bind to the ribosome in the same manner, and to what
extent ribosome binding and cellular entry are responsible for
the differences we detected in antimicrobial activity.

With the exception of sisomicin, all of the impurities had re-
duced breadth of activity (e.g., gentamicin A, B, X, and G418),
resulting from a >10-fold decrease in potency across all species
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(Fig. 1). Thus, it is unlikely that impurities in hospital gentamicin
provide any positive antimicrobial value. Furthermore, since the
impurities are more ototoxic and removal increases the thera-
peutic window in vitro, our data imply that that removing the
impurities could reduce ototoxicity. Notably, the concentration of
impurities (10%) allowed in hospital gentamicin is high relative to
newer drugs on the market where the maximum is 1% (36). While
X-ray crystallography data recently showed that sisomicin interacts
with the decoding center of bacterial ribosomes, whether genta-
micin C-subtypes show similar interactions remains unclear (35,
37, 38). Future experiments to delineate this relationship can
further enhance our understanding of the structure—activity rela-
tionships between gentamicin structure and ribosomal binding,
which is necessary for antimicrobial activity.

Variations in Ototoxicity. Previous in vitro and in vivo studies have
reported that commercially available gentamicin C-subtypes display
different levels of ototoxicity (12, 13, 15). To ensure purity, we de-
veloped an approach to isolate gentamicin C-subtypes in order to
perform a comprehensive assessment, showing that gentamicin C2b is
the least ototoxic C-subtype and is 50% less toxic than hospital gen-
tamicin. C2b maintains antimicrobial breadth and potency relative to
hospital gentamicin and so may be a viable, less toxic alternative to the
current hospital formulation. Further in vivo testing as well as inves-
tigations of nephrotoxicity are needed for this potential alternative.

Data further demonstrated that gentamicin C2 was 50% more
ototoxic than hospital gentamicin and can be removed without
loss of antimicrobial activity. The impurities sisomicin and G418,
and gentamicin C2, are more ototoxic than either hospital gen-
tamicin or the other components alone. Finally, we showed that
replacing both C1 for its slightly lower antimicrobial activity and
C2 because of its enhanced ototoxicity with the C2b component
reduced ototoxicity while maintaining antimicrobial activity.
These data underscore the potential to make safer alternatives to
the existing formulation of hospital gentamicin; notably some of
these changes could be made within existing regulations since
ranges of the C-subtypes are permitted (9).

Structure-Activity Relationship of Gentamicin C-Subtypes and
Sisomicin. Aminoglycoside ototoxicity arises from drug entering
hair cells via the MET channel and causing dysfunction (17). The
structural differences among gentamicin C-subtypes and siso-
micin allowed for four distinct structure—activity relationships to
be investigated. A comparison of Cla with sisomicin isolates the
double bond in ring 1, which flattens the conformation of this
ring minimal change in charge distribution. The presence of the
double bond decreases the ability of N6’ to form hydrogen bonds
internally, and thus more able to interact externally. The pres-
ence of the double bond did not alter antimicrobial activity but,
surprisingly, greatly increased ototoxicity in a manner suggestive
of altered interaction with the MET channel. A second com-
parison between C2 and C2a provided a stereochemistry change
that reduces ototoxicity for C2a. Surprisingly, these data suggest
an interaction between the drug and the MET channel that is
more complex than a simple permeant channel blocker might
imply. The final two comparisons are of N6’ methylation and
both resulted in decreased ototoxicity with little effect on anti-
microbial activity. These structure—activity relationship data
collectively underscore structural changes in the C4’-6’ region on
ring 1 markedly reduced ototoxicity without significantly affect-
ing the size or charge of the aminoglycoside compound. In
support of this structure—activity relationship, plazomicin and
propylamicin are both potent aminoglycosides modified in the
C4’-C6’ region displaying less ototoxicity (39, 40). Plazomicin is
less ototoxic than gentamicin in vitro and in vivo, yet remains an
effective antimicrobial (40, 41).

In recent years, relationships between intracellular cytosolic and
mitochondrial aminoglycoside ribosome-binding and ototoxicity
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have garnered attention (42-44). Upstream of these intracellular
events, aminoglycoside entry into the hair cell via the MET
channel is required for toxicity resulting in cell death (17, 19).
Aminoglycosides are traditionally viewed as permeant blockers of
the MET channel whose transport is directly affected by size and
charge. Since the gentamicin C-subtypes and sisomicin do not
significantly differ in terms of size or charge, the structure activity
data were not simply accounted for by the permeant blocker
model; we thus hypothesize an alternative model of drug-MET
channel interaction (i.e., drug-channel binding).

An alternative model is supported as the current voltage plots
show unusual behavior by gentamicin C-subtypes and sisomicin
at several levels (Fig. 4). First, the hair cell MET channel block is
reduced as when the membrane potential is varied between —140
and —20 mV, opposite to what is predicted by the driving force
simply affecting a permeant blocker. Second, the hair cell MET
channel block increases between +20 and 140 mV, again counter
to responses typical of a permeant blocker, where the block
should be relieved or absent at positive potentials as drug per-
meation is unlikely to take place under these conditions. The
voltage dependence of the block has multiple interpretations,
including the concept that charge and size are not the only
variables impacting permeation but that compounds may bind to
the MET channel and thereby limit permeation. The degree of
blockage correlates with ototoxicity for gentamicin C-subtypes
and sisomicin at both negative and positive potentials, with the
positive potential correlation being the strongest (Fig. 4 F-H).
Notably, drugs that respond more like a permeant blocker
(i.e., sisomicin and C2) were more ototoxic than those that did
not. These unexpected data predict that the drugs act both as
permeant blockers and may also interact with the channel in a
voltage-dependent manner. This interaction reduces currents
through the channel in the presence of aminoglycosides, making
the correlation between channel block and permeation weaker
and thus not necessarily a good indicator of toxicity. Interest-
ingly, more block at positive potentials, which indicates channel
interaction exclusively since permeation is typically reversed at
this point, is a strong indicator of toxicity. What this suggests is
that drug binding within the channel limits permeation through
the channel, such that there is less intracellular accumulation
and so less toxicity. Binding might occur in the vestibule where
dehydration is thought to occur, or it might take place more
deeply within the pore at sites where calcium ions are interacting.
Further characterization of this binding may provide additional
targets for modification that could further reduce ototoxicity.

Once inside the hair cell, aminoglycosides can induce cell
death by altering calcium trafficking between the endoplasmic
reticulum and mitochondrion (45, 46). In addition, aminoglyco-
sides can cause dysfunction of mitochondrial and cytosolic ri-
bosomes in hair cells, leading to generation of reactive oxygen
species and eventually cell death (42, 47, 48). At present, there is
no evidence that aminoglycosides cause hair cell loss by selec-
tively activating one mechanism. It is possible that differential
intracellular effects of individual gentamicin subtypes contribute
to their different degrees of ototoxicity.

Conclusion

In summary, we demonstrate that individual gentamicin
C-subtypes sufficiently provide equivalent antimicrobial breadth
and potency to the hospital mixture of gentamicin. Impurities
provide no additional antimicrobial value but increase ototoxic-
ity. Structure—activity relationships show that different modifi-
cations of the C4’-C6’ region on ring I can reduce ototoxicity
while preserving antimicrobial activity. Moreover, reduced oto-
toxicity results from decreased drug penetration via the hair cell
MET channel likely because of drug binding to the channel.
Finally, using the least-ototoxic subtype gentamicin C2b to
reformulate the gentamicin mixture also decreases ototoxicity

PNAS | December 22,2020 | vol. 117 | no.51 | 32431

CELL BIOLOGY



while preserving antimicrobial action. Together, our data lay the
groundwork for the discovery of safer antibiotic alternatives via
future drug development or reformulation.

Methods

Compound Purification. Gentamicin C-subtypes were isolated in pure form
from two different batches of commercially available gentamicin mixtures
(SI Appendix, Table S1) by Nanosyn. See SI Appendix, Supplemental Methods
for details for separation methods.

Antimicrobial Testing. Ten bacterial strains were tested from four species:
E. coli, S. aureus, K. pneumoniae, and P. aeruginosa. The MIC was established
for each drug using a microdilution test. See SI Appendix, Supplemental
Methods for details.

Cochlear Cultures. Cochleae were harvested from P5 Sprague-Dawley rats.
The cartilaginous capsule surrounding the cochlea was removed and a
stainless-steel minutien pin was placed through the modiolus, all contained
in a custom-made sterile plastic tissue chamber containing 1 mL of DMEM/
F12 supplemented with 10 uM sodium pyruvate and 20 pM penicillin G.
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