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ABSTRACT Bacterial sexually transmitted infections are widespread and common,
with Neisseria gonorrhoeae (gonorrhea) and Chlamydia trachomatis (chlamydia) being
the two most frequent causes. If left untreated, both infections can cause pelvic in-
flammatory disease, infertility, ectopic pregnancy, and other sequelae. The recom-
mended treatment for gonorrhea is ceftriaxone plus azithromycin (to empirically
treat chlamydial coinfections). Antibiotic resistance to all existing therapies has de-
veloped in gonorrheal infections. The need for new antibiotics is great, but the pipe-
line for new drugs is alarmingly small. The aminomethyl spectinomycins, a new class
of semisynthetic analogs of the antibiotic spectinomycin, were developed on the ba-
sis of a computational analysis of the spectinomycin binding site of the bacterial 30S
ribosome and structure-guided synthesis. The compounds display particular potency
against common respiratory tract pathogens as well as the sexually transmitted
pathogens that cause gonorrhea and chlamydia. Here, we demonstrate the in vitro
potencies of several compounds of this class against both bacterial species; the
compounds displayed increased potencies against N. gonorrhoeae compared to that
of spectinomycin and, significantly, demonstrated activity against C. trachomatis that
is not observed with spectinomycin. Efficacies of the compounds were compared to
those of spectinomycin and gentamicin in a murine model of infection caused by
ceftriaxone/azithromycin-resistant N. gonorrhoeae; the aminomethyl spectinomycins
significantly reduced the colonization load and were as potent as the comparator
compounds. In summary, data produced by this study support aminomethyl specti-
nomycins as a promising replacement for spectinomycin and antibiotics such as
ceftriaxone for treating drug-resistant gonorrhea, with the added benefit of treating
chlamydial coinfections.
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Chlamydia and gonorrhea are the two most common notifiable infectious diseases
(diseases required by law to be reported to government authorities) in the United

States, with nearly 1.5 million cases of chlamydia and over 420,000 cases of gonorrhea
reported to the Centers for Disease Control and Prevention (CDC) in 2016 (1). Signifi-
cantly, 50 to 70% of individuals with gonorrhea have a chlamydial coinfection (2–4),
which leads to the recommendation for empirical treatment for chlamydia upon
detection of Neisseria gonorrhoeae (5, 6). Furthermore, bacterial sexually transmitted
infections (STIs) are among the most well-established risk factors for HIV infection
because they compromise protective mucosal barriers in the urogenital tract, which
facilitates HIV transmission (7).
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Chlamydia, caused by infection with Chlamydia trachomatis, is the most prevalent
bacterial STI in the United States (nearly 1.5 million reported cases in 2016 [1]).
Chlamydial infections in women are usually asymptomatic. However, untreated infec-
tion can result in pelvic inflammatory disease (PID), which is a major cause of infertility,
ectopic pregnancy, and chronic pelvic pain. Pregnant women infected with chlamydia
can pass the infection to their infants during delivery, potentially resulting in neonatal
ophthalmic infections and pneumonia (http://www.cdc.gov/std/stats14/surv-2014-print
.pdf). Men are often afflicted with asymptomatic urethritis; infection rates are increasing
in men as screening methods have improved (http://www.cdc.gov/std/stats14/surv
-2014-print.pdf). The recommended treatment regimen for chlamydia is azithromycin
(AZM) or doxycycline (5). N. gonorrhoeae causes gonorrhea, the second-most prevalent
bacterial STI (8, 9), which is often asymptomatic and can be urogenital, anorectal, or
pharyngeal in nature (10). If left untreated, gonorrhea can cause PID in women, leading
to fallopian tube scarring and infertility (11), or may disseminate, causing joint and skin
manifestations in both men and women (10). The recommended treatment for uncom-
plicated gonorrhea is single doses of both ceftriaxone (CTX; delivered intramuscularly
[i.m.]) and AZM (delivered orally). Alternatively, doxycycline (orally twice daily for 7
days; http://www.cdc.gov/std/tg2015/gonorrhea.htm) is used to prevent resistance and
to treat patients that are likely to be coinfected with chlamydia (10).

Once easily treatable, gonorrhea has evolved into a challenging disease, where
multidrug resistance is becoming more widespread and infections are becoming more
difficult to treat (12, 13). Sulfonamides, introduced in the mid-1930s, were the first
antibiotics used to cure gonorrhea; resistance subsequently developed by the mid-
1940s (14). As newer antibiotics were used to treat gonorrhea, resistance quickly
emerged: strains resistant to penicillin (PEN), streptomycin (STM), erythromycin (ERM),
tetracycline (TET), spectinomycin (SPC), fluoroquinolones (15), AZM (14), and cefixime
(CFX) (16) have all been reported (9, 17). Cephalosporins remained the foundation of
gonorrhea treatment in the 2010 CDC treatment guidelines (18). However, isolates
resistant to CTX monotherapy have been identified in China (19), Japan (9), France (16),
Spain (20), and possibly in the United States (21).

New antibiotics for treating antibiotic-resistant N. gonorrhoeae infections are des-
perately needed (22). Unfortunately, the current drug development pipeline targeting
new anti-N. gonorrhoeae therapeutics is small and includes combinations of existing
antibiotics (http://www.cdc.gov/nchhstp/newsroom/2013/Gonorrhea-Treatment-Trial
-PressRelease.html) and a small number of new agents in phase 2 and 3 clinical
trials, including ETX0914 (http://fda.einnews.com/article_detail/207751242?lcode�

8DWPqPuUsDVNDakfEIxsCA%3D%3D) and gepotidacin. Recently, clinical trials for soli-
thromycin (23) and delafloxacin have been halted due to issues with toxicity and with
failure to meet efficacy endpoints and insufficient efficacy, respectively. Because there
are few existing treatment options and only a limited pipeline containing a few
compounds, the CDC has designated N. gonorrhoeae an immediate public health threat
that requires urgent and aggressive action (http://www.cdc.gov/std/Gonorrhea/arg/
Wyoming-Health-Alert-2013.pdf).

Clearly, the development of an antibacterial agent that could be used to treat STIs
caused by multiple bacteria would provide a distinct advantage over current therapies.
An antibacterial drug that is effective against diverse bacterial STIs but is safe and
compatible with HIV treatment drug combinations would improve therapy and con-
tribute to HIV prophylaxis. Spectinomycin (SPC), a relative of the aminoglycoside (AG)
antibiotics, is an aminocyclitol antibiotic (Fig. 1) (24) that binds selectively to helix-34
within the 30S ribosomal subunit to block translocation and protein synthesis (25).
Helix-34 is distinct from the binding locations of other antibacterial ribosomal inhibi-
tors, including other AGs, capreomycin, and linezolid, thus eliminating target-mediated
cross-resistance to other antibiotic classes. Despite its potency in inhibiting the 30S
ribosome in cell-free assays, SPC is not very active against whole bacteria such as
Mycobacterium tuberculosis because it is a substrate for M. tuberculosis efflux pumps
(26). To improve the antibacterial activity of SPC, we previously modified the 3= keto
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group of ring C (Fig. 1) to a series of substituted amides, producing a series of anti-M.
tuberculosis agents (26). We then modified the 3= keto group to substituted amino-
methyl groups, which resulted in the aminomethyl spectinomycin (AmSPC) series (27).
The AmSPCs exhibited ribosomal inhibition values comparable to those of SPC but
showed increased potency, both in vitro and in vivo, against common respiratory tract
pathogens such as Streptococcus pneumoniae (27). The in vitro potencies of the AmSPC
analogs were tested against N. gonorrhoeae by disk diffusion assays, and most com-
pounds exhibited improved activity over SPC (27). These results prompted a further
exploration of the antibacterial activities of AmSPCs against N. gonorrhoeae and C.
trachomatis. Here, we report the superior in vitro efficacy of several of the AmSPCs
against multidrug-resistant (MDR) strains of N. gonorrhoeae compared to SPC and other
comparator antibiotics plus the unprecedented antibacterial activity observed against
C. trachomatis, where SPC had failed to demonstrate efficacy. We also present in vivo
efficacy results where high doses of AmSPCs worked comparably to both SPC and
gentamicin (GEN) in clearing murine N. gonorrhoeae infections. The results will dem-
onstrate that the AmSPCs have the potential to treat N. gonorrhoeae-C. trachomatis
coinfections.

(Portions of this work were previously presented at the 55th Interscience Conference
on Antimicrobial Agents and Chemotherapy [28] and at ASM Microbe 2016 [29].)

RESULTS
MIC testing of AmSPC analogs. The antibacterial activities of several AmSPCs

against a drug-sensitive type strain and against SPC-resistant, STM-resistant, and MDR
isolates of N. gonorrhoeae were determined using the broth microdilution MIC assay.
The results of these assays are shown in Table 1. The AmSPC analogs were consistently
more potent than SPC and had potencies comparable to those of GEN, an antibiotic
that can be used to treat drug-resistant N. gonorrhoeae. The rank order of the AmSPC
analogs based on MICs was similar to rank order potencies found in previously reported
disk diffusion assays (27). Importantly, compounds from this series were active against
both STMr and MDR clinical isolates, although they were inactive against an SPCr

isolate. As shown in Table 1, the AmSPCs also displayed good activity against C.
trachomatis with improved potencies compared to those of SPC and GEN. Additionally,
compounds were evaluated for their ability to kill N. gonorrhoeae and C. trachomatis
type strains. As shown in Table 2, AmSPCs exhibited bactericidal activity against N.
gonorrhoeae and C. trachomatis, with minimum bactericidal concentration (MBC) values
within 2� the MIC values.

FIG 1 Structures of spectinomycin (A), 1950 (B), and 2324 (C).
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In a second broth dilution assay, the in vitro antibacterial activity of 2324 was
evaluated against a panel of 27 antibiotic-resistant N. gonorrhoeae clinical isolates,
including those with important resistance phenotypes. A summary of the results is
shown in Table 3. 2324 was found to behave similarly in two laboratories using the
broth method (MIC of 6.3 �g/ml against N. gonorrhoeae ATCC 49226 versus 3.1 �g/ml
shown in Table 1). Additionally, 2324 maintained a tight range of MIC values (1.6 to 12.5
�g/ml; 8-fold), indicating a lack of cross-resistance with existing antibiotic drug classes;
this range was much closer than it was for comparator antibiotics ciprofloxacin
(�8,000-fold), TET (�1,024-fold), and AZM (�256-fold). Most importantly, the MIC90 for
2324 (6.3 �g/ml) was lower than it was for all other antibiotics, with the exception of
AZM, identifying this class as having the potential to treat MDR isolates of N. gonor-
rhoeae.

TABLE 1 Antibacterial activity against C. trachomatis and N. gonorrhoeae using broth dilution methods

AmSPC no. R group

MIC (�g/ml)

N. gonorrhoeae
ATCC 49226

N. gonorrhoeae
ATCC 700825
(STMr)

N. gonorrhoeae
ATCC 700719
(SPCr)

N. gonorrhoeae
H041

C. trachomatis
serovar D

1950 3.1 1.6 �200 3.1 16

1948 3.1 0.8 �200 3.1 16

1951 3.1 1.6 �200 3.1 8

2106 1.6 0.4 �200 1.6 16

2324 3.1 0.8 �200 3.1 16

2328 3.1 3.1 �200 3.1 16

2468 6.3 3.1 �200 NDa 4

SPC 12.5 12.5 �200 12.5 �64
GEN 6.3 NDa NDa 4c 500b

aND, not determined.
bGEN MIC for C. trachomatis was reported in reference 30.
cGEN MIC for N. gonorrhoeae H041 was reported in reference 9.
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In vitro spontaneous mutation frequencies. The potential for resistance develop-
ment was assessed for compound 1950 by determining spontaneous resistance fre-
quency (Table 4). Approximately 109 CFU were spread onto agar plates containing 1950
or SPC at 4� or 8� their respective MIC values. After a 48-h incubation, no colonies
were observed on any of the plates, ultimately giving resistance frequencies of �1.2 �

10�9 for both 1950 and SPC.
In vivo efficacy testing of 1950 and 2324. Based on its MDR phenotype and the

lack of cross-resistance exhibited by the AmSPCs (Table 1), N. gonorrhoeae strain
H041(STMr) was chosen as the challenge strain. AmSPC compounds were tested for
anti-N. gonorrhoeae activity in mice infected with N. gonorrhoeae strain H041(STMr), a
recent ceftriaxone-resistant (CTXr) clinical isolate. Briefly, to establish long-term infec-
tion in female BALB/c mice, the mice were treated with estradiol to modulate the
estrous cycle and antibiotics to suppress growth of normal vaginal flora (Fig. 2). On day
�2, mice were inoculated vaginally with strain H041(STMr), and on day 0 treatment was
initiated for all test groups; treatment was administered by the subcutaneous route
once daily for 5 days. A vehicle-only group was included as a negative control, and SPC
and GEN were used as positive controls. The percentage of mice in each group that was
colonized with N. gonorrhoeae after treatment is shown in Fig. 3A. Ninety percent of
mice in the vehicle control group were colonized with H041(STMr) over the course of
the infection, and all antibiotic treatment groups became colonized and then showed
a significant decrease in the percentage of mice colonized over time compared to the
control group (P value of �0.0006 by log-rank [Mantel-Cox] test). One hundred percent
of mice given 1950, SPC, or GEN cleared infection by the study endpoint. Infection was
cleared in 90% of mice that received 2324 after five doses; one mouse remained
colonized for the duration of the experiment. The effect of test and control compounds
on colonization load was measured by comparing the number of bacteria recovered in
vaginal swabs (Fig. 3B). The colonization load of H041(STMr) was statistically compa-
rable between mice that received GEN and all other treatment groups, including the
vehicle control. However, the average number of H041(STMr) bacteria recovered was
significantly reduced after treatment with 1950 and 2324 compared to that of the
vehicle control (P value of �0.04 by repeated-measures 2-way analysis of variance

TABLE 2 Bactericidal activity against C. trachomatis and N. gonorrhoeaec

Compound
C. trachomatis MBCa

(�g/ml) Fold MIC
N. gonorrhoeae
MBCb (�g/ml) Fold MIC

SPC �64 NA 12.5 1
1948 16 1 3.1 1
1950 32 2 6.3 2
1951 8 1 6.3 2
2106 16 1 3.1 2
2324 32 2 3.1 1
2328 16 1 6.3 2
2468 8 2 ND ND
aChlamydia trachomatis serovar D.
bNeisseria gonorrhoeae ATCC 49226.
cNA, not applicable; ND, not determined.

TABLE 3 Activities of 2324 and comparator antibacterial agents against 27 N. gonorrhoeae
isolates

Compound/drug

MICa (�g/ml)

Range 50% 90%

2324 1.6–12.5 6.3 6.3
SPC 2–16 8 16
CIP 0.002–�16 0.06 16
TET �0.015–16 0.5 8
AZM �0.03–8 0.12 1
aMIC of 2324 against quality control strain ATCC 49226 was 6.3 �g/ml in this study.
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[ANOVA] with Bonferroni post hoc analysis) (Fig. 3B). Both 1950 and SPC significantly
reduced the number of H041(STMr) bacteria recovered compared to that for 2324 (P
value of �0.04 by repeated-measures 2-way ANOVA with Bonferroni post hoc analysis).
This result is likely due to the single mouse that remained colonized through the end
of the experiment.

DISCUSSION

The AmSPCs exhibit excellent potential for the treatment of drug-resistant
gonorrhea and chlamydial coinfections. They display both in vitro and in vivo
efficacy against N. gonorrhoeae and in vitro efficacy against C. trachomatis. In
addition, they have previously demonstrated promising pharmacokinetic and safety
properties as well as efficacy in murine models of fatal Streptococcus pneumoniae
infection (27).

In the present study, AmSPCs demonstrate in vitro potency using broth dilution
methods. The established CLSI guidelines recommend use of the agar dilution method
for N. gonorrhoeae susceptibility testing (31); however, several laboratories have used
the broth dilution method with good results (32, 33). The AmSPCs exhibited good
antibacterial activity (MICs from 1.6 to 6.3 �g/ml; Table 1) as well as bactericidal activity
against N. gonorrhoeae in the broth dilution assay (MBC values from 1� to 2� the MIC
value; Table 2). Unlike the AGs, such as GEN, SPC was previously designated a bacte-
riostatic antibiotic (34) and later specified as having a bactericidal mechanism against
certain bacterial species, including N. gonorrhoeae (35, 36). Thus, the AmSPCs behave
similarly to AGs, such as GEN and SPC, against N. gonorrhoeae. Rapid cure of gonorrhea
is critical to curtail transmission (http://www.cdc.gov/std/tg2015/gonorrhea.htm),
therefore a bactericidal antigonorrheal class of compounds, such as the AmSPCs, would
be preferred.

TABLE 4 Spontaneous mutation frequencies of SPC and 1950 against N. gonorrhoeae
ATCC 49226

Drug and drug selection
(fold MIC)

CFU count
Spontaneous
mutation
frequencyInoculum Plate 1 Plate 2 Avg

Spectinomycin
4� 8.7 � 108 0 0 0 �1.2 � 10�9

8� 8.7 � 108 0 0 0 �1.2 � 10�9

1950
4� 8.7 � 108 0 0 0 �1.2 � 10�9

8� 8.7 � 108 0 0 0 �1.2 � 10�9

FIG 2 Experimental design of the murine efficacy study. All work was performed under an approved protocol of the USUHS
Institutional Animal Care and Use Committee. TMP, trimethoprim; STM, streptomycin; GEN, gentamicin; SPC, spectinomycin; SC,
subcutaneous.
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In contrast to the inactive parent SPC, the AmSPCs show in vitro potency against C.
trachomatis, with MIC values ranging from 4 to 16 �g/ml (Table 1). Additionally, the
compounds displayed a bactericidal mechanism against C. trachomatis, with MBC
values that were 1� to 2� the MIC values. Because patients, especially those in the 15-
to 24-year-old age range, are frequently coinfected with N. gonorrhoeae and C. tracho-
matis, an antibiotic that could potentially treat both infections rapidly and for which N.
gonorrhoeae and C. trachomatis susceptibility values are similar would be a valuable
addition to the antibiotic pipeline. To this end, an N. gonorrhoeae-C. trachomatis murine
coinfection model is planned (4).

Historically, animal modeling of gonorrhea has been hampered by the exclusive
adaptation of N. gonorrhoeae to humans. However, genital tract infections can be
established in female mice that are treated with 17�-estradiol and antibiotics to
establish mice in the diestrus stage of the estrous cycle, to reduce the overgrowth of
potentially inhibitory commensal flora, and to increase their susceptibility to gonococ-
cal infection (37). Many features of experimental murine infections mimic human
infection (37); therefore, this model is a useful tool for evaluating the potential of the
AmSPCs to treat gonorrhea. The efficacies of 1950 and 2324 were compared to those
of known antibiotics SPC and GEN. GEN was selected as a positive control due to the
lack of efficacy of many antibiotics against strain H041(STMr). It displayed efficacy when
dosed at 48 mg/kg of body weight once daily for 5 days, with complete clearance by
day 3 of dosing. SPC, which had not been tested in the gonorrhea model prior to this
study, was just as efficacious as GEN when dosed at 100 mg/kg, with average colony
counts reduced to below detectable levels by day 3 of dosing. 1950 and 2324 also
displayed efficacy when dosed at 100 mg/kg, with average colony counts decreased to
below detectable levels by days 4 and 3 of dosing, respectively. To better compare the
efficacy of the four test compounds, a dose-response study is planned. It is possible that
lower doses as well as shorter dosing regimens of AmSPCs would provide efficacy
equivalent to that of the dosing regimen presented here.

In summary, we have demonstrated that the AmSPCs have the potential to become
therapeutic agents for the treatment of sexually transmitted bacterial coinfections,
especially those caused by N. gonorrhoeae and C. trachomatis. They also have the
potential to treat STIs caused by bacteria from the Haemophilus, Mycoplasma, and even
Treponema species. These compounds are routinely dosed by the subcutaneous route
(27), a route that is ideally suited to the “once and done” treatment of STIs (e.g., CTX is
dosed once with an i.m. injection). A perceived advantage in antibiotic drug develop-
ment is that compounds have minimal activity toward organisms that comprise the
normal vaginal flora (38). The AmSPCs have been shown to be selective for organisms
that cause pneumonia (i.e., Streptococcus pneumoniae) and STIs with little activity
against most Gram-negative species (27). Further in vivo efficacy studies are planned
with the AmSPCs, including therapy in an N. gonorrhoeae-C. trachomatis coinfection
model, using a single agent.

MATERIALS AND METHODS
Bacterial strains and culture conditions. Descriptions of the N. gonorrhoeae and C. trachomatis

strains used in this study are outlined in Table 5. Strain H041(STMr) is strain H041 in which the rpsL gene

FIG 3 Colonization and CFU results from a murine gonorrhea study. Open circles, vehicle only; closed
circles, GEN; red squares, 1950; blue triangles, 2324; green diamonds, SPC. (A) Percentage of mice
colonized with H041(STMr) over 8 days in each treatment group. (B) Mean log10 CFU/ml of H041(STMr),
with standard errors recovered from each experimental group for 8 days following antibiotic treatment.
The limit of detection (20 CFU) is denoted with a horizontal dashed line.
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of strain FA1090 was introduced by allelic exchange to confer streptomycin resistance, which is a
required phenotype for the mouse model. All N. gonorrhoeae isolates were cultured either on supple-
mented [Kellogg’s supplement I, 12 �M Fe(NO3)3] GC agar as described previously (42) or on G77L broth
as described previously (43). C. trachomatis was grown in cell culture with HEp-2 cells using Iscove’s
modified Dulbecco’s medium with L-glutamine and phenol red supplemented with 10% fetal bovine
serum. GC agar with vancomycin, colistin, nystatin, trimethroprim sulfate (VCNTS supplement), and 100
�g/ml streptomycin sulfate was used to isolate N. gonorrhoeae from murine vaginal swabs. Heart infusion
agar (HIA) was used to monitor the presence of facultative aerobic commensal flora in vaginal swabs.
Incubation conditions for N. gonorrhoeae and commensal bacteria were 37°C in a humid atmosphere
containing 7.5% CO2 (44).

Aminomethyl spectinomycins. The AmSPCs were prepared from spectinomycin as described
previously (27). The identity and purity of all compounds was confirmed by 1H nuclear magnetic
resonance and reverse-phase ultraperformance liquid chromatography analysis with UV/mass spectrom-
etry/evaporative light scattering detection. All compounds were determined to have a purity of �95%
prior to testing. Compounds 1950, 2106, and 2324 were first described in reference 27 as compounds 1,
3, and 4, respectively.

Neisseria gonorrhoeae susceptibility testing. For broth microdilution MIC assays, MICs were
determined using the method described by the CLSI (31). For susceptibility testing of MDR N. gonor-
rhoeae, MICs were determined using the agar dilution assay recommended by the CLSI (31). The
minimum bactericidal concentration (MBC), the lowest concentration of an antibacterial agent required
to reduce colony counts by at least 3 logs, was determined for ATCC strain 49226 by sampling the wells
of broth MIC plates at the 24-h read time. The samples were then serially diluted in antibiotic-free
medium and plated on chocolate agar. Bacterial colonies were counted after 24 h of incubation and
individual CFU were calculated. A decrease in CFU/well of 3 logs or more compared to the initial CFU/well
was considered bactericidal. Additional MIC assays against multiple clinical isolates were performed by
Micromyx, LLC, using the broth dilution method outlined by the CLSI (39, 45). A modified medium (GC
broth) described by the ATCC (40) was used, and 96-well plates were incubated at 35°C in 5% CO2 for
48 h. Isolates that were tested included a quality control strain (ATCC 49226) plus 26 clinical isolates from
the Micromyx strain collection.

Neisseria gonorrhoeae resistance frequency. N. gonorrhoeae 49226 was tested against SPC or 1950
at 4� and 8� the MIC as determined by agar dilution testing. Aliquots of 40� stock solutions were
mixed with GC medium agar–1% IsoVitaleX to produce a molten agar-drug mixture that was either 4- or
8-fold the MIC. Mixture was poured into plates in duplicate and allowed to solidify at room temperature
for at least 1 h. A dense cell suspension equivalent to 5 McFarland was prepared using bacterial growth
from chocolate agar plates of N. gonorrhoeae ATCC 49226. This cell suspension provided the inoculum
for the spontaneous mutation plates, targeting 109 CFU per plate. The viable count of each suspension
was determined by plating serial 10-fold dilutions onto agar in duplicate. A 0.25-ml aliquot of inoculum
was spread onto the surface of duplicate 150- by 15-mm test plates and allowed to dry. The plates were
inverted and incubated at 35°C (with 5% CO2) for 48 h. Plates were inspected for growth at both 24 and
48 h, and colony counts were determined manually. Using the counts at 48 h, the spontaneous
mutation frequency was calculated using the following equation: average number of colonies from
duplicate selection plates divided by total number of cells inoculated onto each plate. If there were
no colonies on the antibiotic selection plates, the spontaneous mutation frequency was calculated
as 1/inoculum to indicate that the spontaneous mutation frequency was less than the limit of
detection (1 CFU).

Chlamydia trachomatis susceptibility testing. Susceptibility testing of C. trachomatis was per-
formed in cell culture using HEp-2 cells grown in 96-well microtiter plates (46, 47). C. trachomatis isolates
were expanded to concentrations of 107 to 108 inclusion-forming units (IFU) per ml by serial passage in
tissue culture using antibiotic-free medium and purified by centrifugation at 500 rpm to remove the cell

TABLE 5 Strains used in this study

Strain Resistance phenotype(s) Description Reference or source

N. gonorrhoeae
ATCC 49226 Drug sensitive Type strain 39
ATCC 700719 SPC Quality control organism for Difco spectinomycin

differentiation disks
ATCC 700825 STM Antibiotic-resistant strain of FA1090 origin that

was purchased from ATCC
40

H041 �-Lactam, macrolide, FQs, TET,
CTX, CFX

Clinical isolate from a pharyngeal infection from
Kyoto, Japan, in 2009

9

H041(STMr) �-Lactam, macrolide, FQs, TET,
STM, CTX, CFX

H041 rpsLFA1090 This study (see Materials
and Methods)

FA1090 STM PorB1B strain isolated from a disseminated
gonococcal infection from the Uniformed
Services University collection

41

C. trachomatis
ATCC VR-878 Drug sensitive Serovar D
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debris. The chlamydia-containing supernatant was pelleted, resuspended in sucrose-phosphate-glutamic
acid buffer, and centrifuged through a discontinuous Renografin gradient. The chlamydial elementary
body-containing band was then washed and resuspended, and titers in HEp-2 cells were determined.
Each well was inoculated with 0.1 ml of the test strain diluted to yield 103 to 104 IFU/per ml, centrifuged
at 1,700 � g for 1 h, and incubated at 35°C for 1 h. Wells were aspirated and overlaid with 0.2 ml of
medium containing 1 �g/ml of cycloheximide and serial 2-fold dilutions of the test drug. After incubation
at 35°C for 72 h, cultures were fixed and stained for inclusions with fluorescein-conjugated antibody to
the lipopolysaccharide genus antigen (Pathfinder; Bio-Rad). The MIC was the lowest antibiotic concen-
tration at which no inclusions were seen. The MBC was determined by aspirating the antibiotic-
containing medium, washing wells twice with phosphate-buffered saline, and adding antibiotic-free
medium. Cultures were frozen at �70°C, thawed, passed onto new cells, incubated for 72 h, and then
fixed and stained as described above. The MBC was the lowest antibiotic concentration that resulted in
no inclusions after passage.

In vivo efficacy testing against experimental murine N. gonorrhoeae infection. Stock solutions
(20 mg/ml) of each test antibiotic (compounds 1950, 2324, and SPC; Fig. 1) were prepared on the first
day of compound administration (day �2 postinoculation), and four aliquots of each dose were frozen
at �20°C until the time of use. The dose of each antibiotic (100 mg/kg) was adjusted to the average
weight of the mice in each treatment group. Each compound was prepared using a 50:50 (vol/vol)
solution of Plasma-Lyte A (Baxter) and endotoxin-free water (Teknova). The Plasma-Lyte mixture also
served as the vehicle control. The positive control (GEN; 48 mg/kg) was prepared as a 50-mg/ml stock of
GEN (250 mg; product number G1914; Sigma) in filter-sterilized, endotoxin-free water (Teknova) and
diluted to 4.2-mg/ml working stocks in endotoxin-free water, and aliquots were stored at �20°C until
administration. All antibiotics were given in a volume of 0.2 ml/dose for each time point. The experi-
mental design of the efficacy study is shown in Fig. 2. Two days prior to infection, female BALB/c mice
(NCI Frederick strain of inbred BALB/cAnNCr mice; Charles River Laboratories) were treated with 17�-
estradiol (Innovative Research of America) and antibiotics to increase their susceptibility to N. gonor-
rhoeae as described previously (37, 41). On day 2, mice were inoculated vaginally with 20 �l of strain
H041(STMr) suspended in phosphate-buffered saline (PBS); suspensions were adjusted to 7 � 105 CFU/ml
(80% infectious dose 80 [ID80]). For H041(STMr), the ID80 was 104 CFU/mouse. Vaginal swabs were
quantitatively cultured for N. gonorrhoeae for 2 days following vaginal inoculation (days �1 and 0) to
confirm infection prior to treatment. A portion of the swab sample was also inoculated onto HIA to
monitor commensal flora. Test and control antibiotics were administered once daily for five consecutive
days starting on day 0 following vaginal culture. Test compounds (1950, 2324, and SPC) and the vehicle
control were administered subcutaneously (n � 10 mice per group). Gentamicin, the positive control, was
administered via intraperitoneal injection (n � 9 mice). Vaginal swabs were quantitatively cultured for N.
gonorrhoeae for 8 consecutive days following treatment initiation. Vaginal material was collected by wetting
a swab in sterile PBS, gently inserting the swab into the vagina, and suspending the swab in 1 ml of GC broth.
Broth suspensions were diluted (1:100), and both diluted and undiluted samples were cultured on GC-VCNTS
agar using the Autoplater automated plating system (Spiral Biotech). The number of viable bacteria recovered
was determined using Spiral Biotech Q-Counter software. The limit of detection for N. gonorrhoeae was 20
CFU/ml. At the study endpoint (10 days postinoculation), mice were euthanized using compressed CO2 gas
in a CO2 gas chamber in the Laboratory Animal Medicine Facility. All animal experiments were conducted at
the Uniformed Services University of the Health Sciences, a facility fully accredited by the Association for the
Assessment and Accreditation of Laboratory Animal Care, under a protocol that was approved by the
university’s Institutional Animal Care and Use Committee.
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