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Click Chemistry-Facilitated Structural
Diversification of Nitrothiazoles,
Nitrofurans, and Nitropyrroles Enhances
Antimicrobial Activity against Giardia
lamblia

Wan Jung Kim,a Keith A. Korthals,b Suhua Li,b Christine Le,a Jarosław Kalisiak,b

K. Barry Sharpless,b Valery V. Fokin,c Yukiko Miyamoto,a Lars Eckmanna

Department of Medicine, University of California, San Diego, La Jolla, California, USAa; Department of
Chemistry and The Skaggs Institute for Chemical Biology, The Scripps Research Institute, La Jolla, California,
USAb; Department of Chemistry, Dana and David Dornsife College of Letters, Arts and Sciences, University of
Southern California, Los Angeles, California, USAc

ABSTRACT Giardia lamblia is an important and ubiquitous cause of diarrheal dis-
ease. The primary agents in the treatment of giardiasis are nitroheterocyclic drugs,
particularly the imidazoles metronidazole and tinidazole and the thiazole nitazox-
anide. Although these drugs are generally effective, treatment failures occur in up to
20% of cases, and resistance has been demonstrated in vivo and in vitro. Prior work
had suggested that side chain modifications of the imidazole core can lead to new
effective 5-nitroimidazole drugs that can combat nitro drug resistance, but the full
potential of nitroheterocycles other than imidazole to yield effective new antigiardial
agents has not been explored. Here, we generated derivatives of two clinically uti-
lized nitroheterocycles, nitrothiazole and nitrofuran, as well as a third heterocycle, ni-
tropyrrole, which is related to nitroimidazole but has not been systematically investi-
gated as an antimicrobial drug scaffold. Click chemistry was employed to synthesize
442 novel nitroheterocyclic compounds with extensive side chain modifications.
Screening of this library against representative G. lamblia strains showed a wide
spectrum of in vitro activities, with many of the compounds exhibiting superior ac-
tivity relative to reference drugs and several showing �100-fold increase in potency
and the ability to overcome existing forms of metronidazole resistance. The majority
of new compounds displayed no cytotoxicity against human cells, and several com-
pounds were orally active against murine giardiasis in vivo. These findings provide
additional impetus for the systematic development of nitroheterocyclic compounds
with nonimidazole cores as alternative and improved agents for the treatment of
giardiasis and potentially other infectious agents.

KEYWORDS antimicrobial agents, drug screening

Giardia lamblia is an important and ubiquitous cause of diarrheal disease, infecting
an estimated 5 to 10% of the world’s population (1). In the United States, G. lamblia

is one of the most common causes of waterborne diarrheal disease, with international
travelers, hikers, and children in day care centers at particular risk (2). Infection with this
anaerobic protozoan parasite is by the fecal-oral route through ingestion of infectious
cysts in contaminated water or occasionally food. Following excystation, flagellated and
motile trophozoites colonize mostly the lumen and epithelial surface of the upper small
intestine. Infection can lead to villus atrophy, loss of brush border microvilli, digestive
enzyme deficiencies, and epithelial barrier dysfunction (3). The duration of giardial
infection is variable, but it is often protracted over weeks or even months. Symptomatic
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infection is characterized by diarrhea, malabsorption, dehydration, abdominal pain, and
weight loss. In children, failure to thrive and cognitive impairment can ensue, while
adults can develop postinfectious irritable bowel syndrome and chronic fatigue (4).

The leading antigiardial agent, metronidazole, is a synthetic 5-nitroimidazole deriv-
ative introduced in the 1950s. In addition to Giardia, metronidazole is active against
Entamoeba histolytica and Trichomonas vaginalis, as well as several clinically important
bacterial pathogens, including Clostridium difficile and Helicobacter pylori, making it a
highly versatile antibiotic. Metronidazole is generally well tolerated, although it can
have unpleasant adverse effects, such as a metallic taste in the mouth (5–7). Based on
the therapeutic utility of metronidazole, several other 5-nitroimidazoles have been
developed over the years. For example, tinidazole is a position 1 derivative of 5-
nitroimidazole and is effective against giardiasis (8). Not all antigiardial drugs are based
on the 5-nitroimidazole scaffold. Nitazoxanide belongs to an emerging class of ni-
trothiazole compounds with potent antigiardial activity (8, 9), and derivatives exhibit
improved activity against other metronidazole-sensitive pathogens, including C. difficile
(10). Other, structurally unrelated antigiardial agents exist, such as albendazole and
quinacrine, which do not possess the characteristic 5-nitro functional group of metro-
nidazole and nitazoxanide, but overall, nitro drugs have remained the most widely
utilized drugs for treating giardiasis (9).

Although nitro drugs are generally effective against giardiasis, treatment failures
occur in up to 20% of cases (11, 12). Clinical resistance of G. lamblia to existing nitro
drugs has been proven (13), and in vitro resistance can be induced so resistant lines
grow in concentrations similar to those found in sera from effectively treated patients
(14, 15). In addition, resistance has been induced in vitro against all commonly used
antigiardial drugs, further underlining the need for new compounds to stay ahead of
the parasite’s ability to develop resistance. The mechanisms of resistance are not fully
understood, but they appear to be diverse. In sensitive cells, the nitro prodrug is first
reduced to toxic free radical intermediates by low redox potential reactions present
only in anaerobic pathogens (6). These short-lived free radicals cause lethal damage to
the pathogen by inactivating critical macromolecules. Resistance is generally associated
with diminished nitro prodrug activation by one or several electron-donating pathways,
including pyruvate:ferredoxin oxidoreductase and ferredoxin (16), nitroreductases (17,
18), and flavin-dependent thioredoxin reductase (19), but the relative importance of
specific pathways may depend on the particular form of drug resistance (12, 20). This
apparent variability in nitro drug resistance mechanisms has the potential to be
exploited in the development of alternative 5-nitroheterocyclic drugs that can combat
different forms of drug resistance (21–23).

Prior reports suggested that extensive modifications at position 1 or 2 of the
imidazole ring can lead to effective new 5-nitroimidazole compounds that can partially
or even completely overcome nitro drug resistance (21, 22, 24). On the basis of these
promising findings, we set out in the present study to explore the potential of structural
modifications of the side chains of nitroheterocycles other than imidazole to yield
effective new antigiardial agents.

RESULTS
Click chemistry facilitated structural diversification of nitrothiazole, nitrofuran,

and nitropyrrole. Imidazole constitutes the core of several widely used antimicrobial
nitro drugs, including metronidazole and tinidazole, but other heterocyclic cores, most
notably thiazole in nitazoxanide and furan in furazolidone, are present in clinically
effective nitroheterocyclic compounds (25, 26). To determine whether broad structural
diversification can improve the activity of nitroheterocyclic compounds other than
nitroimidazole, we generated derivatives of the two nitroheterocycles, nitrothiazole and
nitrofuran, as well as a third heterocycle, nitropyrrole, which is structurally related to
nitroimidazole but has not been systematically explored as an antimicrobial drug
scaffold. As a synthetic strategy, we utilized the copper(I)-catalyzed azide alkyne
cycloaddition (“click reaction”), in which an azide and an alkyne are joined to yield a

Kim et al. Antimicrobial Agents and Chemotherapy

June 2017 Volume 61 Issue 6 e02397-16 aac.asm.org 2

http://aac.asm.org


1,4-substituted 1,2,3-triazole (27). As a first step, azido derivatives of the three hetero-
cycles were synthesized by conventional approaches (Fig. 1). A library of �150 struc-
turally diverse alkynes, which are shown in Table S1 in the supplemental material, was
then assembled by requisition of commercially available compounds or de novo
synthesis as described before (24). Almost all of the possible combinations of azides
and alkynes were reacted by click chemistry to yield a total of 442 novel nitrohetero-
cyclic triazoles in the three compound groups (Fig. 1). This compound library was
subsequently screened for antimicrobial activity. We found in preliminary experiments
that crude reaction mixtures could be used in the screens, because they showed
antigiardial activities similar to those of selected purified compounds.

Enhanced activity of modified nitroheterocycles against nitro drug-susceptible
G. lamblia strains. For activity testing, we employed different strains of G. lamblia,
which is generally susceptible to nitro drugs, including metronidazole and nitazoxanide
(28). Screening of the 442-compound library against two representative G. lamblia
strains, BRIS/87/HEPU/713 (713) and BRIS/83/HEPU/106 (106), in a 48-h growth and
survival assay showed a wide spectrum of activities, covering a �100-fold range of 50%
effective concentrations (EC50s) (Fig. 2A and Tables S2 to S4). Almost all compounds
exhibited significant antigiardial activity at 20 �M or less against both G. lamblia strains,
and a substantial, albeit variable, proportion (average, 60%; range, 26 to 100%) had
superior activity relative to their respective reference drugs, i.e., nitazoxanide for the
nitrothiazoles (G compounds), furazolidone for the nitrofurans (H compounds), and
metronidazole for the nitropyrroles (I compounds). The most active new compounds
showed EC50 values of �10 nM (i.e., negative log10 of EC50 expressed in moles per liter
[pEC50] of �8), which exceeded the potency of the reference drugs by �200-fold (Fig.
2A). The activities against the two G. lamblia strains showed generally good correlations
for all three compound groups (correlation coefficients [r] of 0.56 to 0.72), although
several compounds were found in each group that were �100-fold more active in one
strain over the other strain (Fig. 2B), underlining that testing more than one strain of the
target microbe is important for selecting the most promising compounds for further
drug development.

FIG 1 Synthetic strategy. Azido derivatives of the nitroheterocycles, nitrothiazole (A), nitrofuran (B), and nitropyrrole (C) were synthesized following the depicted
schemes. The azides were then reacted with one of �150 alkynes (see Table S1 in the supplemental material) utilizing the copper(I)-catalyzed azide alkyne
cycloaddition (“click reaction”) to yield 1,4-substituted 1,2,3-triazoles. DMF, dimethylformamide; NaAsc, sodium ascorbate; MsCl, methanesulfonyl chloride;
t-BuOH, tert-butyl alcohol; NEt3, triethylamine; DCM, dichloromethane.
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Modified nitroheterocycles can overcome existing nitro drug resistance in G.
lamblia. Resistance to the common clinical nitroheterocyclic drugs has been reported
for G. lamblia in vitro and in vivo (12, 13, 20, 29), yet it has also been demonstrated that
specific nitroimidazole derivatives can overcome existing forms of resistance to differ-
ent degrees (22, 24), suggesting that resistance is relative and not a universal pheno-
type that equally impacts all nitroheterocyclic compounds. To evaluate the activity of
the new nitroheterocyclic compounds against nitro drug-resistant G. lamblia, we tested
two independently derived lines, 713M3 and WB-M2, which exhibit stable resistance in
form of a 5- to 20-fold increase in EC50 compared to susceptible lines against the three
reference drugs, nitazoxanide, furazolidone, and metronidazole (28) (Fig. 2C and D and
Tables S2 to S4). Most of the new nitro compounds displayed excellent activity
against both resistant G. lamblia strains, with 94% and 73% of all 442 compounds
exceeding the activity of the respective reference drugs in the 713M3 and WB-M2
resistant lines, respectively (Fig. 2C and D). Several compounds had EC50 values
close to or below 100 nM (pEC50 � 7) in the resistant strains, approaching those
observed in the drug-sensitive strains. Overall, these results confirm and extend the
notion that nitro drug resistance is a relative phenotype in G. lamblia which can be
partially or even completely overcome by structurally diverse nitroheterocyclic
compounds.

Evaluation of modified nitroheterocycles for cytotoxicity in human cells. Nitro-
heterocyclic drugs, such as metronidazole and nitazoxanide, are generally well toler-
ated in humans, although unpleasant adverse effects, such as a metallic taste in the

FIG 2 In vitro antigiardial activity of modified nitroheterocycles. (A to D) The activities of 442 newly synthesized nitroheterocyclic compounds were assayed
against two metronidazole-sensitive (MzS) G. lamblia strains (713 and 106 [A and B]) and two metronidazole-resistant (MzR) G. lamblia strains (713M3 and
WB-M2 [C and D]) in a 48-h growth and survival assay with ATP as a read-out. Panels A and C show activities separately against the indicated G. lamblia line,
while panels B and D show the correlations between the two MzS strains and two MzR strains, respectively. Data are shown as means of the pEC50 values
obtained in at least three independent experiments, with each point representing a single compound. Compounds are divided into groups with the same
nitroheterocyclic cores: group G, nitrothiazoles; group H, nitrofurans; group I, nitropyrroles (see Fig. 1). The respective reference drugs are nitazoxanide (Ntz)
(red circle), furazolidone (Fzd) (blue triangle), and metronidazole (Mz) (green square). The colored dotted lines in panels B and D show the activity of the
respective reference compounds. The black dashed lines represent the assay sensitivity.
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mouth, can occur (5, 7), and some in vitro studies have suggested mutagenic potential
for certain nitro drugs (30, 31). However, safety may be affected by modifications of the
core nitroheterocyclic and must therefore be freshly evaluated for new derivatives. To
test for cytotoxicity against human cells, we employed HeLa cells, which are a common
and sensitive model for initial drug safety evaluations (22, 32). Most (94%) of the new
nitrothiazoles exhibited no cytotoxicity at the highest concentration (50 �M) we could
test due to solubility limitations or interference with other components in the crude
click reaction mixtures (Fig. 3A and Tables S2 to S4). In contrast, only 25% of the
nitrofurans and 39% of the nitropyrroles showed no measurable cytotoxicity, while the
majority of these nitroheterocycles had detectable 50% cytotoxic concentrations
(CC50s) ranging from 1 to 50 �M. Calculation of the selectivity index (i.e., ratio of CC50

to EC50) for the compounds with measurable CC50 values revealed a spectrum from 2
to �1,000 (Fig. 3B). Similarly, the minimum predicted selectivity index of compounds
with undetectable cytotoxicity in our assay spanned a range from 7 to �1,500 (Fig. 3C).
The upper selectivity indices for the new compounds are close to the value we found
previously for metronidazole under similar experimental conditions (�2,300) (22).
Moreover, parallel assays of nitazoxanide, nitrofuran, and metronidazole under the
current conditions (with maximal compound concentrations for tests determined by
the solubility characteristics of the new compounds) revealed selectivity indices for
these approved drugs that were well within the range of the new compounds,
suggesting that many of them are likely to have a favorable safety profile.

In vivo efficacy of nitrothiazole derivatives in a murine giardiasis model. The
nitrofuran and nitropyrrole derivatives were generally more cytotoxic than the ni-
trothiazoles, so we focused on the latter group for further evaluation. Based on the in
vitro activity against drug-sensitive and -resistant G. lamblia strains, lack of detectable
cytotoxicity (negative log10 of CC50 expressed in moles per liter [pCC50] of �4.3;
selectivity index of �150) in human cells, and structural diversity, we selected six
representative nitrothiazole compounds (Fig. 4A) and resynthesized and purified them
to �90%. To retest the purified compounds for antigiardial activity, we employed
another G. lamblia line, GS/M, which belongs to the human-pathogenic assemblage B

FIG 3 Cytotoxicity assessment of new nitroheterocycles in human cells. Cytotoxicity of the 442 new
nitroheterocyclic compounds was tested against human HeLa epithelial cells in a 48-h growth and
survival assay, using alamarBlue dye reduction as a read-out. Data are shown as means of at least three
independent experiments, with each point representing a single compound. Panel A shows the results
for all compounds, of which 52% displayed no measureable cytotoxicity at the highest tested compound
concentration (50 �M, equivalent to a pCC50 of 4.3; assay limit), while the remaining compounds had
measurable cytotoxicity (i.e., pCC50 of �4.3). Panel B depicts the selectivity index (ratio of CC50 in HeLa
cells versus EC50 in G. lamblia strain 713) for the compounds with measurable cytotoxicity, while panel
C shows the minimum predicted selectivity index for those compounds that did not have measurable
cytotoxicity (the threshold pCC50 of 4.3 was used for the calculations, but the actual pCC50 could be
significantly lower, so the real selectivity index would be higher). Data obtained in parallel assays for the
benchmark compounds nitazoxanide (Ntz) (red circle), furazolidone (Fzd) (blue triangle), and metroni-
dazole (Mz) (green square) are shown for comparison. As for the other compounds with undetectable
cytotoxicity (i.e., pCC50 of �4.3) in our assay, only the minimum predicted selectivity index could be
shown for the benchmark compounds.
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of G. lamblia and can infect adult mice (33), whereas the 713 and 106 lines of G. lamblia
used for the initial screens are members of the human-pathogenic assemblage A, and
do not readily infect adult mice. All six compounds displayed good activity against the
GS/M strain, with EC50 values similar to those in the other two G. lamblia lines (Fig. 4B).

Next, we tested the six compounds for in vivo efficacy against giardiasis in a murine
infection model (28, 33). Adult C57BL/6 mice were orally inoculated with G. lamblia
GS/M, and after 2 days (to allow establishment of infection), the mice were given the
test compounds orally at a standard dose of 10 mg/kg of body weight twice daily for
a total of five doses. Four of the six compounds led to a significant reduction in parasite
burden, and one of the efficacious compounds was significantly more effective than the
reference drug metronidazole given at the same dose (Fig. 4C). The in vitro and in vivo
activities of the six compounds were not closely related, since the most active com-
pound in vitro, G-131, was only moderately active in vivo, while G-303 had similar in
vitro activity but proved to be the most efficacious compound in vivo (Fig. 4B and C).
None of the mice treated with any of the six compounds died or exhibited clinically
apparent adverse effects during the treatment period.

Analysis of the structure-activity relationships of modified nitroheterocycles. A
key feature of our synthetic approach in the current and prior work (24) was the use of
click chemistry to join two building blocks, a nitroheterocyclic azide and a functional-
ized alkyne, with high yield in a combinatorial fashion. Most of the structural diversity
in the resulting substituted 1,2,3-triazoles had come from the use of diverse alkynes,
while the nitroheterocycles had been more limited in their diversity with only a few
positions of the heterocycle available for modifications without fundamentally altering
the core structure. This limitation had previously made it difficult to determine the
relative contributions of the azide cores and alkyne groups to antimicrobial activity of
the triazoles, yet such insights are important for further advancing the design and

FIG 4 In vivo activity of selected modified nitrothiazoles in murine giardiasis. (A) Structures of the six representative nitrothiazoles that were selected for further
tests, resynthesized, and purified to �90%. (B) In vitro activity of the depicted compounds against G. lamblia strain GS/M (a human-pathogenic strain belonging
to assemblage B) was determined in a 48-h growth and survival assay. Data are shown as individual pEC50 values of three independent experiments, with
metronidazole (Mz) shown as a reference drug. Mean pEC50 values that were significantly different (P � 0.05) from those for metronidazole are indicated by
an asterisk. (C) The six compounds and Mz were subsequently tested for in vivo efficacy in mice infected with the G. lamblia strain GS/M. Two days after infection,
compounds were orally administered to mice in two daily doses of 10 mg/kg for a total of 5 doses over a 3-day period or the mice were given solvent alone
as controls, and trophozoite numbers in the small intestine were determined. Data are shown as individual log10-transformed counts with six to eight animals
in each group. Horizontal lines depict the geometric mean for each group. The gray zone represents the 95% confidence interval of the counts in the controls.
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evaluation of the best antimicrobial compounds. With the synthesis of three new
heterocyclic azides and our previously reported six imidazole-based heterocyclic azides
(24), we had a total of nine different azide cores, all of which were combined with one
of 83 identical alkynes. The resulting 747 nitroheterocycles represented adequate
numbers of each reaction partner for a comprehensive analysis of structure-activity
relationships (SAR), which was further helped by the fact that all these compounds
were tested against the identical G. lamblia strains under similar experimental condi-
tions.

Comparison of the antigiardial activities of the sets of 83 triazoles generated from
each of the nine available azide cores, cores A to F (24) and G to I (this study), showed
marked and significant differences in average activity against the representative G.
lamblia strain 713, with cores E and G leading to compounds with significantly
increased activity and cores D and I leading to compounds with significantly reduced
activity compared to all 747 compounds (Fig. 5A). These data demonstrate that the
nitroheterocyclic azide core can contribute significantly to antigiardial activity indepen-
dent of the alkyne used for triazole formation.

Conversely, to define the alkyne contributions, we normalized the activity of each of
the 83 triazoles with any particular azide core against the average activity of all

FIG 5 SAR analysis of modified nitroheterocycles. The contributions of the azide cores (A) and alkynes (B and C) to the antigiardial activity
of the resulting triazoles were analyzed. The nine azide cores used for the analysis are shown in panel A; six of these (A to F compounds)
were reported previously (24), while the other three (G to I compounds) were synthesized in this study. The antigiardial activities of the
triazoles generated by combining one of the nine azide cores with each of 83 identical alkynes are depicted in the left graph in panel A.
Data are means of at least three independent experiments with G. lamblia strain 713. Each symbol represents one compound. The gray
horizontal bars show the median values for the compound groups, and the dashed line depicts the assay sensitivity. Significance was
evaluated by one-way ANOVA, followed by a post hoc Dunnett test with all compounds as a control. (B) The activity (pEC50) of each of
83 triazoles with the same azide core was normalized against the average activity of all compounds with that core. The normalized values
were used to determine mean and SE for each alkyne and sorted from highest to lowest. Significance was evaluated by one-way ANOVA,
followed by a post hoc Dunnett test with all compounds as a control. Structures are shown for the alkynes with significant contributions
to the triazole activity. (C) All alkynes were subsequently analyzed by quantitative SAR using 1,666 chemical descriptors for correlation-
based attribute subset evaluation to yield correlations between triazole activity and alkyne descriptors. The relationships with significant
correlations are shown.
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compounds with the same core, and then averaged the relative activities of each alkyne
across all nine cores. The results were arranged in order of the greatest positive
contribution to the greatest negative contribution of each alkyne (Fig. 5B). This analysis
revealed that the top three alkynes and bottom alkyne had statistically significant
impact on triazole activity, ranging from an average EC50 increase of 5.7-fold to an EC50

decrease of 8.4-fold. On the basis of these data, we conclude that 4 (5%) of the 83
tested alkynes contributed significantly to the antigiardial activity of the associated
triazoles irrespective of the nitroheterocyclic partner. Furthermore, SAR analysis of all 83
alkynes revealed significant relationships between the relative alkyne contribution to
the potency of the resulting triazoles for several calculated molecular parameters,
including significant negative correlations with the octanol-water partition coefficient
(logP) and the Balaban-type index from polarizability weighted distance matrix (Jhetp),
and significant positive correlations with the topological polar surface area (TPSA),
hydrophilic factor (Hy), reciprocal hyperdetour index (Rww), and the eigenvalue from
edge-adjusted matrix weighted by edge degrees (EEig09x), as shown in Fig. 5C.

Taken together, these findings demonstrate that both components of the click
reaction, azide and alkyne, can make independent contributions to overall triazole
activity, and that at least for the alkynes, significant correlations exist between pre-
dicted molecular parameters and relative contributions to overall triazole potency.

DISCUSSION

This study demonstrates that superior activity against G. lamblia can be achieved by
modifications of nitroheterocycles other than the previously reported imidazole (21, 22,
24). Superior activity in this context refers to the up to 200-fold-greater potency of
several compounds against drug-sensitive strains of the parasite in vitro and their ability
to overcome different forms of existing nitro drug resistance. Furthermore, several of
the nitrothiazole compounds showed a high selectivity index without cytotoxicity and
excellent in vivo activity against giardiasis after oral administration in mice, underlining
the therapeutic potential of the compounds. These results confirm and extend our and
other prior findings with nitroimidazoles that also revealed dramatic activity improve-
ments of many of the derivatives (21, 24). Thus, based on a combined total of now
�1,100 new nitroheterocyclic compounds, we can conclude that broad structural
diversification is a valuable strategy for identifying new compounds in the nitro drug
class with clear potential to contribute to the arsenal of drugs for control of giardiasis,
and potentially for use against infections resistant to currently used drugs.

The mechanisms of enhanced antigiardial activity are unclear at this time. The
general outline of nitro drug action is well understood, and it involves entry of the
inactive prodrugs into target cells, activation by reduction, and formation of adducts
with critical macromolecules, leading to their inactivation (6, 12). However, many of the
details are not known in the target parasites. It is becoming increasingly evident that
more than one reductase pathway can activate nitro drugs in G. lamblia and other
microbes (16, 19, 34–37) and that multiple adduction targets exist (38). In addition,
nitazoxanide has been shown to inhibit the interactions of a cofactor with its target
enzyme, pyruvate:ferredoxin-flavodoxin oxidoreductase, and thus the activity of this
critical enzyme, suggesting that nitro drugs may have other mechanisms of action
beyond adduction of microbial target molecules (39). However, the relative contribu-
tions of specific activation pathways and targets of most nitro drugs remain elusive.
Consequently, understanding the markedly increased activity of new nitro drugs
presents a major challenge, as different mechanisms may be involved, including
enhanced penetration or retention in target cells, more-effective activation by alterna-
tive reductases, enhanced adduct formation, or altered molecular target specificities.
Despite this uncertainty, our data clearly show that multiple mechanisms must be at
play, since the activity profiles of structurally different nitro compounds vary in respect
to overcoming existent forms of nitro drug resistance, an observation that precludes a
single mechanism of enhanced action for the different structural derivatives. As a
corollary, these findings also suggest that excellent antigiardial activity does not require
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structurally convergent features but that it can be achieved in different structural
domains.

Combined SAR analysis of 747 new and previously reported nitroheterocycles (24),
representing all possible combinations of nine different azido-nitroheterocyclic cores
and 83 alkynes, revealed that both partners of the click reaction can make significant
independent contributions to the overall antigiardial activity of the resulting triazoles.
This observation provides a strong basis for further exploration of our combinatorial
approach to enhancing the activity of nitro antimicrobials. Practically, modification of
the two reaction partners presents different synthetic challenges, as the azide cores
offer fewer opportunities for structural diversification due to constraints of the core
heterocycles and reactive nitro group (24), while the alkynes have an almost unlimited
potential for modifications. Moreover, numerous alkynes are available commercially,
further simplifying structural exploration in the alkyne space. For example, SAR analysis
revealed that the most promising alkynes have logP values between 0 and 2, and
topological polar surface areas (TPSAs) of 20 to 60, together indicating that modest
lipophilicity and thus good passive diffusion through membranes are desirable alkyne
features. By comparison, several of the topological indices, such as the reciprocal
hyperdetour index Rww and the Balaban-type index from polarizability weighted
distance matrix Jhetp, which also exhibited significant associations with superior alkyne
contributions to antigiardial triazole activity, cannot be easily interpreted in terms of
simple physicochemical quantities (40), and may be less immediately valuable for
systematic selection or design of new alkynes for structural optimization.

The present work focused on G. lamblia as an important and ubiquitous human-
pathogenic parasite, but it is likely that many of the new nitroheterocyclic compounds
will show excellent activity against other protozoan pathogens, such as T. vaginalis or
E. histolytica, that are generally susceptible to nitro drugs (24, 41). Future studies could
also address the question whether superior broad-spectrum activity can be achieved
against several pathogens or whether enhanced activity against any one pathogen
diminishes the chances of better activity against other pathogens. Nonetheless, certain
features of drug candidates are likely to be valuable for treating more than one
infectious target. For example, good in vivo activity after oral administration, which we
observed for several of the tested nitrothiazoles against giardiasis, should bode well for
in vivo efficacy of these compounds against systemic infections, such as liver amebiasis,
since we found in prior work that only compounds with good systemic absorption after
oral dosing are effective against giardiasis (24). Furthermore, beyond potential broad-
spectrum activity, other considerations such as estimated cost of synthesis, time to kill
in vitro and in vivo, and optimal pharmacokinetic properties must be taken into account
in selecting particular nitro compounds for further preclinical drug development. Taken
together, the present studies provide additional impetus for the systematic optimiza-
tion and development of nitroheterocyclic compounds with imidazole and nonimida-
zole cores as alternative and improved agents for the treatment of G. lamblia and
potentially other infectious agents.

MATERIALS AND METHODS
Chemistry. Three azido-alkyl-heterocycles were synthesized de novo from commercially available

starting materials (Fig. 1). Briefly, to synthesize 5-nitrothiazole azide, 6-aminohexanoic acid was reacted
with methylimidazole-1-sulfonyl azide hydrochloride to yield 6-azidohexanoic acid, which was purified
and further reacted with thioyl chloride and 4-nitro-2-aminothiazole to generate the title compound.
5-Nitrofuran azide was generated by reaction of nitrofuran alcohol with mesylchloride, purification of the
resulting nitrofuran mesylate, and further reaction of the mesylate with sodium azide. For synthesis of
5-nitropyrrole, pyrrole was reacted with nitric acid to yield the 5-nitroisomer after purification by column
chromatography with hexane/ethyl acetate. Alkynes were purchased or synthesized de novo as described
previously (24) and are shown in Table S1 in the supplemental material. The identities and purities of
compounds were confirmed by 1H and 13C nuclear magnetic resonance (NMR) spectroscopy, melting
point analysis, and high-resolution mass spectrometry.

To perform the copper(I)-catalyzed azide alkyne cycloaddition (“click reaction”), 100 mM (each) azide
and alkyne in tert-butyl alcohol (t-BuOH)–H2O (2:1) were combined with 20 mM sodium ascorbate and
5 mM CuSO4. Reaction mixtures were heated at 50°C with stirring for 24 to 48 h until liquid chroma-
tography/mass spectrometry indicated that reactions were complete. Reaction mixtures (containing
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�100 mM concentration of the respective triazole) were diluted with dimethyl sulfoxide (DMSO) to a final
triazole concentration of 10 mM and used without further purification at a minimum dilution of 1:500 for
the biological assays. The purity of the compounds in the crude reaction mixture ranged from 60 to 80%.

To ensure that the crude reaction mixtures did not interfere with the activity screens, we determined
the potency of purified metronidazole and a representative new compound, G-303, in the presence or
absence of the basic reaction mixture without azide or alkyne. No significant differences were observed
between the potency (mean pEC50 � standard error [SE]) for metronidazole or G-303 with and without
added reaction mixture (for metronidazole, 5.89 � 0.044 without reaction mixture versus 5.79 � 0.028
with reaction mixture; for G-303, 7.43 � 0.029 without reaction mixture versus 7.17 � 0.018 with reaction
mixture; n � 3 experiments). Triazole compounds for in vivo testing were further purified to �90% purity
by column chromatography.

G. lamblia EC50 assays. The following five G. lamblia lines were used: BRIS/87/HEPU/713 (713) (42),
BRIS/83/HEPU/106 (106) (43), GS/M (ATCC 50580), 713M3 (42), and WB-M2 (28). The 713, 106, and GS/M
lines are metronidazole sensitive, while 713M3 and WB-M2 are metronidazole resistant and were grown
as described previously (22, 44, 45). For antimicrobial assays, the 10 mM stocks of the test compounds
were diluted in phosphate-buffered saline (PBS) to 75 �M, serial 1:3 dilutions were made in 96-well
plates, and 3 � 103 trophozoites/well were added in a final volume of 40 �l/well. Cultures were grown
for 2 days at 37°C under anaerobic conditions (AnaeroPack-Anaero system; Remel). Cell growth and
viability were determined by an ATP assay by adding BacTiter-Glo microbial cell viability assay reagent
(Promega) and measuring ATP-dependent luminescence in a microplate reader (22). The 50% effective
concentration (EC50) was derived from normalized concentration-response curves after 48-h drug
exposure using BioAssay software (CambridgeSoft). pEC50 was calculated as the negative log10 of EC50

expressed in moles per liter. In preliminary studies, we confirmed that EC50 values showed good
correlations with microscopically determined MICs after 48 h of drug exposure, but activity data are
reported as EC50 values as more-precise measures of compound activity for quantitative comparisons.

Cytotoxicity assay in mammalian cells. The human epithelial cell line, HeLa (ATCC CCL-2), was used
to determine drug cytotoxicity in human cells (22, 32). Compounds were serially diluted (1:3) and added
to HeLa cell cultures in 96-well plates. The cells were grown for 2 days, and viable-cell numbers were
determined using alamarBlue reagent (Invitrogen). As done for the EC50 calculations, the 50% cytotoxic
concentration (CC50) was derived from the normalized concentration-response curves using BioAssay
software (CambridgeSoft).

Murine G. lamblia infections. Adult C57BL/6 mice (The Jackson Laboratory) were infected by oral
gavage of 106 G. lamblia GS/M trophozoites (28). After 2 days, mice were given test compound at a dose
of 10 mg/kg in 0.1% hypromellose in PBS by oral gavage for a total of 5 doses over a 3-day period.
Controls received only hypromellose-PBS. On day 5, animals were euthanized by controlled CO2

inhalation followed by cervical dislocation according to the guidelines of the American Veterinary
Medical Association. The small intestine was removed, opened in 5 ml PBS, and chilled and shaken to
release attached trophozoites. Live trophozoites were enumerated in a counting chamber. All animal
studies were reviewed and approved by the UCSD Institutional Animal Care and Use Committee.

Data analysis. EC50 and CC50 assays were repeated at least three times, and means and standard
errors (SEs) were calculated from the results. For murine infections, trophozoite counts were log10

transformed for each animal, and the mean and SE were calculated. Significance was tested by Wilcoxon
rank sum test, with a P value of �0.05 considered significant. To analyze the impact of the azide core on
the activity of the resulting triazoles, the antigiardial activity (pEC50) of the triazoles made from one of
nine azides were compared by azide core using one-way analysis of variance (ANOVA), followed by a post
hoc Dunnett test with all compounds as the control. To evaluate the impact of alkynes on the activity of
the resulting triazoles, we normalized the activity (pEC50) of each triazole with a particular azide core
against the average activity of all compounds with the same core. The normalized values were used to
determine the mean and SE for each alkyne and were compared by alkyne using one-way ANOVA,
followed by a post hoc Dunnett test with all compounds as the control. For both analyses, a P value of
�0.05 was considered significant. For the analysis of quantitative structure-activity relationships (QSAR),
1,666 chemical descriptors were calculated for each compound using E-dragon 1.0 from Virtual Com-
putational Chemistry Laboratory (46). The measured EC50 and calculated chemical descriptor values were
used as input attributes for correlation-based attribute subset evaluation (CfssubsetEval and BestFirst) in
the Weka machine learning software to yield correlations between these parameters (47). Significance for
individual correlations was evaluated by Pearson correlation (Graphpad Prism).
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