
Hypoxanthine-Guanine Phosphoribosyltransferase Is
Dispensable for Mycobacterium smegmatis Viability
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ABSTRACT Purine metabolism plays a ubiquitous role in the physiology of Mycobacte-
rium tuberculosis and other mycobacteria. The purine salvage enzyme hypoxanthine-
guanine phosphoribosyltransferase (HGPRT) is essential for M. tuberculosis growth in
vitro; however, its precise role in M. tuberculosis physiology is unclear. Membrane-
permeable prodrugs of specifically designed HGPRT inhibitors arrest the growth of
M. tuberculosis and represent potential new antituberculosis compounds. Here, we
investigated the purine salvage pathway in the model organism Mycobacterium
smegmatis. Using genomic deletion analysis, we confirmed that HGPRT is the only
guanine and hypoxanthine salvage enzyme in M. smegmatis but is not required for
in vitro growth of this mycobacterium or survival under long-term stationary-phase
conditions. We also found that prodrugs of M. tuberculosis HGPRT inhibitors dis-
played an unexpected antimicrobial activity against M. smegmatis that is indepen-
dent of HGPRT. Our data point to a different mode of mechanism of action for these
inhibitors than was originally proposed.

IMPORTANCE Purine bases, released by the hydrolytic and phosphorolytic degradation
of nucleic acids and nucleotides, can be salvaged and recycled. The hypoxanthine-
guanine phosphoribosyltransferase (HGPRT), which catalyzes the formation of guanosine-
5=-monophosphate from guanine and inosine-5=-monophosphate from hypoxanthine,
represents a potential target for specific inhibitor development. Deletion of the HGPRT
gene (�hgprt) in the model organism Mycobacterium smegmatis confirmed that this en-
zyme is not essential for M. smegmatis growth. Prodrugs of acyclic nucleoside phospho-
nates (ANPs), originally designed against HGPRT from Mycobacterium tuberculosis, dis-
played anti-M. smegmatis activities comparable to those obtained for M. tuberculosis but
also inhibited the �hgprt M. smegmatis strain. These results confirmed that ANPs act in
M. smegmatis by a mechanism independent of HGPRT.
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Mycobacterium tuberculosis is an opportunistic pathogen that caused 1.2 million
deaths among HIV-negative people worldwide in 2018 and an additional 251,000

deaths among people with HIV (1). The evolution of M. tuberculosis strains with
resistance to multiple first- and second-line drugs (2) has led to an urgent need for new
types of antituberculosis compounds. Purine metabolism plays a ubiquitous role in the
physiology of mycobacteria, which are able to both synthesize purines de novo and
scavenge them via the salvage pathway (3–5). Inhibitors targeting several enzymes
implicated in purine metabolism can suppress M. tuberculosis growth at micromolar
concentrations (6–12).

Hypoxanthine-guanine phosphoribosyltransferase (HGPRT; EC 2.4.2.8), the key en-
zyme in the purine salvage pathway, catalyzes the synthesis of inosine- or guanosine-
5=-monophosphate via replacement of the 1-pyrophosphate group in phosphoribosyl
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pyrophosphate with a corresponding free nucleobase. Its precise role in M. tuberculosis
physiology remains unclear due to a lack of sufficient experimental data; however,
based on random saturation insertional mutagenesis analysis, HGPRT has been pro-
posed to be essential for M. tuberculosis growth in vitro (13, 14). A detailed enzymatic
mechanism and oligomerization analysis revealed that M. tuberculosis HGPRT belongs
to the type I phosphoribosyltransferase family (15, 16). The arrangement of the se-
quentially unique mobile loop in the M. tuberculosis HGPRT molecule is responsible for
its distinct kinetic properties and quaternary structure organization compared to its
human counterpart (12, 15). In the M. tuberculosis HGPRT structure, these loops are
located between the subunits of tetramers, whereas in the human HGPRT structure,
the loops are at the extremities of the tetramer. This difference enabled the design
of acyclic nucleoside phosphonate (ANP) inhibitors—analogues of natural nucleo-
tides (17) with high selectivity for M. tuberculosis HGPRT over its human counter-
part. The corresponding cell membrane-permeable phosphoramidate prodrugs
inhibited M. tuberculosis growth in vitro at micromolar concentrations (12). How-
ever, the detailed mechanism of antibacterial activity of these prodrugs has not
been studied in detail.

Mycobacterium smegmatis is a fast-growing saprophytic bacteria often used as a
model in mycobacterial research because it shares many basic features with M. tuber-
culosis, such as cell wall biogenesis, adaptation to low oxygen conditions, dormancy,
and stress response (18). Locus MSMEG_6110 in the M. smegmatis genome encodes a
HGPRT that shares 85% primary sequence homology with its M. tuberculosis counter-
part. Conservation of amino acid residues involved in the binding of substrates and
ANP-based inhibitors suggests similar modes of action for the M. tuberculosis and M.
smegmatis HGPRT homologues (12).

In this study, we examined the role of HGPRT in M. smegmatis and found that M.
smegmatis growth is unexpectedly sensitive to treatment with ANP phosphoramidate
prodrugs independently on HGPRT.

RESULTS
HGPRT is not essential for M. smegmatis growth. To analyze the importance of

HGPRT for M. smegmatis growth, we deleted the HGPRT coding sequence (Δhgprt)
using the method described by Shenkerman et al. (2014) (19). Briefly, this involved
Chec9 DNA recombinase-directed gene knockout with a pYS2 plasmid-derived deletion
Hygr cassette flanked by 32-bp loxP sites, which allows precise recombination of DNA
sequences of interest and subsequent excision of the cassette from the chromosome by
a Cre recombinase mediated by loxP sites. Colonies of recombinants, selected on agar
medium with hygromycin, were visible after 3 days of cultivation. The resulting genetic
background of the M. smegmatis �hgprt strain was verified by PCR using specific
primers that anneal close to the upstream and downstream 700-bp recombination
regions (Fig. 1A). PCR with the wild-type (wt) strain, used as a reference, yielded an
amplicon of 2,089 bp (Fig. 1B), corresponding to the HGPRT coding sequence and
upstream and downstream regions (Fig. 1A). The �hgprt strain amplicon was 1,539 bp
(Fig. 1B), indicating that the 582-bp HGPRT coding sequence had been replaced with
the 32-bp loxP site (Fig. 1A). DNA sequencing of the 1,539-bp amplicon confirmed the
expected recombination process. We also carried out a control PCR using primers
specific for the HGPRT gene to confirm the absence of the HGPRT coding sequence in
different genome positions of the �hgprt strain. We used primers specific for the
adenine phosphoribosyltransferase (APRT) gene as a positive control. Both HGPRT and
APRT amplicons were generated in PCRs with the reference wt strain, while only the
APRT amplicon was present in reactions with the �hgprt strain (Fig. 1C and D).

To assess the �hgprt strain phenotype, the wt and mutated strain were grown on
solid minimal Hartmans-De Bont (HdB) medium or Middlebrook 7H10 –albumin-
dextrose complex (7H10-ADC) medium. Growth (Fig. 2A) and survival under the sta-
tionary phase (Fig. 2B) were comparable for the wt and �hgprt strains, confirming that
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HGPRT is not essential for M. smegmatis growth. The data also suggest that HGPRT does
not contribute to adaptation to long-term starvation conditions (Fig. 2B).

Guanine/hypoxanthine salvage is catalyzed exclusively by HGPRT in M. smeg-
matis. We next tested the importance of HGPRT for the salvage of adenine, guanine, and
hypoxanthine. To impair de novo biosynthesis of purine bases and direct purine metabo-
lism through the salvage pathway, we knocked out amidophosphoribosyltransferase (PurF)
(20, 21), which catalyzes the first step of de novo purine synthesis. Additionally, we

FIG 1 PCR screening of the HGPRT coding sequence deletion. (A) Schematic showing the HGPRT gene region in the wt
strain (top panel) and its replacement with the 32-bp loxP site in the �hgprt strain (bottom panel). The bold line
corresponds to the 700-bp upstream and downstream HGPRT gene regions used for homologous recombination with the
hygromycin cassette (Hygr). Positions of screening primers p9 and p10 are indicated (B to D). Chromosomal DNA from wt
and �hgprt strains was isolated and used as the templates for independent PCR experiments using the following primer
pairs: p9/p10, which anneal in the boundaries of the recombined region (B); p11/p12, which are specific for the HGPRT
coding sequence (C); and p13/p14, which are specific for the APRT coding sequence (used as a positive control) (D).
Samples were separated on 1% agarose gels.

FIG 2 Influence of HGPRT deletion on M. smegmatis growth. (A) Growth of the wt and �hgprt strains on minimal HdB and
7H10-ADC (28) solid media; (B) bacterial survival during the stationary phase in 7H9-ADC medium.
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prepared the �purF �hgprt double mutant. We compared the growth of the wt, �hgprt,
�purF, and �purF �hgprt strains on solid medium in the presence of hypoxanthine,
adenine, and guanine. As was reported previously (21), the �purF M. smegmatis strain
was unable to grow in the absence of a purine supplement, and its growth was restored
in the presence of hypoxanthine, adenine, or guanine at concentration higher than
10 �M (Fig. 3A). Growth of the �purF �hgprt mutant, with simultaneously inactivated
de novo purine biosynthesis and HGPRT activity, was observed only in the presence of
adenine (Fig. 3A). To confirm the role of HGPRT in M. smegmatis purine biosynthesis and
to assess whether M. tuberculosis HGPRT has similar properties, we performed comple-
mentation experiments in the M. smegmatis �purF �hgprt strain using plasmids ex-
pressing M. smegmatis and M. tuberculosis HGPRTs. Growth of the strain was restored
by both M. smegmatis and M. tuberculosis HGPRT enzymes (Fig. 3B). Our results indicate
that HGPRT is the exclusive salvaging enzyme for guanine and hypoxanthine in M.
smegmatis and suggest that M. tuberculosis HGPRT behaves similarly.

ANP-based inhibitors of M. tuberculosis HGPRT arrest M. smegmatis growth but
do not target M. smegmatis HGPRT. The amino acid sequences of HGPRT from M.
smegmatis and M. tuberculosis share 72% identity and 85% similarity, and the residues
forming binding pockets for purines, pyrophosphate, and the Mg2� cation are con-
served (Fig. 4A). We built a model of the M. smegmatis HGPRT structure (Fig. 4B) using
the structure of M. tuberculosis HGPRT in complex with inhibitor 9 (Fig. 4D), a guanine-
derived double-branched ANP, as the template (12). The overall model (Fig. 4B) and
detail of the active site (Fig. 4C) suggest identical binding of this compound to M.
smegmatis HGPRT.

Eng et al. (12) previously reported that membrane-permeable phosphoramidate
prodrugs, derived from corresponding acyclic nucleoside phosphonates, selectively
inhibit purified M. tuberculosis HGPRT and arrest M. tuberculosis growth. We tested
two prodrugs from a series previously prepared in our laboratory, the tetra-
phosphoramidate compound 30 (prodrug of 9; MIC50 of 4.5 �M for M. tuberculosis strain
H37Rv) (Fig. 4D) and the corresponding hypoxanthine derivative 31 (prodrug of 10,
MIC50 of 8 �M for M. tuberculosis), for growth arrest of wt and mutant M. smegmatis
(Table 1). Both compounds had MIC50 values for wt M. smegmatis comparable to those
obtained for M. tuberculosis, but surprisingly, they also comparably inhibited the �hgprt
strain and the �purF strain, which are dependent on HGPRT activity and can grow only
in the presence of purines. Because the solubility of guanine in the cultivation media
used in this study is limited, we cultivated the �purF strain in the presence of
hypoxanthine (Table 1). Overexpression of both M. tuberculosis and M. smegmatis
HGPRT enzymes in the wt and �purF �hgprt M. smegmatis strains did not change the

FIG 3 Role of HGPRT in the M. smegmatis purine salvage pathway. (A) Effect of inactivation of the purF coding sequence on wt and
�hgprt M. smegmatis purine auxotrophy. M. smegmatis strains were grown on 7H10-ADC medium with or without purine supplement
at indicated concentrations for 3 days at 37°C. (B) Plasmid-based complementation of HGPRT activity in the �purF �hgprt strain.
Bacteria transformed with empty vector (pSE200) or vectors carrying M. tuberculosis/M. smegmatis HGPRT coding sequences were
cultivated on 7H10-ADC with 25 �g/ml kanamycin and 100 �M purine supplement for 3 days at 37°C.
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MIC50 value. These unexpected results indicate that both inhibitors target another
protein, the function of which is crucial for M. smegmatis viability.

DISCUSSION

In this study, we showed that HGPRT is the only guanine/hypoxanthine salvage
enzyme in M. smegmatis, but its activity is not required for viability under standard
growth conditions. We also found that prodrugs derived from ANP-based inhibitors
designed for the highly similar M. tuberculosis HGPRT do not target M. smegmatis
HGPRT but display antimicrobial activity against M. smegmatis. This finding raises
questions about the selectivity of known M. tuberculosis HGPRT-targeted compounds in
bacterial cells (12). A random genome phage mutagenesis screen of M. tuberculosis (13,
14) identified HGPRT as an essential gene for M. tuberculosis; however, the phenotype
of the �hgprt M. tuberculosis strain has not been analyzed. Previous characterizations of
M. tuberculosis HGPRT emphasized the necessity of evaluating the �hgprt M. tubercu-

FIG 4 Similarity of M. smegmatis and M. tuberculosis HGPRTs. (A) M. tuberculosis and M. smegmatis HGPRT primary structure
alignment. Identical and similar amino acid residues are in gray and white boxes, respectively. Key amino acid residues
involved in binding of double-branched ANPs are in bold. (B) Structural model of M. smegmatis HGPRT (blue) aligned with M.
tuberculosis HGPRT in complex with compound 9 (red; PDB code 4RHX), which was used as a template. Compound 9 is shown
in yellow. (C) Active site of M. tuberculosis HGPRT (red) and the M. smegmatis HGPRT model (blue) in complex with compound
9 (yellow). Key amino acid residues involved in the binding are shown. (D) Structures of ANP inhibitors and their prodrugs (12).
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losis phenotype to elucidate the exact role of HGPRT in M. tuberculosis physiology and
metabolic changes during the transition to hypoxia (16).

Eng and coworkers presented the first crystal structures of M. tuberculosis HGPRT
in complex with ANP-based compounds that inhibit the enzyme at micromolar
concentrations (PDB codes 4RHU, 4RHX, and 4RHY), revealing that these compounds
fit well in the active site (12). These micromolar inhibitors did not display any significant
antimicrobial activities because their highly polar character does not allow them to
cross cell membranes. However, using a prodrug approach (22) to mask the charges of
the phosphonate moieties by attaching hydrophobic groups via a phosphoramidate
bond facilitated penetration of these compounds into M. tuberculosis and improved
their antimicrobial activities. Notably, protein target analysis of synthesized prodrugs in
M. tuberculosis has not been performed. Interestingly, the MIC50 values of these
compounds for M. tuberculosis growth were in the 4.5 to 15 �M range, even for
compound 6 (Fig. 4D), which displayed very low inhibitory activity in enzymatic tests (Ki,
�50 �M) (12). Our aim was not to test ANPs for in vitro inhibition of an isolated M.
smegmatis enzyme but to use the constructed M. smegmatis HGPRT knockout mutants
to analyze the selectivity of HGPRT inhibitors in bacterial cells. The model of the
complex of compound 9 with M. smegmatis HGPRT (Fig. 4B), based on the structure of
M. tuberculosis HGPRT with this inhibitor (Ki, 1.6 �M), showed enzyme-inhibitor inter-
actions identical to those observed in M. tuberculosis HGPRT (Fig. 4C), suggesting similar
inhibition activities. Assays of the antimicrobial activity of guanine- and hypoxanthine-
containing prodrugs (compounds 30 and 31, respectively) against M. smegmatis re-
sulted in MIC50 values comparable to those obtained for M. tuberculosis. However, we
obtained comparable MIC50 values for the �hgprt, �purF, and �purF �hgprt M. smeg-
matis strains in the presence of overexpressed M. smegmatis HGPRT, indicating thatj the
antimicrobial activity of ANP prodrugs is not attributable to inhibition of HGPRT.j
Rather, the compounds act by a different mechanism than originally supposed. The
unchanged MIC50 values of 30 and 31 in wt M. smegmatis in the presence of overex-
pressed M. tuberculosis HGPRT suggest that a similar mechanism also functions in M.
tuberculosis.

We cannot rule out differences in purine metabolism and the role of HGPRT in M.
smegmatis and M. tuberculosis, as purine salvage pathways and the biosynthesis of
nucleic acids have not been investigated in detail in both species. Furthermore,
adaptation to different ecological niches could be responsible for many metabolic
differences (23). Our data, however, show that inhibitors designed and tested against
particular intracellular mycobacterial enzymes can have a different-than-expected
mode of action, suggesting that their mechanisms in bacterial cells must be evaluated
in more detail.

TABLE 1 MIC50 values of prodrugs of acyclic nucleoside phosphonate M. tuberculosis
HGPRT inhibitors

Species and strain Plasmid

MIC50 � SD (�M) of compound:

30 31

M. tuberculosisa H37Rv None 4.5 8.0

M. smegmatis
wt None 8.1 � 0.4 15.6 � 0.9

None 8.1 � 0.6 (Hpx)b 16.1 � 1.8 (Hpx)
pSE200-Mtb.HGPRT 8.2 � 0.9 13.9 � 1.7
pSE200-Msm.HGPRT 8.3 � 0.6 13.6 � 1.9

�hgprt strain None 8.0 � 0.9 15.6 � 1.1
�purF strain None 8.9 � 1.2 (Hpx) 22.2 � 2.4 (Hpx)
�purF �hgprt strain pSE200-Mtb.HGPRT 8.7 � 0.7 (Hpx) 20.1 � 2.2 (Hpx)

pSE200-Msm.HGPRT 8.8 � 0.5 (Hpx) 19.2 � 3 (Hpx)
aPublished in reference 12.
bHpx, in the presence of 100 �M hypoxanthine.
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MATERIALS AND METHODS
Construction of plasmids. pYS2-based deletion plasmids (19) were constructed as follows: regions

of amplified sequences and corresponding primers used to construct pYS2-based deletion plasmids are
listed in Table S1 in the supplemental material. Upstream (ups) and downstream (dns) regions of the
hgprt and purF coding sequences were amplified by PCR using Q5 DNA polymerase (New England
BioLabs) with M. smegmatis chromosomal DNA as the template. ups regions were inserted into pYS2 via
SpeI and SwaI sites using T4 DNA ligase and were sequenced. Similarly, the corresponding dns region
sequences were inserted into the pYS2 intermediates via PacI and NsiI sites. The pSE200-based consti-
tutive expression plasmids (21) were constructed as follows: M. tuberculosis Mtb.hgprt and M. smegmatis
Msm.hgprt were PCR amplified from corresponding template chromosomal DNA using primer pairs 15/16
and 17/18, respectively. PCR fragments were inserted into SwaI-linearized pSE200 using the In-Fusion
approach. All prepared constructs were verified by sequencing. M. smegmatis strains were transformed
as previously described (24). Primers are listed in Table S1.

Gene deletion. Gene disruption using a pYS2 deletion plasmid has been described previously (19).
Briefly, M. smegmatis carrying the temperature-sensitive replicating expression plasmid pYS1 encoding
Chec9 DNA recombinase under the control of the acetamidase promoter was inoculated in 7H9-ADC
medium containing 25 �g/ml kanamycin and 0.25% acetamide to an initial optical density at 600 nm
(OD600) of 0.001. The culture was grown at 34°C and 220 rpm until the OD600 reached 0.8. The culture was
then used for preparation of competent cells, which were transformed with a PacI-linearized pYS2
deletion plasmid (24). Gene disruptants were selected on 7H10-ADC medium containing 150 �g/ml
hygromycin at 42°C to cure out of the pYS1 vector. To remove the Hygr cassette, gene disruptants were
next transformed with the pML2714 vector, which constitutively expresses Cre recombinase. In the
resulting gene disruptants, the deleted gene was replaced with a 32-bp loxP site. Deletions were
screened by PCR using Q5 polymerase and primer pairs that anneal at the boundaries of the deleted
region (Table S1 and Fig. 1). The resulting PCR product was sequenced. Constructed M. smegmatis
deletion strains are listed in Table 2.

Synthesis of ANP phosphoramidate prodrugs 30 and 31. Prodrugs of ANP-based inhibitors were
prepared as previously described (12). Characterization of synthetic compounds is described in the
supplemental material. The samples tested on M. smegmatis were identical to those tested previously on
M. tuberculosis.

Determination of antibacterial activities of ANP prodrugs. M. smegmatis strains were propagated
in 7H9-ADC medium containing 0.5% (vol/vol) glycerol and 0.05% tyloxapol to the mid-exponential
phase (OD600 of 0.5). When required, 100 �M hypoxanthine was additionally present. Strains carrying
pSE200-based expression vectors were cultivated in the presence of 25 �g/ml kanamycin. This culture
was used to test the antimicrobial activity of ANP prodrugs with a modified resazurin microplate assay
(25). Serially diluted ANP prodrugs in 7H9-ADC medium containing 0.05% tyloxapol and 0.5% glycerol
were pipetted in 100-�l aliquots into a 96-well plate, and the final concentration of dimethyl sulfoxide
(DMSO) was adjusted to 0.5%. M. smegmatis culture at an OD600 of 0.005 (100 �l) was added. Plates were
incubated at 37°C for 24 h, 30 �l of a 0.02% resazurin solution in phosphate-buffered saline (PBS) was
added, and the plate was incubated for an additional 24 h. Sample fluorescence was determined with a
Tecan Infinite M1000 microplate reader with an excitation wavelength of 530 nm and emission read at
580 nm. Growth was calculated as follows:

% of growth �
FL(sample) � FL(blank)

FL(positive control) � FL(blank)
� 100

where FL(positive control) represents a M. smegmatis culture sample, without ANPs and FL(blank)
represents cultivation without cells.

Stationary-phase survival assay. M. smegmatis was inoculated into 100 ml of 7H9-ADC medium
with 0.5% (vol/vol) glycerol and 0.05% tyloxapol to an OD600 of 0.005 in a 500-ml Erlenmeyer flask.
Cultures were cultivated at 37°C and 180 rpm. Aliquots (1 ml) were collected at 0, 1, 3, 5, 7, 10, and
31 days of cultivation and serially diluted. A 30-�l aliquot of each dilution was spotted onto
7H10-ADC plates. Plates were incubated for 3 days at 37°C, and CFUs were determined from spots
with 10 to 40 M. smegmatis colonies.

M. smegmatis cultivation on agar media. M. smegmatis strains were cultivated in 7H9-ADC medium
with medium containing 0.5% (vol/vol) glycerol and 0.05% tyloxapol until cultures reached the mid-
exponential growth phase. When required, cultures were supplemented with 100 �M hypoxanthine or
25 �g/ml kanamycin. Cells were pelleted at 3,000 � g for 5 min and washed twice with PBS. The final
OD600 was adjusted to 0.1, and three serial 10-fold dilutions were prepared. Fractions from these dilutions
(5 �l) were spotted onto 7H10-ADC medium containing 0.5% glycerol; 3 mM asparagine; and 200 �M
adenine, guanine, or hypoxanthine. Growth was compared with that on purine-free medium.

TABLE 2 List of M. smegmatis strains used in this study

Strain genotype Parental strain/genotype Reference

wt mc2 155/wt 29
�hgprt mc2 155/hgprt�loxP This study
�purF mc2 155/purF�Hygr This study
�hgpr �purF �hgprt/hgprt�loxP purF�Hygr This study
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To test complementation of HGPRT deficiency in the �purF �hgprt strain, the bacteria were
transformed with pSE200.Mtb.HGPRT, pSE200.Msm.HGPRT, or empty pSE200 and selected on 7H10-ADC
medium containing 25 �g/ml kanamycin, 100 �M adenine, and 3 mM asparagine. Resulting transfor-
mants were spotted onto 7H10-ADC containing 25 �g/ml kanamycin and 100 �M adenine, hypoxan-
thine, or guanine.

Sequence alignment and 3D modeling. Alignment of M. tuberculosis and M. smegmatis HGPRT
amino acid sequences was performed with Clustal W. The structural model of M. smegmatis HGPRT was
built with UCSF Chimera with the Modeller software extension (26, 27) using the M. tuberculosis HGPRT
X-ray structure as a template (PDB 4RHX) (12).

SUPPLEMENTAL MATERIAL
Supplemental material is available online only.
SUPPLEMENTAL FILE 1, PDF file, 1.6 MB.
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