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ABSTRACT: The causative agent of tuberculosis, Mycobacterium tuberculosis, is a
bacterium with a complex cell wall and a complicated life cycle. The genome of M.
tuberculosis contains well over 4000 genes thought to encode proteins. One of these codes
for a putative enzyme referred to as Rv3404c, which has attracted research attention as a
potential virulence factor for over 12 years. Here we demonstrate that Rv3404c functions
as a sugar N-formyltransferase that converts dTDP-4-amino-4,6-dideoxyglucose into
dTDP-4-formamido-4,6-dideoxyglucose using N10-formyltetrahydrofolate as the carbon
source. Kinetic analyses demonstrate that Rv3404c displays a signiﬁcant catalytic eﬃciency
of 1.1 × 104 M−1 s−1. In addition, we report the X-ray structure of a ternary complex of
Rv3404c solved in the presence of N5-formyltetrahydrofolate and dTDP-4-amino-4,6dideoxyglucose. The ﬁnal model of Rv3404c was reﬁned to an overall R-factor of 16.8% at
1.6 Å resolution. The results described herein are especially intriguing given that there have been no published reports of Nformylated sugars associated with M. tuberculosis. The data thus provide a new avenue of research into this fascinating, yet deadly,
organism that apparently has been associated with human infection since ancient times.

A

In 2014, X-ray coordinates for an uncharacterized protein,
Rv3404c from M. tuberculosis H37Rv, were deposited into the
Protein Data Bank (accession codes 4PZU and 4Q12).
Whereas this protein was suggested to be a sugar Nformyltransferase, there were no biochemical data presented
to validate this assertion. The annotation was intriguing given
that there have been no reports in the literature regarding the
existence of N-formylated sugars in M. tuberculosis. Thus far,
research has shown that these types of unusual formylated
sugars are only found on the lipopolysaccharides of pathogenic
Gram-negative bacteria such as Campylobacter jejuni, Francisella
tularensis, Providencia alcalifaciens, Salmonella enterica, and
Brucella melitensis.8−15 Whether these unusual sugars are
important for virulence in these organisms is presently
unknown. Notably, however, the loss of activity of a sugar Nformyltransferase in Brucella abortus results in a bacterial strain
with attenuated pathogenicity.13
Rv3404c has attracted attention as a potential virulence
factor for over 12 years because it is either diﬀerentially
expressed under various conditions and/or because of its
degree of conservation among strains from the M. tuberculosis
complex, a genetically related group of Mycobacterium species
that can cause human and/or animal tuberculosis.16,17
Importantly, inactivation of Rv3404c gives rise to increased
survival times for severe combined immune deﬁciency (SCID)
mice infected with M. tuberculosis.18,19

ccording to the World Health Organization, tuberculosis
is one of the top 10 causes of death worldwide, and in
2015 alone, it accounted for more fatalities than HIV and
malaria combined. It is a highly contagious and airborne disease
caused by Mycobacterium tuberculosis, a rod-shaped organism
demonstrating Ziehl-Neelsen staining properties due to the
presence of mycolic acids on its cell surface.1 Interestingly, it is
thought that M. tuberculosis and humans have cohabited since
the time humans emerged as a species.2 Treatment for
tuberculosis typically requires extensive use of isoniazid,
rifampicin, ethambutol, and pyrazinamide for two months
followed by an additional four months of isoniazid and
rifampicin.3 Of particular concern is the appearance of
multidrug-resistant and extensively drug-resistant bacterial
strains, referred to as MDR-TB and XDR-TB, respectively.4
Treatment is also complicated by the fact those infected with
M. tuberculosis may be asymptomatic. Indeed, only 5−15% of
those with latent infections will eventually develop active
tuberculosis in their lifetimes.5 As a consequence, these
individuals function as “repositories” for the organism, which
is especially concerning given that approximately one-third of
the world’s population has a latent M. tuberculosis infection.
Distinct from both Gram-negative and Gram-positive
bacteria, M. tuberculosis has a unique core cell wall structure
composed of an inner peptidoglycan layer, a middle highly
branched arabinogalactan zone, and an outer covering
composed of mycolic acids, which are oriented perpendicular
to the plane of the membrane.6,7 Due to the role of the cell wall
in both bacterial survival and pathogenesis, those enzymes
involved in its biosynthesis have been and continue to be
targets for drug design.
© 2017 American Chemical Society

Received: May 25, 2017
Revised: June 26, 2017
Published: June 30, 2017
3818

DOI: 10.1021/acs.biochem.7b00506
Biochemistry 2017, 56, 3818−3825

Article

Biochemistry
Scheme 1a
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Reaction catalyzed by Rv3404c and cofactors employed in this investigation, Dunsirn et al., 2017.

200 mM NaCl and concentrated to ∼24 mg/mL based on a
calculated extinction coeﬃcient of 1.09 (mg/mL)−1 cm−1.
Determination of Substrate Preference. Test reactions
using Rv3404c (1 mg/mL), 2 mM N10-formyl-THF, 50 mM
HEPPS (pH 8.0), and 1 mM of various nucleotide-linked
sugars were allowed to incubate for 12 h at 37 °C. For each
reaction, the enzyme was removed via ﬁltration through a 10
kDa cutoﬀ ﬁlter, and the mixture diluted 10× with water and
examined by HPLC. Speciﬁcally, a 0.0−1.0 M gradient of
ammonium acetate (pH 4.0) was utilized with a 1 mL
Resource-Q column. Of the various nucleotide-linked sugars
tested, as described in Results, the only reaction demonstrating
loss of the starting sugar was that when dTDP-QuiN4 served as
the substrate. The product of the Rv3404c/dTDP-QuiN4
reaction was evaluated by electrospray ionization mass
spectrometry in the negative ion mode.
Kinetic Analyses using dTDP-Qui4N as the Substrate.
Kinetic parameters for Rv3404c were determined via a
discontinuous assay using an Ä KTA Puriﬁer HPLC system as
described previously.8 The 1.5 mL reaction mixtures contained
5 mM N10-formyl-THF, 50 mM HEPPS (pH 8.0), 0.28 μM
Rv3404c, and dTDP-Qui4N concentrations ranging from
0.01−2.0 mM. A plot of initial velocity versus concentration
was analyzed using PRISM (GraphPad Software, Inc.) and
ﬁtted to the equation v0 = (Vmax[S])/(KM + [S]).
Crystallization. Large crystals of Rv3404c were grown in
hanging drop experiments from 20% poly(ethylene glycol)
3350, 200 mM KCl, and 100 mM HEPPS (pH 8.0) and in the
presence of dTDP-Qui4N and N5-formyl-THF. They belonged
to the orthorhombic space group P212121 with unit cell
dimensions of a = 47.5 Å, b = 73.0 Å, and c = 173.3 Å. The
asymmetric unit contained one dimer. For X-ray data
collection, the crystals were transferred to a cryo-protectant
solution composed of 26% poly(ethylene glycol) 3350, 200
mM NaCl, 200 mM KCl, 200 mM LiCl, 5 mM dTDP-Qui4N,
5 mM N5-formyl-THF, and 13% ethylene glycol.
X-ray Data Collection, Processing and Structural
Analysis. An X-ray data set was collected in house and was
processed with SAINT and scaled with SADABS (Bruker AXS

Here we describe a biochemical and X-ray structural analysis
of Rv3404c. Our data demonstrate that it catalyzes the
conversion of dTDP-4-amino-4,6-dideoxyglucose (dTDPQui4N) to dTDP-4-formamido-4,6-dideoxyglucose (dTDPQui4NFo) as indicated in Scheme 1. We also demonstrate
that it utilizes N10-formyltetrahydrofoate (N10-formyl-THF) as
the carbon source (Scheme 1). The research presented herein
thus provides a molecular framework for further cellular and
molecular biological investigations into the physiological role of
this enzyme in M. tuberculosis.

■

MATERIALS AND METHODS
Protein Expression and Puriﬁcation. The gene encoding
Rv3404c from M. tuberculosis was synthesized by Integrated
DNA Technologies using codons optimized for protein
expression in Escherichia coli. The gene was placed into a
modiﬁed pET28b vector (Novagen), which leads to a protein
with an N-terminal polyhistidine tag as previously described.20
The pET28t-rv3404c plasmid was utilized to transform
Rosetta2(DE3) E. coli cells (Novagen). The cultures were
grown in lysogeny broth supplemented with kanamycin and
chloramphenicol (both at 50 mg/L concentration) at 37 °C
with shaking until an optical density of 0.8 was reached at 600
nm. The ﬂasks were cooled in an ice bath, and the cells were
induced with 1 mM isopropyl β-D-1-thiogalactopyranoside and
allowed to express protein at 16 °C for 24 h.
The cells were harvested by centrifugation and frozen as
pellets in liquid nitrogen. The pellets were subsequently
disrupted by sonication on ice in a lysis buﬀer composed of
50 mM sodium phosphate, 20 mM imidazole, 10% glycerol,
and 300 mM sodium chloride (pH 8.0). The lysate was cleared
by centrifugation, and Rv3404c was puriﬁed at 4 °C utilizing
nickel nitrilotriacetic acid resin (Qiagen) according to the
manufacturer’s instructions. All buﬀers were adjusted to pH 8.0
and contained 50 mM sodium phosphate, 300 mM sodium
chloride, and imidazole concentrations of 20 mM for the wash
buﬀer and 300 mM for the elution buﬀer. The protein was
collected and dialyzed against 10 mM Tris-HCl (pH 8.0) and
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mass spectrum having a m/z = 574.0. This is the mass that
would be expected for the formylated product, dTDPQui4NFo.
Kinetic Analysis. To observe the formation of dTDPQui4NFo, the reaction was allowed to incubate for 12 h at 37
°C as described in Materials and Methods. In order to
determine whether the enzymatic rate of Rv3404c is
physiologically relevant, a kinetic analysis was subsequently
conducted by measuring initial velocities versus dTDP-Qui4N
concentrations in 2 min assays. Initial test assays demonstrated
that the reactions were linear for at least 5 min. As can be seen
in Figure 1, Rv3404c displays normal Michaelis−Menten

Inc.). Relevant X-ray data collection statistics are listed in Table
1. The structure was solved via molecular replacement with
Table 1. X-ray Data Collection Statistics
resolution limits (Å)
space group
unit cell
a
b
c
number of independent reﬂections
completeness (%)
redundancy
avg I/avg σ(I)
Rsym (%)a

50−1.6 (1.7−1.6)b
P212121
47.5
73.0
173.3
79772 (12792)
99.1 (96.8)
6.4 (3.2)
12.4 (2.5)
7.8 (35.1)

Rsym = (∑| I − I|̅ / ∑ I) × 100. bStatistics for the highest resolution
bin.

a

PHASER21 and using PDB entry 4PZU as a search probe.
Iterative cycles of model-building with COOT22,23 and
reﬁnement with REFMAC24 were employed to produce the
ﬁnal X-ray model. Reﬁnement statistics are provided in Table 2.
Table 2. Reﬁnement Statistics
resolution limits (Å)
R-factora (overall)%/no. reﬂections
R-factor (working)%/no. reﬂections
R-factor (free)%/no. reﬂections
number of protein atoms
number of heteroatoms
average B values
protein atoms (Å2)
ligand (Å2)
solvent (Å2)
weighted RMS deviations from ideality
bond lengths (Å)
bond angles (deg)
planar groups (Å)
Ramachandran regions (%)b
most favored
additionally allowed
generously allowed

50−1.6
16.8/79772
16.7/75782
20.0/3990
3768
817

Figure 1. Steady state kinetic analysis of Rv3404c. Shown is a plot of
the Rv3404c reaction rate versus dTDP-Qui4N concentration. The
enzyme demonstrates normal Michaelis−Menten kinetics. In presenting the data as we do, we are adhering to standard conventions in
enzymology. Measuring velocities over a wide range of substrate
concentrations allows us to obtain data that deﬁne both kcat and kcat/
KM well, which is not accomplished by measuring replicates at fewer
diﬀerent concentrations. The graph shown allows for a qualitative
appreciation of the quality of the data; the quantitative goodness-of-ﬁt
to the Michaelis−Menten equation is given by the standard errors as
described in Results and Discussion.

16.4
20.5
28.9
0.011
1.9
0.008

kinetics. From these data, the KM was determined to be 0.08
± 0.01 mM, and the kcat was calculated to be 0.9 ± 0.1 s−1. The
overall catalytic eﬃciency or kcat/KM for Rv3404c is 1.1 × 104 ±
800 M−1 s−1. The magnitude of the catalytic eﬃciency is similar
to that observed for other sugar N-formyltransferases and is
highly suggestive that dTDP-Qui4N is the natural substrate for
Rv3404c.
Structure of the Ternary Complex. The structure of
Rv3404c in complex with N5-formyltetrahydrofolate (N5formyl-THF) and dTDP-Qui4N was determined to 1.6 Å
resolution and reﬁned to an overall R-factor of 16.8%. For
crystallization purposes, N5-formyl-THF was utilized rather
than N10-formyl-THF because it is a stable analogue. It is not
catalytically competent, however.
Shown in Figure 2a is a ribbon representation of the Rv3404c
dimer, which displays overall dimensions of ∼57 Å × 59 Å ×
104 Å. The dimer is rather elongated such that the N-termini of
the subunits are separated by ∼100 Å. Each monomer folds
into two distinct regions. The larger N-terminal domain is
deﬁned by Met 1 to Arg 183, whereas the C-terminal lobe is
formed by Arg 184 to Pro 232. The N-terminal domain is
characterized by a six-stranded mixed β-sheet ﬂanked on either
side by two α-helices. The C-terminal region initiates with a
short β-strand (Arg 190 to Thr 192) and an α-helix (Phe 193 to
Ala 202). This short β-strand interacts with the symmetryrelated β-strand in the second subunit thereby contributing to

98.3
1.7
0.0

R-factor = (Σ|F0 − Fc|/Σ|F0|) × 100 where F0 is the observed
structure-factor amplitude and Fc. is the calculated structure-factor
amplitude. bDistribution of Ramachandran angles according to
PROCHECK.30
a

■

RESULTS AND DISCUSSION
Substrate Preference. Thus far, ﬁve nucleotide-linked
amino sugars have been identiﬁed as substrates for the sugar Nformyltransferases: dTDP-3-amino-3,6-dideoxyglucose (dTDPQui3N), dTDP-3-amino-3,6-dideoxygalactose, dTDP-4-amino4,6-dideoxyglucose (dTDP-Qui4N), UDP-4-amino-4-deoxyarabinose, and GDP-4-amino-4,6-dideoxymannose. Whereas
these nucleotide-linked sugars are not commercially available,
they have been enzymatically synthesized in our laboratory.8−12,14,25 From this list, the only nucleotide-linked sugar
that served as a substrate for Rv3404c was dTDP-Qui4N.
Speciﬁcally, the mass spectrum for dTDP-Qui4N shows a peak
having a m/z = 545.9. Upon incubation of dTDP-Qui4N and
N10-formyl-THF with Rv3404c, a peak was observed in the
3820
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Figure 2. Overall structure of Rv3404c. A ribbon representation of the dimer is presented in stereo in (a). The N-terminal domain of each subunit is
highlighted in wheat and teal, whereas the C-terminal domains are colored in purple and blue for Subunits 1 and 2, respectively. The electron
densities corresponding to dTDP-Qui4N and N5-formyl-THF in Subunit 1 are shown in stereo in (b). The electron density map was calculated with
(Fo − Fc) coeﬃcients and contoured at 3σ. The ligands were not included in the X-ray coordinate ﬁle used to calculate the omit map, and thus there
is no model bias. A close-up stereoview of the Rv3404c active site is presented in (c). Ordered water molecules are depicted as red spheres. The
position of the Li+ ion is indicated by the purple sphere. Possible hydrogen bonding interactions within 3.2 Å are indicated by the dashed lines.
Whereas most of the amino acid residues involved in ligand binding are contributed by the N-terminal domain, the side chains of Phe 208 and Asn
210 that interact with the thymine ring are located in the C-terminal region. This ﬁgure, and Figures 3, 4, and 5 were prepared with the software
package PyMOL.31
3821
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Figure 3. Comparison of the apo and Rv3404c ternary complex models (in stereo). The only signiﬁcant diﬀerence between the Rv3404c model with
bound ligands and the apo form is the position of the loop deﬁned by His 63 to Pro 69. The conformation of the loop observed in the apo structure
is highlighted in green.

Figure 4. Comparison of the active sites for Rv3404c and VioF from P. alcalifaciens O30. Both enzymes utilize dTDP-Qui4N as substrates. Shown in
stereo is a superposition of their active sites with Rv3404c displayed in purple bonds and VioF highlighted in wheat bonds. The top and bottom
labels refer to residues in Rv3404c and VioF, respectively. The positions of the strictly conserved asparagine/histidine/aspartate triads are nearly
identical in the two enzymes. Note that whereas both Rv3404c and VioF contain a lysine residue in a similar position (Lys 65/Lys 77), the
orientations of the side chains are diﬀerent due to the manner in which the dTDP-Qui4N ligands bind to the two proteins. The observed variations
in the binding of the dTDP-sugar substrates are most likely due to crystallization artifacts. Indeed, the orientation of the ligand in VioF is not
compatible for catalysis which requires close proximity of the sugar amino group to the conserved histidine residue, His 94. The asterisk indicates the
position of the amino group of dTDP-Qui4N when bound to Rv3404c.

the subunit/subunit interface. There are two additional βstrands (Ala 211 to Val 214 and Lys 220 to Pro 229) that are
connected by a Type I turn (Asp 215 to Gly 218). The second
β-strand of this hairpin motif is also involved in formation of
the subunit/subunit interface. The active sites of the dimer are
separated by ∼50 Å.
The electron densities in Subunit 1 corresponding to dTDPQui4N and N5-formyl-THF are displayed in Figure 2b. Only
electron density for dTDP was observed in Subunit 2. The
electron density for the pteridine ring of the cofactor was wellordered but that for the remainder of the ligand disordered.
The electron density observed for the dTDP-Qui4N ligand,
however, was unambiguous. The ribose of the dTDP-Qui4N
ligand adopts the C3′-endo pucker, whereas the pyranosyl
group of the substrate shows the 4C1 chair conformation.
A close-up stereoview of the Rv3404c active site is presented
in Figure 2c. The thymine ring of the dTDP-linked sugar
substrate is wedged between two aromatic side chains, Phe 93
from the N-terminal domain and Phe 208 from the C-terminal
region. In addition, the thymine ring forms hydrogen-bonding

interactions with the side chain of Asn 210 from the C-terminal
domain. Key electrostatic interactions occur between the
pyrophosphoryl group of the dTDP-Qui4N substrate and the
side chains of Asn 10, His 63, Lys 65, and Tyr 139. There are
ﬁve waters that lie within 3.2 Å of the pyrophosphoryl moiety.
The carbonyl oxygen of Gly 91 and the backbone amide
nitrogen of Phe 93 participate in hydrogen bonding interactions
with the C-3′ and C-2′ hydroxyl groups of the hexose,
respectively. There are three residues strictly conserved among
the N-formyltransferases that play key roles in catalysis.15 In
Rv3404c these correspond to Asn 80, His 82, and Asp 117. The
conserved histidine is thought to act as the catalytic base that
abstracts a proton from the amino group of the sugar. This is
required for the eventual transfer of the formyl group from the
cofactor to the amino group of the dTDP-sugar substrate. A
peak of strong electron density was observed lying within 2.0 Å
of the C-4′ amino nitrogen of the hexose. On the basis of the
observed electron density and in consideration of both the
cryo-protectant conditions used for X-ray data collection and
the coordination geometry surrounding the peak, it was
3822
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Figure 5. Comparison of the active sites for Rv3404c and WlaRD from C. jejuni. The focus of this investigation, Rv3404c, functions on dTDPQui4N, whereas the N-formyltransferase referred to as WlaRD acts upon dTDP-Qui3N. Shown in stereo is a superposition of the active sites for
these enzymes. Side chains from Rv3404c are displayed in wheat. Those amino acid residues belonging to WlaRD are displayed in teal. The top and
bottom amino acid labels refer to Rv3404c and WlaRD, respectively. The large asterisk indicates the positions of the amino groups located on the
pyranosyl rings of each ligand.

is WlaRD from C. jejuni.8 A superposition of the active sites for
Rv3404c and WlaRD with bound dTDP-sugars is presented in
Figure 5. Strikingly, there is little amino acid sequence identity
between Rv3404c and WlaRD with the exception of the
conserved asparagine/histidine/aspartate triad that is observed
in all N-formyltransferases studied to date. The most signiﬁcant
changes in the identities of the amino acids lining the active
sites of Rv3404c and WlaRD include Asn 10/Lys 9, Lys 65/Asp
79, His 63/Glu 77, Pro 83/Phe 97, and Trp 92/Val 106. As a
result, the locations of the α- and β-phosphoryl groups of the
dTDP-sugars in the active sites are signiﬁcantly diﬀerent.
Speciﬁcally, the α- and β-phosphoryl moieties of dTDP-Qui4N
and dTDP-Qui3N are shifted by 1.6 and 3.7 Å, respectively.
Remarkably, as can be seen in Figure 5, the amino groups
attached to either C-4′ or C-3′ are located in nearly identical
positions in the active sites. Indeed, in Rv3404c, the distance
between the C-4′ amino group and His 82 is 3.5 Å, whereas in
WlaRD the distance between the C-3′ amino group and His 94
is 3.9 Å. It is clear from this investigation, as was ﬁrst suggested
in the structural analysis of VioF from P. alcalifaciens O30, that
substrate speciﬁcity among the N-formyltransferases is
determined by interactions between the proteins and the
pyrophosphoryl moieties of the substrates. These diﬀering
interactions allow the N-formyltransferases to direct the sugar
amino groups into the correct positions for catalysis.
Unusual dideoxysugars such as Qui4N and Qui4NFo have
been observed on the O-antigens of various Gram-negative
bacteria.26 Strikingly, however, there has only been one report,
published in 1998, that describes the observation of a
quinovose-based sugar in a Mycobacterium species. Speciﬁcally,
the polysaccharidic backbone of the 6-O-methylglucose lipopolysaccharide in Mycobacterium bovis BCG strain Pasteur has
been shown to contain Qui2N.27 From the investigation
reported here, it is now clear that Rv3404c functions as a sugar
N-formyltransferase using dTDP-Qui4N as its substrate. That
the M. tuberculosis genome contains a gene encoding this
enzyme is, indeed, puzzling given that there are no reports in
the literature regarding the observation of N-formylated sugars
in this organism. The fact that the gene encoding Rv3404c is
highly conserved among strains from the M. tuberculosis
complex suggests that the protein plays a key role in the
virulence of the organism. The hydrophobicity of the M.

modeled as a lithium ion (Figure 2c). The close distance
between this cation and the C-4′ amino nitrogen of the hexose
argues that the amino group is unprotonated when bound in
the active site.
The initial model of the apo form of Rv3404c was deposited
into the Protein Data Bank under the accession number 4PZU.
The α-carbons for this apo form and the ternary complex
model presented here superimpose with a root-mean-square
deviation of 0.5 Å for 216 target atoms. Overall, the models are
decidedly similar except for the position of the loop deﬁned by
His 63 to Pro 69, which connects the third β-strand to the third
α-helix of the subunit. This diﬀerence, highlighted in Figure 3,
results from the binding of N5-formyl-THF, which causes the
loop to splay outward from the active site. The largest
movement occurs at Lys 65 where the positions of the αcarbons in the two models diﬀer by 4.0 Å.
The structure of Rv3404c described here is similar to that
previously reported for VioF from P. alcalifaciens O30.10 These
two enzymes display amino acid sequence identities and
similarities of 36% and 59%, respectively. In keeping with the
apparent amino acid sequence homology between the two
proteins, the α-carbons for the two enzymes correspond with a
root-mean-square deviation of 0.9 Å. Shown in Figure 4 is a
superposition of the active sites for these two N-formyltransferases. The only signiﬁcant diﬀerences are the positions of
the pyranosyl groups in the active site pockets and the
conformations of the Lys 65/Lys 77 side chains. As can be seen,
in Rv3404c, the amino group of the pyranosyl moiety is
appropriately positioned to interact with His 82, which is the
presumed catalytic base on the basis of that observed for other
sugar N-formyltransferases.15 In VioF, the amino group is
located at ∼7 Å from His 94, suggesting that the dTDP-sugar
bound in a nonproductive conformation due to the
crystallization conditions. This same nonproductive conformation was also observed in the structural investigation of WbtJ
from F. tularensis.9 As such, the structure of Rv3404c presented
here represents a more meaningful description of the Michaelis
complex for those N-formyltransferases that act upon dTDPQui4N substrates.
The three-dimensional structures of N-formyltransferases
that function on dTDP-Qui3N rather than dTDP-Qui4N have
been reported within recent years.8,11,12 One of these enzymes
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tuberculosis cell wall has major impacts on its virulence,
pathogenicity, aerosol transmission, and intrinsic resistance to
many antibiotics.28,29 Thus, the formylation of Qui4N might be
important for the eﬀective transport or function of this residue
in the context of the M. tuberculosis hydrophobic cell wall.
The locations of N-formylated sugars in M. tuberculosis and
the life cycle stage at which they are produced remain questions
that can only be addressed by further physiological studies. The
data presented herein will undoubtedly spark an entirely new
avenue of tuberculosis research. If, indeed, these sugars are
important for cell wall maintenance or intracellular persistence,
for example, then the three-dimensional model of Rv3404c
described here will provide an important scaﬀold for structurebased drug design. Moreover, the absence of these sugars in
humans further supports the targeting of their biosynthetic
pathways in the continued search for new antituberculosis
therapeutics.
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