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To identify lipids with roles in tuberculosis disease, we systemat-
ically compared the lipid content of virulentMycobacterium tuber-
culosis with the attenuated vaccine strain Mycobacterium bovis
bacillus Calmette–Guérin. Comparative lipidomics analysis identi-
fied more than 1,000 molecular differences, including a previously
unknown, Mycobacterium tuberculosis-specific lipid that is com-
posed of a diterpene unit linked to adenosine. We established
the complete structure of the natural product as 1-tuberculosiny-
ladenosine (1-TbAd) using mass spectrometry and NMR spectros-
copy. A screen for 1-TbAd mutants, complementation studies, and
gene transfer identified Rv3378c as necessary for 1-TbAd biosyn-
thesis. Whereas Rv3378c was previously thought to function as
a phosphatase, these studies establish its role as a tuberculosinyl
transferase and suggest a revised biosynthetic pathway for the
sequential action of Rv3377c-Rv3378c. In agreement with this
model, recombinant Rv3378c protein produced 1-TbAd, and its crys-
tal structure revealed a cis-prenyl transferase fold with hydrophobic
residues for isoprenoid binding and a second binding pocket suit-
able for the nucleoside substrate. The dual-substrate pocket distin-
guishes Rv3378c from classical cis-prenyl transferases, providing
a unique model for the prenylation of diverse metabolites. Terpene
nucleosides are rare in nature, and 1-TbAd is known only in Myco-
bacterium tuberculosis. Thus, this intersection of nucleoside and
terpene pathways likely arose late in the evolution of the Mycobac-
terium tuberculosis complex; 1-TbAd serves as an abundant chem-
ical marker of Mycobacterium tuberculosis, and the extracellular
export of this amphipathic molecule likely accounts for the known
virulence-promoting effects of the Rv3378c enzyme.

TbAd | terpenyl transferase

With a mortality rate exceeding 1.5 million deaths annually,
Mycobacterium tuberculosis remains one of the world’s

most important pathogens (1). M. tuberculosis succeeds as a
pathogen because of productive infection of the endosomal net-
work of phagocytes. Its residence within the phagosome protects it
from immune responses during its decades long infection cycle.
However, intracellular survival depends on active inhibition of
pH-dependent killing mechanisms, which occurs for M. tuber-
culosis but not species with low disease-causing potential (2).
Intracellular survival is also enhanced by an unusually hydro-
phobic and multilayered protective cell envelope. Despite study
of this pathogen for more than a century, the spectrum of natural
lipids within M. tuberculosis membranes is not yet fully defined.
For example, the products of many genes annotated as lipid
synthases remain unknown (3), and mass spectrometry detects
hundreds of ions that do not correspond to known lipids in the
MycoMass and LipidDB databases (4, 5).

To broadly compare the lipid profiles of virulent and avir-
ulent mycobacteria, we took advantage of a recently validated
metabolomics platform (4). This high performance liquid
chromatography–mass spectrometry (HPLC-MS) system uses
methods of extraction, chromatography, and databases that are
specialized for mycobacteria. After extraction of total bacterial
lipids into organic solvents, HPLC-MS enables massively parallel
detection of thousands of ions corresponding to diverse lipids
that range from apolar polyketides to polar phosphoglycolipids.
Software-based (XCMS) ion finding algorithms report reproducibly
detected ions as molecular features. Each feature is a 3D data
point with linked mass, retention time, and intensity values from
one detected molecule or isotope. All features with equivalent
mass and retention time from two bacterial lipid extracts are
aligned, allowing pairwise comparisons of MS signal intensity to
enumerate molecules that are overproduced in one strain with
a false-positive rate below 1% (4).

Significance

Whereas most mycobacteria do not cause disease, Mycobacte-
rium tuberculosis kills more than one million people each year.
To better understand whyMycobacterium tuberculosis is virulent
and to discover chemical markers of this pathogen, we compare
its lipid profile with that of the attenuated but related my-
cobacterium, Mycobacterium bovis Bacillus Calmette–Guérin.
This strategy identified a previously unknown Mycobacterium
tuberculosis-specific lipid, 1-tuberculosinyladenosine, which
is produced by the Rv3378c enzyme. The crystal structure of
Rv3378c provides information supporting drug design to in-
hibit prenyl transfer. Discovery of 1-tuberculosinyladenosine
provides insight into how Mycobacterium tuberculosis re-
sists killing in macrophages and a new target for diagnosing
tuberculosis disease.
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This comparative lipidomics system allowed an unbiased,
organism-wide analysis of lipids from M. tuberculosis and
the attenuated vaccine strain, Mycobacterium bovis Bacillus
Calmette–Guérin (BCG). BCG was chosen because of its world-
wide use as a vaccine and its genetic similarity to M. tuberculosis
(6). We reasoned that any features that are specifically detected
in M. tuberculosis might be clinically useful as markers to distin-
guish tuberculosis-causing bacteria from vaccines. Furthermore,
given the differing potential for productive infection by the two
strains, any M. tuberculosis-specific compounds would be candi-
date virulence factors. Comparative genomics ofM. tuberculosis
and BCG successfully identified “regions of deletion” (RD) that
encode genes that were subsequently proven to promote pro-
ductive M. tuberculosis infection (7), including the 6-kDa early
secreted antigenic target (ESAT-6) secretion system-1 (ESX-1)
(8, 9). We reasoned that a metabolite-based screen might identify
new virulence factors because not all functions of RD genes
are known. Also, biologically important metabolites could emerge
from complex biosynthetic pathways that cannot be predicted
from single-gene analysis.
Comparison ofM. tuberculosis and BCG lipid profiles revealed

more than 1,000 differences, among which we identified a pre-
viously unknown M. tuberculosis-specific diterpene-linked aden-
osine and showed that it is produced by the enzyme Rv3378c.
Previously, Rv3378c was thought to generate free tuberculosinol
and isotuberculosinol (10–12). This discovery revises the enzy-
matic function of Rv3378c, which acts as a virulence factor to
inhibit phagolysosome fusion (13). Whereas current models of
prenyl transferase function emphasize iterative lengthening of
prenyl pyrophosphates using one binding pocket, the crystal

structure of Rv3378c identifies two pockets in the catalytic site,
establishing a mechanism for heterologous prenyl transfer to
nonprenyl metabolites.

Results
Comparative Lipidomics of M. tuberculosis and M. bovis Bacillus
Calmette–Guérin. Using HPLC-MS for comparative analysis of
lipid extracts ofM. tuberculosis H37Rv and BCG (Pasteur strain),
we detected 7,852 molecular features (Fig. 1 and SI Appendix,
Dataset S1). By aligning datasets and seeking features that sig-
nificantly differed in intensity (corrected P value <0.05), we
identified 1,845 features that were overdetected in one bacterium
or the other (Fig. 1A). Among these features, we focused on mol-
ecules selectively detected in M. tuberculosis that showed the
highest fold-change ratios and intensity. We identified four mo-
lecular features corresponding to a singly charged molecular ion
at m/z 540.357 (C30H45N5O4) and its isotopes (Fig. 1A), but this
chemical formula did not match entries in the MycoMass (4) or
other public databases. We named the unknown molecule
substance A.

Substance A Is an Abundant Natural Product of M. tuberculosis. The
molecular ion of substance A was one of the most intense ions in
the M. tuberculosis lipidome (Fig. 1A), suggesting that it was pro-
duced in abundance. Identification of an apparently abundant
molecule in a widely studied pathogen was unexpected, leading
to questions about whether substance A was truly a natural prod-
uct. However, this compound was absent in media, solvent blanks,
and BCG lipid extracts but was reproducibly detected in three
reference strains ofM. tuberculosis (Fig. 1B). As observed with cell-
associated compounds (Fig. 1A), culture filtrate (Fig. 1C) yielded
bright ion at m/z 540.357 whose intensity was higher than that of
the abundantly secreted siderophore, carboxymycobactin. Its re-
lease into the extracellular space likely results from transmembrane
transport, rather than budding of intact cell wall fragments,
because cell wall-embedded lipids, trehalose monomycolate and
mycobactin, were not detected in filtered supernatants (Fig. 1C).
We detected substance A in M. tuberculosis during exponential or
stationary phase and several types of media or when subject to acid
stress (SI Appendix, Fig. S1 A and B). Thus, substance A is a nat-
ural product that is constitutively produced in many conditions
and accumulates within and outside M. tuberculosis.
M. tuberculosis often compartmentalizes lipid biosynthesis so

that lipids are assembled after transport across the plasma mem-
brane. Sulfoglycolipids and phthiocerol dimycocerosates become
undetectable when MmpL transporters are interrupted, even when
biosynthetic genes are intact (14–16). Because ESX-1 is a transport
system lacking in BCG, lack of export of an ESX-1–dependent
lipid synthase might account for the loss of substance A. How-
ever, ESX-1–deficient M. tuberculosis lacking either the espA
gene (Rv3616c) or the entire RD1 locus (17), which are both
necessary for ESX-1 function, produces substance A at normal
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Fig. 1. Comparative lipidomic analysis of M. tuberculosis and BCG reveals
a natural product constitutively produced and exported by M. tuberculosis.
(A) Detected molecular features are shown as a scatterplot of intensity de-
rived from M. tuberculosis H37Rv and BCG lipid extracts. Each feature cor-
responds to a detected ion and contains retention time andm/z values, which
are detailed in SI Appendix, Dataset S1; 1,845 features out of 7,852 total
features showed intensity ratios that deviate significantly from 1 (corrected P
value, <0.05). The mass spectrum corresponds to the four M. tuberculosis-
specific features of substance A. (B) Ion chromatograms extracted at m/z
(540.3545) and retention time of substance A were used for the analysis of
lipid extracts of reference strains. (C) Ion chromatograms from lipidomic
analysis of filtered conditioned medium were extracted at the m/z of sub-
stance A or control compounds that are secreted (carboxymycobactin) and
cell wall-associated lipids (trehalose monomycolate, mycobactin).

1-tuberculosinyladenosine (1-TbAd) 

1N+

N

N

N

NH2

HO OH

O
HO

H

6.10

8.53

8.66 5.46
4.92

1.89
0.66

5.48
0.85

1.06
1.01H

H

H

 268.104 273.257H

408.312

H

NMR chemical shifts
MSMS fragments m/z

136.061
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levels (SI Appendix, Fig. S1C). After ruling out a major known
species-specific difference in transport, we devised a screen to
detect genes responsible for substance A biosynthesis.

Substance A Is a 1-Tuberculosinyladenosine. Collision-induced mass
spectrometry (CID-MS) identified the structural components of
substance A as adenine ([M+H]+, C5H6N5, m/z 136.0618), adeno-
sine ([M+H]+, C10H14N5O4, m/z 268.1040), and a polyunsaturated
C20 hydrocarbon ([M+H]+, C20H33, m/z 273.2576) (Fig. 2 and
SI Appendix, Figs. S2–S4). A common C20 diterpene is ger-
anylgeraniol, andM. tuberculosis produces two C20 lipids containing
bicyclic halimane skeletons: tuberculosinol and isotuberculosinol
(18–20). Initially, CID-MS spectra could not distinguish among
these three candidate diterpenes (SI Appendix, Figs. S3 and S4),
but multistage CID-MS studies isolated the diterpene unit of
substance A (m/z 273.3) and yielded collision patterns that
matched tuberculosinol more closely than geranylgeraniol (SI
Appendix, Fig. S4).
After purification of the natural product, we carried out NMR

spectroscopy analyses using 1H 1D, 2D COSY, HMQC, and
NOESY spectra (SI Appendix, Figs. S5–S9), which unequivocally
established the structure of substance A as 1-tuberculosinyladenosine
(1-TbAd) (Fig. 2). The NMR signals of the diterpene moiety
matched those of tuberculosinol (10, 19–21) except for the
expected difference in the side-chain protons and carbons. The
spectral data of the adenosine and adjacent atoms correspond
closely to those of 1-prenyladenosine analogs (22–24). The allylic
methylene group absorbs downfield as a doublet at δ 4.92 (J =
6.6 Hz). A NOESY cross peak between the adenine H-2 at δ 8.53
and the alkene hydrogen and allylic methylene and methyl groups
at δ 5.46, 4.92, and 1.89, respectively, confirm that the tuberculosinyl
group is attached to the adenine at position 1. Thus,M. tuberculosis
produces a previously unknown type of diterpene nucleoside.

Rv3378c Produces 1-TbAd. To identify the genes necessary for
1-TbAd production, an existing library of random transposon
insertional mutants (25) was screened in high throughput (4,196
mutants) for 1-TbAd production using a simplified 3-min HPLC-
MS method (Fig. 3A). Thirty mutants showing low or absent
signals were rescreened using the original, high-resolution lip-
idomic separation method (Fig. 1). Reporting only mutants with
complete signal loss of 1-TbAd signal in both assays, we identi-
fied two 1-TbAd–null mutants carrying transposons in Rv1796
(mutant 1) and Rv2867c (mutant 2) (Fig. 3B). The concurrently
performed biochemical studies described above identified the highly

characteristic tuberculosinyl moiety as a component of 1-TbAd,
and the Rv3377c-Rv3378c locus was known to encode enzymes
needed for tuberculosinol and isotuberculosinol production (10,
11, 18–21). Sequencing identified spontaneous mutations in
Rv3378c in both mutants (10, 18–21). Mutant 1 encoded a pre-
dicted Asp→Gly substitution at residue 34, and mutant 2 encoded
a Pro→Ser substitution at residue 231. We generated comple-
mentation constructs to separately test whether the point muta-
tions in Rv3378c or the transposon insertions were responsible for
1-TbAd loss. Transfer of Rv1796 and Rv2867c failed to restore
1-TbAd production (SI Appendix, Fig. S10), but transfer of
Rv3377c-Rv3378c reconstituted 1-TbAd production in both
mutants (Fig. 3C). Thus, Rv3377c-Rv3378c genes are necessary
for 1-TbAd biosynthesis in M. tuberculosis.

The Biosynthetic Pathway of 1-TbAd. Furthermore, the known role
of Rv3377c and Rv3378c enzymes in tuberculosinol production
potentially provided a mechanism to connect Rv3377c and Rv3378c
genes with the production of a nucleoside-modified tuberculosinol.
Rv3377c is a terpene cyclase, which acts on geranylgeranyl pyro-
phosphate (GGPP) to generate tuberculosinyl pyrophosphate
(TbPP). Rv3378c was thought to be a phosphatase, which con-
verts TbPP to free tuberculosinol (10, 21). Extending current
models (Fig. 4A), 1-TbAd might result from downstream action
of an unknown enzyme on free tuberculosinol to transfer it to
adenosine. Polyprenol synthase genes and the Rv3377c-Rv3378c
locus are coordinately regulated and encoded at adjacent sites on
the chromosome (26). Therefore, we searched M. tuberculosis
databases for genes located near this locus that might plausibly
function as adenosine transferases. We failed to find candidates and
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noted that no transposon insertion that blocked 1-TbAd pro-
duction mapped to genes adjacent to this locus.
Therefore, we considered a revised biosynthetic model in

which Rv3378c protein is not a simple phosphatase, as currently
believed, but instead acts with combined phosphatase and tuber-
culosinyl transferase functions, using adenosine as the nucleophilic
substrate (Fig. 4B). This model is mechanistically simple and
might explain the lack of an apparent stand-alone transferase
gene. Also, whereas current models predict that tuberculosinol is
the end product of this pathway, we did not detect tuberculosinol
in lipidomics experiments (Fig. 1A and SI Appendix, Dataset S1).
The revised model posits that 1-TbAd is the end product of
Rv3378c pathway, explaining why it accumulates to high levels
as one of the brightest ions in the lipidome (Fig. 1A). After
chemical synthesis of TbPP (SI Appendix, Fig. S11), we tested
TbPP and GGPP as substrates for the recombinant Rv3378c
protein (18). Rv3378c catalyzed the condensation of adenosine and
TbPP to generate 1-TbAd but produced little or no product from
GGPP. Free tuberculosinol was not detected in these assays (Fig. 4
C and D). Thus, Rv3378c shows tuberculosinyl transferase activity,
which rules in the revised biosynthetic pathway (Fig. 4B).

Rv3377c-Rv3378c Is Sufficient for 1-TbAd Biosynthesis in Cells. To test
the sufficiency of this locus for 1-TbAd production in cells, we
transferred the Rv3377c-Rv3378c locus to Mycobacterium smeg-
matis. In all three clones tested, expression of Rv3377c-Rv3378c
transferred production of a molecule with the mass, retention
time, and CID-MS spectrum of 1-TbAd (Fig. 5 and SI Appendix,
Fig. S12). Thus, no other M. tuberculosis-specific cofactor or
transporter is needed for 1-TbAd production. Rv3377c-Rv3378c
is sufficient to synthesize 1-TbAd from ubiquitous cellular pre-
cursors present in most bacteria, likely GGPP and adenosine.

Crystal Structure of Rv3378c. To understand whether the active site
of Rv3378c is compatible with the revised function as a tuber-
culosinyl transferase, we determined its crystal structure. Lacking
structures with high sequence similarity, single-wavelength anom-
alous dispersion phasing was used to calculate the initial electron-
density map. The model was refined against native data to 2.2-Å
resolution (SI Appendix, Table S1). As expected from gel-filtration
studies, Rv3378c formed a homodimer (Fig. 6A). Although
structural similarity was not predicted by sequence comparisons,
Rv3378c adopts the fold seen in (Z)-prenyl or cis-prenyl trans-
ferases (27), including M. tuberculosis (Z)-farnesyl diphosphate
synthase (Rv1086) and decaprenyl pyrophosphate synthase
(Rv2361c), as well as Escherichia coli undecaprenyl pyrophos-
phate synthase (UPP) (28, 29) (Fig. 6B). These enzymes condense
an allyl pyrophosphate and the five-carbon isopentyl pyrophos-
phate building block to produce linear isoprenoids (28, 29).

Structural Insight into Prenyl Unit Binding. In considering compet-
ing models that Rv3378c might simply hydrolyze the TbPP or carry out the newly proposed role in adenosine transfer (Fig. 5 A

and B), we superimposed Rv3378c with the pseudosubstrate and
product complexes of Rv2361c (29) to model an enzyme–substrate
(ES) complex. In contrast to other (Z)-prenyl transferases, Rv3378c
has a unique C-terminal helical segment (from residue 251 to end),
which contributes to domain swapping. An extra N-terminal helical
segment (residues 6–24) packs via hydrophobic interactions with
adjacent helices (Fig. 6A and SI Appendix, Fig. S13).
Rv3378c shares functional motifs with the (Z)-prenyl trans-

ferases, including residues for substrate binding and catalysis:
Asp34, Arg37, and Arg38 (Fig. 6B). (Z)-prenyl transferases bind
the allyl pyrophosphate substrate through a characteristic DGNG/
RRW amino acid sequence motif starting two residues before the
N terminus of an α-helix (α3). The aspartate chelates a magnesium
ion, whereas the glycine, the helix terminus, and the arginine(s)
engage the pyrophosphate (Fig. 6 B and C) (27, 28, 30). In Rv3378c,
Asp34 sits in the expected position to carry out its essential catalytic
function providing a specific mechanism that likely explains why
mutant 1, which contains an Asp34→Gly alteration, does not
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Fig. 5. The expression of Rv3377c-Rv3378c is sufficient for production of
1-TbAd in M. smegmatis. Extracted ion chromatograms and mass spectra
(Insets) of 1-TbAd (m/z 540.3545) for the HPLC-MS analysis of lipid extracts
from M. tuberculosis (Left), M. smegmatis parental (Center), or each of three
M. smegmatis Rv3377c-Rv3378c knock-in (Right) strains.

Fig. 6. Rv3378c adopts a (Z )-prenyl transferase fold. (A) Structure of
the Rv3378c dimer is compared with conventional (Z)-prenyl transferases. (B)
Superposition of the active site of Rv3378c and other (Z)-prenyl transferases
with the pyrophosphate bound to Rv2361c (stick) shows conserved key
residues for substrate binding and catalysis (Rv3378c, blue; Rv2361c, yellow;
Rv1086, gray; E. coli UPP synthase, magenta for carbon atoms). (C ) The
monomeric subunits of Rv3378c and Rv2361c were superimposed and Rv2361c
substrates (sphere) (carbon, yellow/gray; oxygen, red; phosphate, orange) are
modeled in the active site of Rv3378c. The conserved residue, Asp34, is shown
as a stick model, and the magnesium ion is shown as a magenta sphere. (D)
Proposed model of Rv3378c shows two substrate pockets with hydrophobic
residues lining the predicted prenyl binding pocket and D34 positioned
adjacent to the predicted adenosine binding pocket. (B–D) The flexible P-loop
of Rv3378c (residues 80–95) is colored in red, with the dotted line for disordered
region (residues 84–90). (E) The translucent surface of Rv3378c was modeled
with substrates (spheres) using the same view as D.
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produce 1-TbAd. As predicted by prior studies showing the role
of aspartate in prenyl transfer (27, 28, 30) and the conserved
location of Asp34 vis-à-vis the prenyl binding site (Fig. 6 A and
B), mutation to asparagine or alanine abolished the prenyl
transferase function of Rv3378c (SI Appendix, Fig. S14). In
Rv2361c, the isoprenoid binding site is a hydrophobic pocket
located between the β-sheet and the α2 (residues 89–110) and α3
(residues 129–152) helices (29). Rv3378c contains all of these
features (Fig. 6C), including the 34-DGTRRW-39 motif and a
deep pocket adjacent to helices α4 (residues 51–68) and α5 (resi-
dues 96–103). Hydrophobic residues (L56, L63, L100, and L101)
line the pocket created by helices α4 and α5, and other hy-
drophobic residues (F33, I78, F158) further contribute to the
hydrophobic character of the pocket. This binding pocket is pre-
dicted to position the pyrophosphate group of TbPP, which can
interact with Arg37 and Arg38 from the DGTRRW motif and
Tyr51 from the N terminus of helix α4 (Fig. 6D).

A Second Pocket at the Catalytic Site. The binding mode of the
nucleophilic adenosine substrate is harder to model, because the
binding site is likely to be completed by the closure of the P-loop
over the active site when native substrate is present. The P-loop
is disordered in the unliganded structure, but it becomes ordered
in a nonphysiological complex with mellitic acid (SI Appendix,
Fig. S13). This structure suggests a specific mechanism by which
substrate binding provides polar interactions with the P-loop to
exclude water from the active site. Other considerations provide
pertinent clues about the adenosine binding mode. As con-
trasted with Rv2361c, Rv1086, and UPP synthase, Rv3378c has
a second pocket that can accommodate adenosine (Fig. 6D and E).
Superimposing N1 of the adenine on the isopentenyl pyro-
phosphate (IPP) nucleophile in complex with Rv2361c (29)
guides the positioning of the adenosine substrate in the active site
of Rv3378c. In Rv2361c, the pyrophosphate of IPP interacts with
Arg244 and Arg250 (29). Corresponding to the fact that adenosine
lacks the pyrophosphate, Rv3378c lacks this conserved pair of
arginines, which are replaced with glycine and serine. These fea-
tures distinguish Rv3378c from known (Z)-prenyl transferases and
are consistent with adenosine binding and transfer.

Discussion
Overall, structural, genetic, and biochemical data strongly sug-
gest a revised function of Rv3378c as a tuberculosinyl transferase
that produces 1-TbAd, an abundant amphiphile that is exported
outside M. tuberculosis. This result establishes the efficacy of
unbiased lipidomic screens to identify previously unknown com-
pounds. A C35 terpene cyclase activity is found in nonpathogenic
mycobacteria (31, 32), but Rv3377c orthologs are only known
within M. tuberculosis complex. Higher-order terpene-nucleosides
are rare in nature, and we have not identified a precedent for
1-linked prenyl adenosines. Plant and marine sponges produce
terpene-purine derivatives, such as cytokinins and agelasines, which
regulate growth or show antimicrobial effects (33). However, these
natural products contain adenine rather than adenosine, and the
terpene moiety is carried at the N6 position of the adenine in the
cytokinins and N7 or N9 in the agelasines. Furthermore, among
microbes studied to date, we have only detected 1-TbAd in
members of the M. tuberculosis complex, suggesting that 1-TbAd
production is limited to pathogenic mycobacteria. Orthologs of
Rv3377c or RV3378c are limited to the M. tuberculosis complex.
Although M. bovis and BCG strains encode orthologous genes,
strains examined to date encodes a frameshift mutation in
Rv3377c (11), and the Pasteur strain used here encodes a sec-
ond coding point mutation in Rv3378c. Thus, both genetic and
biochemical evidence suggest that 1-TbAd is a specific marker
of M. tuberculosis, supporting the development of 1-TbAd or
1-TbAd–specific immune responses as candidate targets for
diagnostic tests for tuberculosis.
The lack of 1-TbAd in BCG might represent evidence that

changes in Rv3377c-Rv3378c might contribute to the vaccine
strain’s attenuation. More direct evidence for a role of this

locus in virulence comes from transposon studies showing
that Rv3377c and Rv3378c play nonredundant roles in phag-
osome–lysosome fusion and survival in macrophages (13). This
key finding initiated an intensive search for the actual functions
of these virulence-associated genes. Rv3377c is a terpene cyclase
(18–20). Rv3378c has few orthologs in nature, and its biochemical
function was not apparent from predictive folding algorithms.
Based on in vitro studies, Rv3378c is currently thought to function
as a TbPP pyrophosphatase that yields free tuberculosinol (10).
Tuberculosinol coupled to beads blocks phagosomal acidification
(21). However, end products of biosynthetic pathways typi-
cally accumulate, and to our knowledge, the extent of accu-
mulation of free tuberculosinol as a natural product in intact M.
tuberculosis remains unknown. We did not detect free tuber-
culosinol or isotuberculosinol in lipidomics analysis of M. tuber-
culosis or among in vitro products of Rv3378c. This result does
not rule out biosynthesis of free tuberculosinol, but it is notable
that 1-TbAd is not only detected but substantially accumulates
within and outsideM. tuberculosis. Furthermore, we prove that the
action of Rv3378c is a combined phosphatase and tuberculosinol
transferase through in vitro study of purified proteins, gene
transfer to M. tuberculosis and M. smegmatis, and a structural
analysis of Rv3378c. Based on parallel lines of genetic, bio-
chemical, and structural evidence, we propose that Rv3378c
should be known as “tuberculosinyl adenosine transferase.”
The structures of enzymes that transfer prenyl pyrophosphates

to substrates other than linear isoprenoids have not been de-
termined previously. Like other (Z)-prenyl transferases, Rv3378c
contains a characteristic allyl pyrophosphate-binding site, cata-
lytic aspartate, and flexible P-loop in position to close over the
active site. The canonical TbPP binding pocket structure is suf-
ficiently conserved that it may be sensitive to available drugs or
analogs that target other (Z)-prenyl transferases. However, the
nucleophile binding site lacks conserved features that mediate
recognition of pyrophosphate moiety of isoprene building blocks
seen in previously characterized (Z)-prenyl transferases. Instead,
Rv3378c active site contains a second pocket in which the
adenosine can be positioned for nucleophilic attack on C1 of
TbPP. We observed this reaction in vitro and found that Rv3378c
does not act on GGPP and specifically produces the 1-linked form
of 1-TbAd, defining two aspects of the substrate specificity.
Whereas most prenyl transferases have one identifiable pocket,
this revised two-pocket model suggests a broader paradigm for
the prenylation of metabolites catalyzed by members of the (Z)-
prenyl transferase family. Whereas current models emphasize
iterative elongation through the repeated use of one pocket, the
dual-substrate pocket of Rv3378c provides a general model for
prenylation of nonprenyl substrates. Product specificity is deter-
mined by a conventional allyl pyrophosphate binding site and a
second pocket tailored to bind and activate each target nucleophile.
The larger 1-TbAd biosynthetic pathway starts with two evo-

lutionarily conserved systems, which produce geranylgeranyl py-
rophosphate and adenosine. These pathways operate separately
in most organisms, butM. tuberculosis joins these two pathways to
generate a terpene nucleoside. The appearance of TbAd after
transfer of Rv3377c and Rv3378c genes to M. smegmatis proves
that additional M. tuberculosis-specific genes, such as transporters,
are not required for 1-TbAd biosynthesis. More generally, these
data represent an experimental demonstration that transfer of
two genes is sufficient to reconstitute a complex metabolite,
which likely requires more than 20 genes for its complete bio-
synthesis. Combining this observation with data suggesting that
the ancestral Rv3377c and Rv3378c genes were acquired by hori-
zontal gene transfer (26), a scenario emerges by which evolution-
arily ancient terpene and nucleotide biosynthetic pathways were
joined together by transfer of two genes late in the evolution of
the M. tuberculosis complex (26).
Rv3378c gene likely carries out its known effects in promoting

M. tuberculosis infectivity via the production of 1-TbAd. Within
minutes of phagocytosis, M. tuberculosis inhibits host defenses,
including phagosome acidification and phagolysosome fusion
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(34, 35). The Rv3377c-Rv3378c locus is required for optimal
phagosome maturation arrest (13). The discovery of extracellular
1-TbAd provides specific insight into mechanisms by which an
enzyme that is thought to be localized in the cytosol affects events
outside the bacterium (13). To our knowledge, neither Rv3378c
nor free tuberculosinol has been detected in culture filtrates
(18). In contrast, 1-TbAd is an amphiphile that is released into
the extracellular space using an export mechanism that is in-
dependent of ESX-1.
Future studies will be needed to understand the particular

mechanisms by which 1-TbAd contributes to the effects of Rv3377c-
Rv3378c on phagosome maturation. Adenosine is almost exclu-
sively found inside cells, and terpene chains catalyze the transfer
of pyrophosphate across the mycobacterial envelope for the bio-
synthesis of arabinogalactan (36). By analogy, prenylation might
promote the transit of the nucleoside to the phagosomal space,
where the adenosine could engage host receptors. Alternatively,
tuberculosinol or isotuberculosinol might be the active moiety
(12, 21), whose solubility or transport is influenced by adenosine.
The cellular mechanism leading to altered mycobacterial survival
might include changed integrity of the phagosomal membrane,
intraphagosomal proton capture, or escape of 1-TbAd across
the phagosomal membrane and into the host, where it might
signal global changes in macrophage function.

Methods
Bacteria were cultured and extracted by chloroform/methanol mixtures or
ethyl acetate, respectively, as described (4, 37). Lipid extracts were analyzed

using an Agilent 6520 Accurate-Mass Q-Tof and a 1200 series HPLC system
with a Varian MonoChrom Diol column (4, 37) with data output from XCMS
and MultiplotPreprocess and Multiplot modules of GenePattern (Broad
Institute) (38). Rv3378c and GroES/GroEL chaperones were coexpressed in
BL21-CodonPlus (Stratagene) cells and purified on a precharged Ni Sepharose
Fast Flow column (Ni-NTA HisTrap FF, GE Healthcare). Purified Rv3378c (10
mg/mL) was crystallized by vapor diffusion, and 2.20-Å-resolution data were
collected on the Advanced Light Source. The structure of Rv3378c was
solved by single-wavelength anomalous diffraction phasing of a mercury
derivative using Phenix AutoSol. Enzymatic assays were performed by in-
cubating 56 μg of diterpene in presence of 33 μg of adenosine (Sigma) and
80 μg of purified Rv3378c in 1 mL of pH 7.4 Tris·HCl buffer 4 h at 37 °C
under magnetic agitation. M. tuberculosis transposon mutants from a random
library (25) were grown in 96-well format and heat-killed, followed by lipid
extraction by 70:30 methanol:isopropanol. Lipids were analyzed by HPLC-MS
to monitor 1-TbAd production; 1-TbAd–null strains were confirmed regrowing
the bacteria and using a full lipidomic analysis method. 1-TbAd was
purified from mycobacterial cell-associated lipid extract using normal
and reversed-phase chromatography. Structures were solved using CID-MS
and NMR spectroscopy using a Bruker Avance 800.
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