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Mutations in the Essential Arabinosyltransferase EmbC Lead
to Alterations in Mycobacterium tuberculosis
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(Background: The arabinosyltransferase EmbC plays an essential role in the synthesis of the cell wall component
Results: We identified a key motif for EmbC catalytic activity and determined that its structural features are unique over other

Conclusion: The proline-rich motif is required for the addition of branched arabinose chains to lipoarabinomannan.
Significance: This extends our understanding of lipoarabinomannan synthesis.
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The Mycobacterium tuberculosis cell wall is a complex struc-
ture essential for the viability of the organism and its interaction
with the host. The glycolipid lipoarabinomannan (LAM) plays
an important role in mediating host-bacteria interactions and is
involved in modulation of the immune response. The arabino-
syltransferase EmbC required for LAM biosynthesis is essential.
We constructed recombinant strains of M. tuberculosis express-
ing a variety of alleles of EmbC. We demonstrated that EmbC
has a functional signal peptide in M. tuberculosis. Over- or
underexpression of EmbC resulted in reduced or increased sen-
sitivity to ethambutol, respectively. The C-terminal domain of
EmbC was essential for activity because truncated alleles were
unable to mediate LAM production in Mycobacterium smegma-
tis and were unable to complement an embC deletion in
M. tuberculosis. The C-terminal domain of the closely related
arabinosyltransferase EmbB was unable to complement the
function of the EmbC C-terminal domain. Two functional
motifs were identified. The GT-C motif contains two aspartate
residues essential for function in the DDX motif. The proline-
rich region contains two highly conserved asparagines (Asn-638
and Asn-652). Mutation of these residues was tolerated, but loss
of Asn-638 resulted in the synthesis of truncated LAM, which
appeared to lack arabinose branching. All embC alleles that were
incapable of complementing LAM production in M. smegmatis
were not viable in M. tuberculosis, supporting the hypothesis
that LAM itself is essential in M. tuberculosis.

Tuberculosis is the leading cause of death from bacterial
infection (1). Improved diagnostics, therapeutics, and prophy-
lactics are all required urgently because the threat of drug
resistance is growing. It is imperative to understand the biology,
physiology, and pathogenicity of its causative agent, Mycobac-
terium tuberculosis, to improve our chance of eradicating the
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disease. The cell wall of M. tuberculosis is a complex structure
essential for the viability of the organism and is the target of
several therapeutic agents (2, 3). Current models incorporate
the presence of a polysaccharide capsule at the very outer sur-
face, mainly composed of glucan, arabinomannan, and man-
nan, as well as some proteins and lipids (4). Inside of this is an
asymmetric lipid bilayer composed of the long chain fatty acids
(mycolic acids) and other lipids and glycolipids. Mycolic acids
are esterified to arabinogalactan, which is linked, in turn, to
peptidoglycan, forming the mycolate-arabinogalactan-pepti-
doglycan complex (2).

In addition to the core structural mycolate-arabinogalactan-
peptidoglycan complex, the cell wall contains complex lipogly-
cans, glycolipids, sulfolipids, polysaccharides, and proteins (2).
The lipoglycans include a number of glycosylated derivatives of
phosphatidyl inositol, the most abundant of which are
lipoarabinomannan (LAM)? and its proposed precursors:
lipomannan (LM) and phosphatidyl inositol mannosides.
LAM is a complex molecule composed of three main parts,
the phosphatidyl inositol anchor, the mannan backbone, and
the arabinan chain. The arabinan chain is composed of, on
average, 55—70 arabinofuranose (Araf) residues that com-
prise a linear a(1—5)-Araf backbone branched by «(3—5)-
Araf residues that are further elaborated with either linear
tetra-arabinoside (Ara,) or branched hexa-arabinoside
regions terminating in B(1—2)-Arafresidues (5, 6). In path-
ogenic mycobacteria, including M. tuberculosis, these termi-
nating B(1—2)-Arafresidues are capped with a(1 — 2) man-
nosides (6 —8). LAM isolated from mycobacteria exists as a
heterogeneous population of molecules in which the degrees
of acylation, branching, and mannose capping can all vary (7,
8). Although it is evident that LAM plays a major role in
mediating host-bacterium interactions and pathogenicity
through its interaction with both Toll-like receptor 2 and the
macrophage mannose receptor (9-13), the physiological
role of LAM in the bacterial cell is unknown.

2The abbreviations used are: LAM, lipoarabinomannan; LM, lipomannan;
Araf, arabinofuranose; Ara,, tetra-arabinoside.
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M. tuberculosis strains expressing variant and truncated
forms of LAM have been isolated (14), but there are no strains
that completely lack LAM. In the fast-growing, non-pathogenic
Mpycobacterium smegmatis, LAM is non-essential, and LAM
synthesis can be abrogated by the deletion or catalytic mutation
of the arabinosyltransferase EmbC, leaving the synthesis of
closely related lipomannan and arabinogalactan intact (20). In
M. tuberculosis, the essentiality of the arabinosyltransferase
EmbC, the only known function of which is biosynthesis of the
arabinan portion of LAM, also points to the importance of
LAM (15). M. tuberculosis has three arabinosyltransferases
with different functions. EmbA and EmbB direct the addition of
arabinan into arabinogalactan (16-18), whereas EmbC is
involved in the arabinosylation of LAM by extension of an ara-
binan-primed LM with a(1—5)-Arafresidues (14, 15, 19). The
Emb proteins are targets of the frontline antitubercular agent
ethambutol, which inhibits the activity of all three, resulting in
cessation of both arabinogalactan and LAM synthesis and, ulti-
mately, cell death (17, 20-24). embA, embB, and embC are all
individually dispensable in M. smegmatis (18, 19). In contrast,
embA and embC are essential in M. tuberculosis, whereas embB
is predicted to be essential (15, 16, 25).

EmbC is an integral membrane protein member of the gly-
cosyltransferase C superfamily (26) which utilizes a lipid-linked
sugar, 3-p-arabinofuranosyl-1-monophosphoryldecaprenol, as
a donor substrate. Three catalytic or substrate-binding motifs
required for the function of EmbC have been suggested: the
GT-C DDX motif characteristic of glycosyl transferases, the
proline-rich motif found in polysaccharide polymerases (19, 27,
28), and a lectin-like carbohydrate binding module in the C-ter-
minal domain (29). Much of what is known about the function
of EmbC comes from studies of M. smegmatis, where deletion
of embC results in the abrogation of LAM synthesis (19).
Mutagenesis of the first aspartate residue in the GT-C DDX
motif (D279G) in EmbC,,,,, results in the complete loss of
LAM synthesis, likely because of inactivation of the arabinosyl-
transferase activity, whereas mutagenesis of the second aspar-
tate (D280G) results in a truncated LAM (27). Mutation of the
prolines within the proline-rich polysaccharide polymerase
motif has no apparent effect. although mutation of a conserved
tryptophan results in the synthesis of truncated LAM, mainly
because of loss of incorporation of linear arabinose Ara, chains
(27). The length of the arabinan chain incorporated into LAM is
dependent on the C-terminal domain of EmbC (28). Studies of
EmbC function in M. tuberculosis have been considerably less
extensive, although mutation of D294G results in truncated
LAM and ethambutol sensitivity (14). The crystal structure of
the globular C-terminal domain reveals a similarity to lectin-
binding domains, and two key residues (Trp-868 and Trp-985)
have been identified (29). We sought to investigate the function
of EmbC in M. tuberculosis to determine its role in LAM bio-
synthesis and, by extension, the role of LAM in normal bacterial

physiology.
EXPERIMENTAL PROCEDURES

Bacterial Culture—M. tuberculosis H37Rv was grown in
Middlebrook 7H9 medium plus 0.05% w/v Tween 80 and 10%
oleic acid, albumen, dextrose, and catalase supplement (BD
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Biosciences) or on Middlebrook 7H10 agar plus 10% v/v oleic
acid, albumen, dextrose, and catalase supplement. Liquid cul-
tures were grown in 100-ml roller cultures or 10-ml standing
cultures. Selection was carried out with hygromycin at 50
pg/ml, gentamicin at 10 ug/ml, and streptomycin at 20 pg/ml
as required. M. smegmatis was grown in Luria broth plus 0.05%
w/v Tween 80 or on Luria broth-agar. Minimum inhibitory
concentrations were determined in liquid or solid medium (30,
31).

LAM Analysis—LAM was extracted from cells grown on
solid or liquid medium and analyzed by gel electrophoresis and
hybridization to CS-35 or CS-40 antibodies as described previ-
ously (32).

Quantitative RT-PCR—RNA was prepared from log phase
aerobic cultures. cDNA was prepared from 2 ug of total RNA
using the Roche Transcriptor cDNA kit. Primer/probe sets
were as follows: embC primers, 5'-CCG GCA AGA CGG TGT
TGT-3', 5'-CGG TGA CCA ACG GGA CAT-3’, and probe
5'-CGC CTA AGG CCG TCG-3'; sigA primers, 5'-CCG ATG
ACG ACG AGG AGA TC-3', 5'-GGC CTC CGA CTC GTC
TTC A-3’, and probe 5'-CCT CCG GTG ATT TC-3'. Quanti-
tative RT-PCR reactions were prepared containing Roche
LightCycler 480 TagMan Master mix, 2.5 ul of cDNA reaction,
0.9 uM of each primer, and 0.25 um probe. A no DNA control
was included for the reach run. Cycle conditions were initial
denaturation at 94 °C for 10 min, 45 cycles of denaturation
(94 °C for 10 s), amplification (56 °C for 1 min), and extension
(72 °C for 1 s). A standard curve was generated using genomic
DNA and used to calculate copy number. embC expression was
normalized to sigA. For P, g5, three biological replicates were
assayed. For all other promoters, two biological replicates were
prepared.

Expression of FLAG-tagged embC in M. tuberculosis—embC
was PCR-amplified from genomic DNA using the primer pair
5'-GGG GAC AAG TTT GTA CAA AAA AGC AGG TGA
TGG CTA CCG AAG CCG CCC CAC-3' and 5'-GGG GAC
CACTTT GTA CAA GAA AGC TGG GTA GCC GCG GCG
CAA CGG CGC-3' and cloned into pDTNF and pDTCF (33).
These vectors contain an anhydrotetracycline-inducible pro-
moter and introduce an N- or C-terminal FLAG tag into the
protein. Plasmids were transformed into M. tuberculosis (34).
Three independent transformants were grown in the pres-
ence or absence of 150 ng/ml anhydrotetracycline for 5 days.
Cell lysates were generated, and 15 ug of total protein was
run on a 12% polyacrylamide gel. Western blotting was car-
ried out using PVDF membranes probed with a-FLAG anti-
bodies (GenScript). The 49-kD N-terminal FLAG-BAP™
fusion protein was used a positive control.

Construction of Plasmids with Truncated Alleles of embC—
Inverse PCR was used to construct truncation alleles of embC.
Primers were used to amplify the plasmid pRG603, which has
embC under the control of the Ag85a promoter in an integrat-
ing vector (15). The forward primer 5'-CCT CAC CGC CCT
TAA GCG CGT CGC CTA CCA TCG-3' was complementary
to the plasmid sequence located downstream of embC and
incorporated an AflII restriction site (boldface). Reverse prim-
ers were designed to generate embC truncations at Ser-341,
Val-637, and Leu-717, terminating with a stop codon (under-
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lined), followed by an AflII restriction site (boldface). Primers
were as follows: Ser-341, 5'-GCG CTG TGG GCT CAT GTC
AGCACG GCCAGT TAG CTT AAG CGC CTA CC-3'; Val-
637, 5'-G GCC CTG TCG TTC GCC AGT GTC TAG CTT
AAGTGGTACG-3";and Leu-717,5'-G GCA ATT GCC ACG
TGG TTG CTG GTG CTT TAG CTT AAG GTA TCG C-3".
PCR products were treated with Dpnl, digested with AfIII, and
religated. Plasmids were confirmed by enzyme digestion and
sequencing.

Construction of Plasmids with Hybrid Alleles of embC/B—
Hybrid alleles were constructed using “splicing by overlap
extension” PCR (35). Site-directed mutagenesis using primer
pair 5'-CCT CAC CGC CTT AAG CGC GTC GCC-3" and
5'-GGC GAC GCG CTT AAG GCG GTG AGG-3' was used to
modify the pRG603 vector to include an AflII site (boldface)
immediately downstream of embC to allow for directional clon-
ing (plasmid pEAK).

The core and C-terminal region of embB (codons 348 —1098)
was amplified from H37Rv genomic DNA using primers emnbB-
core-F 5'-CTG TGG ATG CGC CTG CCA GAC CTG GCC
GCC-3' and embB-Cterm-R 5-CTT AAG CTA TGG ACC
AATTCGGAT CTT GCCCGG-3' and cloned into pSC-B (Strat-
agene) to make pSC-B_embB. For construction of each hybrid
allele, two sets of primers were designed: amplification primers
that were complementary to embB or embC and ligating primers
that bridged the splice sites.

The embCCB hybrid was constructed in three steps. The embB
C-terminal fragment (codons 727-1098) was amplified from pSC-
B_embB using the primers 5'-GCC ACG TGG TTG CTG GTG
CTT GTG CGACAGTACCCGACCTAC-3' and5'-CTTAAG
CTATGG ACCAAT TCG GAT CTT GCC CGG-3'. The embC
N-terminal plus core fragment (codons 175-717) was amplified
from pRG603 using primers 5'-CCC AAT GCT GAG CAC CCC
GGT GCA CCG CTG-3" and GTA GGT CGG GTA CTG TCG
CAC AAG CAC CAG CAA CCA CGT GGC-3'. The two prod-
ucts were ligated by mixing 1:1 and running five cycles of PCR. The
ligated product was amplified with primers 5'-CCC AAT GCT
GAG CACCCCGGTGCACCGCTG-3"and5'-CTTAAGCTA
TGG ACC AAT TCG GAT CTT GCC CGG-3' and cloned into
pSC-B. The hybrid allele was recovered from this plasmid by diges-
tion with Blpl and AflIl and directionally cloned into pEAK
(replacing the embC gene). The final product pEAK-CCB was
sequence-confirmed.

The embCBB hybrid was constructed in the same manner as
embCCB. The embC N-terminal fragment (codons 175-341)
was amplified using primers 5'-CCC AAT GCT GAG CAC
CCC GGT GCA CCG CTG-3' and 5'-GGT CTG GCA GGC
GCATCCACAGACTGG CCG TGC TGA CAT GAG CC-3'.
The embC core plus C-terminal fragment (codons 348 —1098)
was amplified using primers 5'-GGC TCA TGT CAG CAC
GGC CAG TCT GTG GAT GCG CCT GCC AGA CC-3' and
5-CTT AAG CTA TGG ACC AAT TCG GAT CTT GCC
CGG-3'. The two products were ligated, amplified and cloned
into pSC-B. The hybrid allele was recovered by digestion with
BlpI and AflIT and cloned into pEAK with final product pEAK-
CBB sequence-confirmed.

The embCBC hybrid was constructed as follows. The embCB
fragment (codons 175-726) was amplified from pEAK-CBB
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using embC-Nterm-F and embB-core/embC-Cterm-R 5'-GTC
AGC GAT ACCACCTCG AAG ATC CCG GCC ACC ATG
GAC G-3' primers. The embC C-terminal fragment (codons
718-1011) was amplified from pRG603 using primers 5'-CGT
CCA TGG TGG CCG GGA TCT TCG AGG TGG TAT CGC
TGA C-3" and 5'-GAT CCG CCA CTT GGG TGT CTC GTC
GAC GCC-3'. The products were ligated and cloned into
pSC-B. The hybrid allele was released by digestion with BlpI
and SgrDI and ligated into pEAK. The final product pEAK-CBC
was sequence-confirmed.

Construction of Plasmids with Mutated Alleles of embC—
Point mutations were made by site-directed mutagenesis.
Amplification reactions were carried out in a 50-ul total vol-
ume containing 1X PfyUltra reaction buffer, 0.5 mm dNTPs,
160 ng of each primer, 10% dimethyl sulfoxide, 80 ng of tem-
plate, and 2.5 units PfuUltra. The thermocycling program used
was 94 °C for 5 min, followed by 18 cycles of 94 °C for 30s, 65 °C
for 1 min, and 68 °C for 14 min, with a final extension cycle of
68 °C for 15 min. Template DNA was degraded using 10 units of
Dpnl at 37 °C for 1 h. A 4-pul volume of each reaction product
was used to transform competent DH5«-S.E. Escherichia coli.
Recombinant plasmids were isolated and sequence-verified.
The following primers were used: D293A, 5'-GGG GCC AAC
ACC TCC GCC GAC GGC TAC ATC CTG ACC-3' and
5'-GGT CAG GAT GTA GCC GTC GGC GGA GGT GTT
GGC CCC-3'; D294G, 5'-GCC AAC ACC TCC GAC GGC
GGC TAC ATC CTG ACC ATG G-3' and 5'-C CAT GGT
CAG GAT GTA GCC GCC GTC GGA GGT GTT GGC-3';
N638A, 5'-CG TTC GCC AGT GTC GCC GGC TGG TGG
TAC G-3’ and 5'-C GTA CCA CCA GCC GGC GAC ACT
GGC GAA CG-3';and N652A, 5'-GGT GTG CCA TGG TCG
GCC TCG TTT CCG AAG TGG-3' and 5'-CCA CTT CGG
AAA CGA GGC CGA CCATGG CAC ACC-3'.

Construction of embC Expression Vectors—embC was ampli-
fied using primers 5'-GGA AGC TTG TGA TGG CTA CCG
AAG CC-3’ and 5'-CAT CGA TTC GGT GGC CAC TTC
TAG CC-3’ incorporating HindIII and Clal restriction sites,
respectively (boldface). The embC gene was placed under the
control of a range of mycobacterial promoters (P .,x, Pprcpas
Ppps Perpens Preozsier Pryzasser @1 Pryaoso) in the pSM128 vec-
tor (streptomycin resistance, integrating vector).

Gene Switchingto Test for Allele Functionality—Gene switching
was used to test for functional complementation of mutant
alleles (36). Plasmids were transformed into a recombinant
strain of M. tuberculosis (del-int) in which the only functional
copy of embC was present in an integrating vector carrying
gentamicin resistance (the normal chromosomal copy was
deleted by homologous recombination) (15). The del-int strain
was electroporated with 1 ug of plasmid carrying mutant alleles
(containing hygromycin or streptomycin resistance genes) and
transformants selected on the appropriate antibiotic to select
for the incoming plasmid. Recombinants were tested for sensi-
tivity to gentamicin to confirm loss of the wild-type embC plas-
mid. Each experiment included a negative control (empty inte-
grating vector) and a positive control (vector plus wild-type
embC) to confirm that switching occurred.
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FIGURE 1. Topology prediction for M. tuberculosis EmbC. A, predicted topology of full-length protein. B, predicted topology after cleavage of the N-terminal

signal sequence at position Ala-46/Thr-47.

RESULTS

To investigate the critical function and role EmbC plays in
the physiology of M. tuberculosis, we looked for phenotypic
changes resulting from modulating the activity of the enzyme
via site-directed mutagenesis, truncations, allele hybrids, and
alterations to expression level.

Identification of Key Regions in EmbC—To identify key
regions in the EmbC protein, we compared its sequence with
the closely related arabinosyltransferases EmbA and EmbB
from the GT-C superfamily from mycobacteria and corynebac-
teria. The multiple sequence alignment was overlaid with data
from topology prediction to identify transmembrane helices
and loop regions as well as regions of conservation. From the
primary sequence, all members of the Emb family are predicted
to have 13 transmembrane helices and two large extracellular
domains, one located near the N terminus and one at the C
terminus (Fig. 1A).

Regions of high sequence similarity mapped to two identifi-
able motifs: a DDX motif (common among glycosyltrans-
ferases) located in the first extracellular loop between trans-
membrane helices 3 and 4 and a proline-rich polysaccharide
polymerase motif in the extracellular loop between transmem-
brane helices 11 and 12 (Fig. 2). The proline-rich polymerase

SASBMB

DECEMBER 19, 2014 +VOLUME 289+NUMBER 51

region includes two highly conserved asparagine residues (Asn-
638 and Asn-652) (Fig. 2). Asn-638 is completely conserved
across the three proteins (EmbA, EmbB, and EmbC) in myco-
bacteria and corynebacteria, whereas Asn-652 is conserved
only across the mycobacterial EmbC proteins. These two
motifs were separated by eight transmembrane helices con-
nected by short loops of 5-50 amino acids with no recognizable
motifs.

EmbC Contains an N-terminal Signal Peptide Sequence—
Sequence analysis with the programs SignalP and SPScan sug-
gested that EmbC has a signal peptide located in the first trans-
membrane helix with a potential signal peptidase cleavage site
between residues Ala-46 and Thr-47. We sought to determine
whether this predicted signal sequence was functional in
M. tuberculosis. We expressed EmbC carrying a FLAG tag
fused either to the N terminus or C terminus in M. tuberculosis.
If EmbC contained a functional signal peptide, we would anti-
cipate that the N-terminal FLAG tag would be lost upon cleav-
age of the signal sequence by the signal peptidase LepB. In con-
trast, the C-terminal FLAG tag should remain intact.

Recombinant proteins were detected by Western blotting to
the FLAG tag. The C-terminal tagged protein was detected in
M. tuberculosis cell lysates, whereas the N-terminal tagged pro-
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FIGURE 2. Multiple sequence alignment and topology prediction of Emb proteins from mycobacteria and corynebacteria. Emb proteins from M. tuber-
culosis, M. smegmatis, Mycobacterium bovis, Mycobacterium marinum, Mycobacterium leprae, Mycobacterium avium, Cornyebacterium diptheriae, Cornyebacte-
rium jeikeium, Cornyebacterium glutamicim, Cornyebacterium urealyticum, and Cornyebacterium kroppenstedtii were aligned using ClustalW (40). The alignment
was imported into JalView (41) and colored according to the predicted topology from HMMTOP (39), with transmembrane regions colored light gray. Consen-
sus scores were calculated on the basis of the alignment. Conserved regions of interest are displayed below: the DDX region with the DDX motif highlighted
and the proline-rich region with M. tuberculosis EmbC Asn-638 and Asn-652 highlighted.

tein was not (Fig. 3). These data suggest that the signal peptide
is indeed functional and that it is cleaved during export of the
protein. An alternative explanation is that the N-terminal
tagged protein was not expressed or was unstable. This is
unlikely because the two proteins (C-terminal or N-terminal
tagged versions) would be expressed from the same promoter
(with same transcriptional efficiency), and the presence of the
tag is not expected to alter translational efficiency or protein
stability. The presence of a signal peptide has important impli-
cations for the structure of the functional protein because the
mature protein would have an extracytosolic N terminus rather
than a cytosolic N terminus and there would only be 12 trans-
membrane helices, leading us to predict a revised topology (Fig.
1B).

Reduced Expression of embC Confers Sensitivity to Ethambu-
tol in M. tuberculosis—We wanted to investigate the effect of
varying the embC expression level on the viability and physiol-
ogy of M. tuberculosis. Previous work demonstrated that high-
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FIGURE 3. EmbC has an N-terminal signal sequence. EmbC fused with
either an N-terminal or C-terminal FLAG tag was expressed in M. tuberculosis
recombinants. Expression of tagged EmbC was induced by the addition of
anhydrotetracycline (ATc) in three independent transformants. Lysates were
probed using a-FLAG tag antibodies. N7-3, N-terminal tagged recombinants;
C1-3, C-terminal tagged recombinants; +, 49-kDA N-terminal FLAG-BAP™
positive control for the a-FLAG tag antibody.
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FIGURE 4. Expression level of EmbC in recombinant strains. RNA was purified from M. tuberculosis strains carrying recombinant alleles of embC in which
expression was from the indicated promoter. RNA was extracted, and embC mRNA was measured using RT-gPCR and normalized against sigA. Results are given
foreach promoter and are expressed as fold change compared with the wild-type strain. Each sample was assayed at least twice. A, promoter variants. B, mutant
alleles expressed from the Ag85a promoter. A and B are from independent experiments.

level expression of embC (using the isp60 promoter) was not
tolerated in M. tuberculosis, although it was possible in
M. smegmatis, where it resulted in both increased LAM size
and resistance to ethambutol (14). Because EmbC is essential,
gene knockouts are not viable, but underexpression of the pro-
tein could provide valuable clues as to its function. We also
postulated that there would be a minimum level of expression
beyond which cells would not be viable and that underexpres-
sion might result in alterations to LAM.

We constructed a number of strains in which embC was
expressed from a heterologous promoter. We used a strain of
M. tuberculosis in which the native chromosomal copy of embC
was deleted (in-frame, unmarked deletion) and a functional
copy was provided on an integrating (single copy) vector. In this
strain, expression of EmbC was driven by the Ag85a promoter
(15). Using gene switching (36), we replaced the integrated vec-
tor with alternative versions carrying embC expressed from a
variety of promoters.

Strains were grown under aerobic conditions, and expression
of embC was measured at the mRNA level. Interestingly, we
found that expression from the Ag85a promoter was higher
than from the native promoter (Fig. 4). This was surprising
because P, .45, is a weak promoter and suggests that the normal
level of expression of embC, at least at the mRNA level, is low.
Therefore, the recombinant del-int is overexpressing EmbC
~10- to 20-fold. Expression levels from other promoters were
also measured (Fig. 4). As expected, we saw a range of expres-
sion ranging from 4-fold up-regulation to 2-fold down-regula-
tion, with the lowest level of expression driven by the Rv2466¢
promoter.

Because the strain carrying Pr,,466.-embC was underex-
pressing embC mRNA, we selected it for phenotypic studies.
We also included the original del-int strain (P ,qq5,-embC)
because it overexpresses embC mRNA. Because EmbC is one of
the targets of ethambutol, we looked at the sensitivity of each
strain to ethambutol. Overexpression of embC led to increased
ethambutol resistance, with a 2-fold shift in minimum inhibi-
tory concentration (4.9 * 0.2 uM, n = 10) compared with the
wild-type (2.6 = 0.6 uM, n = 19). Similarly, the underexpressor
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strain was slightly more sensitive to ethambutol (1.7 = 0.2 um,
n = 7). Although the absolute differences were small, they were
reproducible and statistically significant (p < 0.001 using
Student’s ¢ test). The data show a correlation between embC
expression level and ethambutol sensitivity, with lower levels of
embC expression leading to ethambutol sensitivity and higher
levels leading to resistance.

The C Terminus of EmbC Is Required for Its Function—EmbC
is essential in M. tuberculosis, but it is not known whether the
entire protein is required for its functionality. To determine
which region(s) of EmbC is/are essential, we constructed trun-
cated alleles and tested these for functional complementation
in M. tuberculosis. The truncations were Leu-717, which
removed 377 amino acids from the C terminus and the com-
plete C-terminal domain; Val-637, which removed the polysac-
charide polymerase loop and the C-terminal domain; and Ser-
341, which removed everything downstream of the DDX
glycosyltransferase loop. Truncated alleles were cloned into a
single copy (integrating) complementing vector under the con-
trol of the Ag85a promoter and were tested for their ability to
complement an embC deletion in M. tuberculosis using gene
switching (36). We were unable to obtain viable strains with any
of the truncated alleles, indicating that the C terminus is essen-
tial for function.

Because we were unable to look at the effect of truncations on
LAM biosynthesis directly in M. tuberculosis, we used M. smeg-
matis as a model. The three truncated alleles were tested for
their ability to complement embC deletion in M. smegmatis.
Plasmids were transformed into an M. smegmatis embC knock-
out strains, and LAM was analyzed (15). None of the truncated
alleles were able to restore LAM production in this strain,
although the wild-type M. tuberculosis allele was functional
(Fig. 5) (15). It is unlikely that the loss of function in the trun-
cated alleles is due to lack of transcription or translation
because the promoter used in all cases was the same, and there
is no reason to suppose changes in translational efficiency.
Alternatively, it could be due to altered protein folding and/or
increased susceptibility to proteolytic degradation, which is
possible. We made several attempts to measure protein by
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FIGURE 5. Analysis of LAM from M. smegmatis recombinants. The M. smegmatis embCA deletion strain was complemented with the indicated embC,,,,
alleles. LAM was analyzed in wild-type and recombinant strains grown on agar. A, periodic acid-Schiff staining. B, Western blotting using antibody CS-35. Lane
1, wild-type M. smegmatis; lanes 2-9, M. smegmatis embCA complemented with wild-type embC,,,,, (lane 2), no allele (lane 3),embCBB,,,, hybrid (lane 4),embC,,,,
N638A (lane 5), embC,,,, N652A (lane 6), embC,,,, Ser-341 truncation (lane 7),embC,,,, Val-637 truncation (lane 8),and embC,,,, Leu-717 truncation (lane 9); and
lane M, markers. C, Western blotting using antibody CS-35. Lanes 1 and 2, wild-type M. smegmatis; lane 3, wild-type embC,,,.; lane 4, empty; lane 5, no allele; and
lane 6, embC,,,, D293A. The expected range for migration of LAM and LM is shown for the PAS-stained gel. The Western blot detects only LAM.

Western blot analysis but were unable to make antibodies with
sufficient specificity for EmbC, and, as such, we are unable to
directly measure protein levels. However, regardless of the
mechanism, we can conclude that the C terminus is required
for proper protein function. Therefore, the C-terminal domain
of EmbC is essential for bacterial viability in M. tuberculosis and
is necessary to complement LAM production in M. smegmatis.

The C-terminal Domain of EmbB Is Not Equivalent to That of
EmbC—We demonstrated that the C-terminal domain of
EmbC is required for its function in M. tuberculosis. It is possi-
ble that this is due to a structural requirement and that trun-
cated alleles are unstable, do not fold correctly, or fail to insert
into the membrane in the correct orientation. To address this
possibility, we utilized the fact that EmbB has a very similar
sequence/structure to EmbC. We constructed hybrid arabino-
syltransferase alleles in which either the C terminus, the central
region, or both were replaced by the corresponding region from
EmbB.

We considered each protein as three regions on the basis of
the topology prediction and sequence alignments. The N-ter-
minal region was comprised of the N-terminal domain and the
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DDX loop (EmbC Met-1-Ser-341, EmbB Met-1-Ser-347). The
core section comprised everything between the DDX loop and
the C-terminal domain, including the proline-rich polysaccha-
ride polymerase loop (EmbC Ile-342-Val-716, EmbB Leu-348-
Ile-726) and the C-terminal domain (EmbC Leu-717-Gly-1094,
EmbB Val-727-Pro-1098). Hybrid alleles were constructed and
tested for functional complementation in M. tuberculosis.

We first tested whether the EmbB C-terminal region could
be replaced by EmbB (EmbCCB allele). Despite retaining the
GT-C and proline-rich motifs, EmbCCB was incapable of
complementing the essential function of EmbC in M. tuber-
culosis. This result could be explained by the presence of
EmbC-specific sequence determinants, suggesting that the
essential role of the C-terminal domain is not purely
structural.

We also tested a hybrid EmbCBB allele in which only the N
terminus was derived from EmbC. Not surprisingly, we could
not obtain viable strains expressing this allele in M. tuberculo-
sis. In addition, EmbCBB was incapable of complementing
LAM production in M. smegmatis, confirming that its key
activity was lost (Fig. 5).
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The core region of EmbC does not contain either of the two
known functional motifs, and it is possible that this region pro-
vides structural integrity and stabilization in the membrane
(because it has several transmembrane domains). We deter-
mined whether the EmbB core could replace the EmbC core by
constructing an EmbCBC hybrid allele containing residues Ser-
341 to Leu-717 from EmbB. This allele was unable to comple-
ment the embC deletion in M. tuberculosis, suggesting that the
core also contains an EmbC-specific region that cannot be
complemented EmbB.

Aspartate 293 Is Required for EmbC Activity in M. tuber-
culosis—We identified two key motifs in the M. tuberculosis
EmbC protein. The GT-C signature motif (DDX) is known to
play a role in the function of EmbC. We demonstrated previ-
ously that Asp-294 is required for correct arabinosyltransferase
activity and that its mutation leads to the production of trun-
cated LAM as well as increased sensitivity to ethambutol (14).
We determined the role of the other aspartate (Asp-293) in
EmbC function by constructing a D293A mutant allele. This
allele was unable to complement the embC deletion in
M. tuberculosis. In addition, EmbCp,45, Was unable to restore
LAM biosynthesis in the M. smegmatis AembC strain, confirm-
ing that Asp-293 is critical for arabinosyltransferase activity
(Fig. 5).

Asparagine N638A and N652A Are Required for EmbC Activ-
ity in M. tuberculosis—Bioinformatic analysis identified two
highly conserved asparagine residues, Asn-638 and Asn-652, in
the N-terminal region. In M. smegmatis, mutations in the con-
served tyrosine and proline (Tyr-628, Pro-635, and Pro-641)
had no observable effect on LAM synthesis, whereas mutation
of a conserved tryptophan (Trp-627) resulted in a truncated
LAM species, and a triple mutant, W627L/P635S/P641S,
resulted in a truncated LAM lacking Ara, (33). We hypothe-
sized that the tryptophan and proline residues may be involved
in substrate binding but that the conserved asparagines could
be involved in catalysis. We determined the role of both resi-
dues by constructing mutant the alleles N638A and N652A and
testing these for functionality. Both alleles were able to comple-
ment the embC deletion in M. tuberculosis because we were
able to isolate strains carrying these alleles by gene switching.

We analyzed LAM production using these mutant alleles in
both M. tuberculosis and M. smegmatis. In M. tuberculosis,
EmbCy 5,4 was fully functional and produced apparently
normal LAM in both species, whereas EmbCy435, produced
a truncated version of LAM, suggesting that this residue is
key for proper activity (Fig. 6). Surprisingly, EmbCyj4354 Was
unable to restore LAM synthesis in the M. smegmatis embCA
strain (Fig. 5).

To investigate this further, we analyzed the production of
LAM in M. tuberculosis during growth in liquid medium. A
smaller species of LAM was visible by periodic acid-Schiff stain,
but this did not react with the CS-35 antibody (Fig. 7). The
primary epitope for CS-35 is the terminal-branched hexa-ara-
binoside motif present in both LAM and arabinogalactan,
although it is also known to interact with Ara, (37, 38). We
tested the CS-40 antibody, which reacts preferentially with the
mannose-capped LAM, although the precise epitope is not
established (7), and this did react with LAM from the
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FIGURE 6. Analysis of LAM from M. tuberculosis recombinants carrying
mutations in the proline motif. M. tuberculosis strains carrying the indicated
embC,,, alleles were constructed by gene switching. LAM was analyzed in
recombinant strains grown on agar. A, periodic acid-Schiff staining. B, West-
ern blotting using antibody CS-35. M. smegmatis embCA is complemented
with wild-type embC,,,, (lane 1), embC,,,, N638A (lane 2), embC,,,, N638A
(lane 3),embC,,,, N652A (lane 4), and markers (lane M). The expected range for
migration of LAM and LM is shown for the periodic acid-Schiff-stained gel.
The Western blot detects only LAM.
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FIGURE 7. Analysis of LAM from M. tuberculosis recombinants in liquid
medium. M. tuberculosis strains carrying the indicated embC,,,,, alleles were
constructed by gene switching. LAM was analyzed in recombinant strains
grown in liquid medium. A, periodic acid-Schiff staining. B, Western blotting
using antibody CS-35. C, Western blotting using antibody CS-40. Lane 1, wild-
type embC,,,,; lane 2,embC,,., N638A; lane 3,embC,,,, N652A; lane M, markers.
The expected range for migration of LAM and LM is shown for the periodic
acid-Schiff-stained gel. The Western blot detects only LAM.

EmbCjssa strain. On the basis of the lack of recognition by
CS-35, it suggests that the truncated LAM synthesized by this
mutant lacks either Ara, or hexa-arabinoside subunits. This
would suggest that one of the functions of EmbC is to attach
these units to the linear a(1—>5) arabinofuranose chain extend-
ing from the LM core of LAM. Further in-depth analysis of the
key structural features of LAM produced by the N638A strain
would be instructive in this regard.

We also determined ethambutol sensitivity in liquid culture.
Strains carrying P, ,¢5,-€mbCrs354 had a minimum inhibitory
concentration lower than the comparable parental strain
(P pgssa€mbC,,,). The values were 2.3 * 0.5 um (n = 14) com-
pared with 4.9 £ 0.2 um (p < 0.0001). In contrast, the strain
with Py 4¢5,-€mbCrs,4 Was slightly more resistant, with a min-
imum inhibitory concentration of 7.4 = 0.5 um (n = 14, p <
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0.0001). Therefore, mutation of Asn-638 gave rise to ethambu-
tol sensitivity, whereas mutation of Asn-652 gave rise to
resistance.

DISCUSSION

EmbC plays an essential role in the biosynthesis of LAM in
M. tuberculosis. As an essential gene, deletion mutants are not
viable, but we used a simple genetic approach of gene switching
to probe the role of key residues and domain structure.

EmbC has a predicted signal peptide that would direct its
export to the membrane via the Sec pathway. We demonstrated
that the N-terminal is subject to cleavage and that, therefore,
that this is likely to be functional cleavage site for the signal
peptidase. This has implications for the structure of EmbC
because the predicted mature protein would lose one trans-
membrane helix and the N-terminal domain would be free on
the extracytosolic side. Releasing one of the membrane tethers
from the N-terminal domain would provide additional surface
area for potential interactions. Similar signal peptides are pre-
dicted in both EmbA and EmbB.

EmbC and, by extension, LAM are essential in M. tuberculo-
sisbut not in the related, non-pathogenic species M. smegmatis.
The reason for this difference is not obvious, but we speculate
that there may be structural differences in the cell wall and, in
particular, the outer layers.

We demonstrated that the C terminus of EmbC,,,, is
required for activity and that the same domain from EmbB,,,, is
not functionally equivalent. Neither truncations nor hybrid
EmbC/B alleles could support growth in M. tuberculosis or
LAM biosynthesis. The lack of complementation by the C ter-
minus of EmbB is surprising given the level of sequence identity
and the conservation of most of the key residues (Trp-868, Trp-
985, Asn-740, and Asp-949). A key difference may be the glu-
tamate residue at position 899 of EmbC, which is proposed to
be involved in substrate binding and is a glutamic acid in
EmbB,,,,. It is possible that this substitution is sufficient to
disrupt an essential function of the EmbC,,,, protein. Alterna-
tively, it may be due to other differences between the two pro-
teins domains, such as secondary or tertiary structural differ-
ences. What is evident, however, is that EmbC,,,,, has essential
functionalities that cannot be removed nor replaced by the sim-
ilar EmbB,,,, domain.

These data further support the profound differences between
the pathogenic and non-pathogenic species. Not only is the role of
LAM different, but EmbC differs, too. For example, truncations in
EmbC,,,, result in synthesis of structurally altered LAM, whereas
truncations in EmbC,,,, result in complete abrogation of LAM
synthesis (even when expressed in M. smegmatis). In addition,
M. smegmatis EmbB domains are able to functionally complement
for EmbC, .. In both cases, LAM no longer contained the char-
acteristic Ara, units (19, 28), but it was still produced. In addition,
mutation of Trp-868 or Trp-985 in the C terminus of EmbC,,,
results in loss of arabinosyltransferase activity (29).

We further elaborated the required motifs in EmbC for
M. tuberculosis and found that Asp-293 located in the DDX
motif is required for activity. Similarly, in M. smegmatis, muta-
tion of the same residue (Asp-279) led to a loss of LAM synthe-
sis (27). We characterized the role of two conserved asparagines
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in the N terminus of the protein. Mutation of N638A disrupted
a non-essential catalytic function of EmbC in M. tuberculosis
that resulted in a structural change to LAM. Previous work with
M. smegmatis EmbC demonstrated the role of key residues in
the proline-rich motif. In particular, a triple mutant, W627L/
P635S/P641S, produced LAM that lacked Ara, (39). We
hypothesize that addition of Ara, subunits requires both the
polysaccharide polymerase motif as the catalytic domain and
the C-terminal domain being involved in substrate binding.

The N638A mutant strain has the most dramatic change in
LAM arabinosylation that has been seen in recombinant
strains of M. tuberculosis. The N638A mutation appears to
affect the structure of LAM, most likely by reducing Ara, and
hexa-arabinoside units attached to the linear a(1—5) chain,
whereas the DDX mutants studied most likely truncated
LAM by a shortening of the linear «(1—5) chain. Alterations
to the LM/LAM structure have an effect on the physiology of
mycobacteria, and alterations in the mannosyl-chain struc-
ture of both LM and LAM have consequences for cell wall
integrity in M. tuberculosis.

Because EmbC is essential, it is difficult to determine
whether the loss of viability after gene disruption is due to lack
of LAM production or due to some other unknown essential
functional of EmbC. We see a correlation between the ability of
alleles to sustain LAM production (at least in M. smegmatis)
and bacterial viability. The only exception to this was with
EmbCyg354, Which did not synthesize LAM in M. smegmatis
but was able to make truncated LAM in M. tuberculosis. This
correlation provides further support to our hypothesis that
EmbC is essential in M. tuberculosis because its biosynthetic
product, LAM, provides an essential function.

CONCLUSION

We extended our understanding of the role of EmbC in LAM
biosynthesis. Using a combination of truncations, hybrids, and
mutated alleles, we demonstrated that the C terminus of EmbC,
as well as the DDX motif, are essential for its activity. We iden-
tified a key residue (N638A) involved in EmbC activity that
likely plays a role in LAM branching. We provided further evi-
dence that LAM itself is essential for cell viability in M. tuber-
culosis. Finally, we confirmed the link between EmbC expres-
sion and ethambutol sensitivity.
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