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Abstract: The p-arabinans in Mycobacterium are essential, extraordinarily complex entity comprised of
p-arabinofuranose residues which are rarely found in nature. Despite the well-recognized importance of
the mycobacterial arabinan, delineation of the arabinosylation process has been severely hampered due
to lack of positively identified arabinosyltransferases. Identification of genes involved in arabinan biosynthesis
entailed the use of ethambutol (EMB), a first-line antituberculosis agent that is known to inhibit cell wall
arabinan synthesis. The three genes (embA, embB, and embC) encode novel membrane proteins, implicated
as the only known mycobacterial arabinosyltransferases to this date. We have now adapted a multifaceted
approach involving development of convenient arabinosyltransferase assay using novel synthetic acceptors
to identify arabinosyltransferase/s that will be distinct from the Emb proteins. In our present work,
Mycobacterium smegmatis mc2155 (WTMsm) was used as a model to study the biosynthesis of cell wall
arabinan. In an in vitro assay, we demonstrate that transfer of only a-Araf had occurred from decapre-
nylphosphoryl-p-arabinofuranose (DPA) on a newly synthesized branched acceptor [o-D-Arafi>-3,5-0-D-
Araf-(1—5)-o-p-Araf-(1—5)-a-D-Araf (1) with an octyl aglycon. Higher molecular weight (up to Arasg) oligomers
were also detected in a parallel reaction using cold phosphoribosepyrophosphate (pRpp). Matrix-assisted
laser desorption ionization time-of-flight tandem mass spectrometry (MALDI-TOF MS/MS) analysis of these
products revealed that isomeric products were formed and initiation and elongation of arabinan can occur
either on the 5-arm or 3-arm of the branched 3,5-a-p-Araf. Individual embA, embB, and embC knockout
strains retained this a-1,5 arabinosyltransferase activity, and the activity was partially inhibited by ethambutol.
This particular enzyme function is distinct from the function of the Emb proteins.

Introduction penultimate 2a-p-Araf.2~4 Seminal studies on AG and LAM

were conducted by us and others in the late 1980s and
1990s%5°1° These studies are now leading to biosynthetic
pathway determination. The fundamentals of how this polysac-

One of the most prominent components of the mycobacterial
cell wall is p-arabinan, a constituent present in two distinct
settings, arabinogalactan (AG) and lipoarabinomannans (LAM).
In the chemical setting of mycolylarabinogalactgeptidoga-
lactan complex (MAGP), AG forms an integral part of the cell

ic dictri (3) McNeil, M. R. InGenetics of Bacterial PolysaccharideSoldberg, J. B.,
wall proper, whereas LAM is distributed free on the cell surface Ed. CRC Press: Boca Raton. FL. 1999 pp 223,
as well as anchored in the plasma membrane. The latter is (4) McNeil, M. R.; Brennan, P. Res. Microbiol.1991, 142, 451—463.
(5) Besra, G. S;; Khoo K.-H.; McNeil, M. R.; Dell, A.; Morris, H. R.; Brennan,
implicated as an important virulence factor for the bacterium. P. J.Biochemistry1995 34, 4257-4266

Structurally, thep-arabinofurans are unique as they consist of (6) Chatterjee, D.; Bozic, C. M.; McNeil, M.; Brennan, P.JJ.Biol. Chem.

. . ~ . 1991, 266, 9652-9660.
biologically rare sugan-arabinofuranose (Afpand are almost (7) Chatterjee, D.; Hunter, S. W.; McNeil, M.; Brennan, PJ.JBiol. Chem.

unknown outside the member of tAetinomycetalesThere may © 19?192 267, 6228—(?1233. cobiol

. . 8) Chatterjee, D.; Khoo, K. HGlycobiology1998 8, 113-120.
be a_s many as 6_070 Aref re3|due_s n AG and LAM. The (9) Chatterjee, D.; Lowell, K.; Rivoire, B.; McNeil, M.; Brennan, PJJBiol.
arabinan composite has no repeating units, although the non- 10 %?]em.1992 é§7h62t)3$62,29b' Lowell. K- B 0 10 .
reducing end of the arabinan in both AG and LAM has been (1) Shatefiee. D2 Boberts, 5 Dr el K- Brennan, P. J; Orme, 1. M.
well characterized.Functionally, the arabinan in AG tethers (11) g7a4ff3e, M.; Brennan, P. J.; McNeil, M. Biol. Chem.199Q 265, 6734~
the unusual branched mycolic acids (80 carbon long chain lipids) (12) Hunter, s. W.; Gaylord, H.; Brennan, PJJBiol. Chem1986 261, 12345~
to peptidoglycan. The mycolic acids are attached to the 12351,

.. . . 13) McNeil, M.; Daffe, M.; Brennan, P. J. Biol. Chem199Q 265 18200~
5-position of the nonreducing termingl-b-Araf and the ( )18206 @ 265

(2) Daffe, M.; McNeil, M.; Brennan, P. arbohydr. Res1993 249, 383—
398.

(14) McNei'I, M.; Daffe, M.; Brennan, P. J. Biol. Chem1991, 266, 13217
. . 13223.
T Colorado State University. S (15) McNeil, M.; Wallner, S. J.; Hunter, S. W.; Brennan, PCarbohydr. Res.
* Institute of Biological Chemistry, Academia Sinica. 1987, 166, 299-308.
(1) McNeil, M. R.; Robuck, K. G.; Harter, M.; Brennan, P.Glycobiology (16) Khoo, K. H.; Douglas, E.; Azadi, P.; Inamine, J. M.; Besra, G. S.; MikUsova
1994 4, 165-173. K.; Brennan, P. J.; Chatterjee, D.Biol. Chem1996 271, 28682-28690.

9650 = J. AM. CHEM. SOC. 2007, 129, 9650—9662 10.1021/ja070330k CCC: $37.00 © 2007 American Chemical Society
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charide is assembledf on a lipid carrier, growing from the

responsible for recognition of the galactan and donating the

reducing or nonreducing end, built en bloc, assembled on aninitial key a-Araf residues for further elaboration by the Emb
enzyme complex resembling the polyketides, adding one residueprotein(s)?” AftB, on the other hand is involved in the terminal

at a time—is not known. A biosynthetic intermediate has never S-capping of arabinan iCorynebacterianea#®

been isolated nor any functionally active arabinosyltransferases However, further research relying on the use of active

identified.
The Ard residues of the-arabinan originate from the pentose

enzymes from bacterial preparations was severely restricted.
Therefore, chemical synthesis of well-defined compeXraf-

phosphate pathway/hexose monophosphate shunt, and the imbased glycoconjugates became essential for significant progress
mediate precursor (donor of the polymerized arabinan) is in this field?°~31 Many acceptors have been synthesized and

decaprenylphosphorg-arabinofuranose (DPA). The biosyn-
thetic pathway for the DPA formation has been recently

used in mycobacterial cell-free assay, notably useoad-
Araf(1—5)-a-D-Araf that converted into organic solvent soluble

elucidated?® Phosphoribosepyrophosphate (pRpp) is converted trisaccharides with membrane preparations from wild-type
to 5-phosphodecaprenylribose (DPPR) which is then dephos-smegmat®-3%and Arggl—2Araol—5Aranl—5Aranl—5Araol—

phorylated to form decaprenylphosphopylibose (DPR); this
in turn is epimerized to form DPAY22 |dentification of the

that converted into mature nonreducing terminuseAtat was
shown that the latter conversion was dependent on the EmbA

emboperoi324 has provided some understanding toward the and EmbB proteing! The current work describes the synthesis
assembly of the arabinan; however, currently there is no and use of a branched internal acceptrgnd examines its
experimental data on the role or function of these predicted effectiveness as an acceptor for novel arabonisyltransferase

arabinosyltransferases M. tuberculosis but work has been
carried out in the related organismil. smegmatis Gene
disruptions for individuaembgenes followed by biochemical

characterization of the constituents in the mutant strains led to

the striking conclusion that synthesis of A@rabinan was
affected byembAandembBgenes disruptiofi and that synthesis
of LAM ceased followingembCinactivation?® All three mutants
were viable, and the crucial terminal Areotif which is the
template for mycolylation in A& was altered in botembA
andembBdeleted strains. In brief, knockoutseihbBandembA
produced bacteria with defective AG, in which the number of
terminal -p-Araf(1—2)-a-p-Araf reduced drastically. This

independent of the Emb proteins.

Experimental Section

General Methods. Radioactive p[‘C]Rpp (300 mCi/mmol) was
generated from uniformly labelent[*“C]glucose (American Radiola-
beled Chemicals Inc.) as descril®@dNonradioactive pRpp, ATP,
MOPS, and 2-mercaptoethanol were purchased from Sigma. Percoll
(sterile) and Biogel P-2 were obtained from Pharmacia. Protein
concentrations were determined using the BCA assay (Pierce). All
chemicals were purchased from Sigma/Aldrich and were used without
further purification except pRpp. Thin-layer chromatography (TLC)
was performed on silica gel G60 (EM Science) aluminum-backed plates.
Column chromatography was performed using silica geHZ&0)

suggested the EmbA and EmbB are involved in the formation mesh. Unless otherwise stated all reactions were performed at room

of the terminal Arg motif in AG. In contrast, in theembC
knockout mutant, AG was normal but no LAM was synthesized;

temperature under nitrogen. Drying after organic extractions was done
over anhydrous N&Os. *H NMR spectra were recorded at 300 or 400

thus, the effect of this gene deletion was different and more MHz, and*C NMR spectra were recorded at 75 or 100 MHz. Fast
drastic. Thus, two similar polysaccharides utilized two sets of atom bombardment-mass spectrometry (FAB-MS) was performed on

embgenes belonging to the same operon.

What became clear from these experimental evidences was
that the Emb proteins were required for the arabinan synthesis
and worked not only on the nonreducing end of the arabinan
but were also involved in the assembly of the internal arabinan

as disruption of EmbC led to depletion of arabinan in LAM.

VG Autospec mass spectrometers. High pH anion exchange chroma-
tography (HPAEC) was performed on a Dionex LC system fitted with
a Dionex Carbopac PA-1 column and detected with a pulse-ampero-
metric detector (PAD) or a radiometric detector (Beta Ram; IN/US
Systems, Tampa, FL).

p-Cresyl 2,3-di-O-Benzyl-5-O-t-butyldiphenylsilyl-1-thio- o-p-ara-
binofuranoside (3). To a solution 0f2%! (2.00 g, 5.15 mmol) in dry

Only recently, two other enzymes have been identified as an pyridine (20 mL) at room temperature was added dropwise benzoyl
arabinofuranosyltransferases. One of these enzymes, AftA, iSchloride (1.93 mL, 16.7 mmol). After 1.5 h of stirring, the reaction

(17) Torrelles, J. B.; Khoo, K. H.; Sieling, P. A.; Modlin, R. L.; Zhang, N;
Marques, A. M.; Treumann, A.; Rithner, C. D.; Brennan, P. J.; Chatterjee,
D. J. Biol. Chem2004 279, 4122741239.

(18) Treumann, A.; Xidong, F.; McDonnell, L.; Derrick, P. J.; Ashcroft, A. E.;
Chatterjee, D.; Homans, S. W. Mol. Biol. 2002 316, 89—100.

(19) Turnbull, W. B.; Shimizu, K. H.; Chatterjee, D.; Homans, S. W.; Treumann,
A. Angew. Chem., Int. EQ004 43, 3918-3922.

(20) Mikusova, K.; Huang, H.; Yagi, T.; Holsters, M.; Vereecke, D.; D'Haeze,
W.; Scherman, M. S.; Brennan, P. J.; McNeil, M. R.; Crick, D. .
Bacteriol. 2005 187, 8020-8025.

(21) Scherman, M. S.; Kalbe-Bournonville, L.; Bush, D.; Xin, Y.; Deng, L
McNeil, M. J. Biol. Chem1996 271, 29652-29658.

(22) Mills, J. A.; McNeil, M. R.; Belisle, J. T.; Jacobs, W. R., Jr.; Brennan, P.
J.J. Bacteriol.1994 176, 4803-4808.

(23) Belanger, A. E.; Besra, G. S.; Ford, M. E.; Mikusova, K.; Belisle, J. T.;
Brennan, P. J.; Inamine, J. MProc. Natl. Acad. Sci. U.S.AL996 93,
11919-11924.

(24) Telenti, A.; Philipp, W. J.; Sreevatsan, S.; Bernasconi, C.; Stockbauer, K.

E.; Wieles, B.; Musser, J. M.; Jacobs, W. R.,Nat. Med.1997, 3, 567—
570.

(25) Escuyer, V. E.; Lety, M. A.; Torrelles, J. B.; Khoo, K. H.; Tang, J. B,;
Rithner, C. D.; Frehel, C.; McNeil, M. R.; Brennan, P. J.; Chatterjeg].D.
Biol. Chem.2001, 276, 48854-48862.

(26) Zhang, N.; Torrelles, J. B.; McNeil, M. R.; Escuyer, V. E.; Khoo, K. H.;
Brennan, P. J.; Chatterjee, Blol. Microbiol. 2003 50, 69—76.

mixture was concentrated. The residue was dissolved yCGHvashed
with brine, dried (NaSQy), concentrated, and the residue was used for
the next step without further purification. To a solution of the
benzoylated residue (3.90 g, 5.57 mmol) in dryCH (20 mL) at 0

°C was addegb-thiocresol (761 mg, 6.13 mmol). After stirring for 10
min, BR-Et,O (848uL, 6.69 mmol) was added dropwise. The reaction
mixture was stirred fol h at 0°C, and then BN (450uL) was added.
The mixture was diluted with C¥Cl,, washed with a saturated solution
of NaHCGQ;, dried (NaSQy), concentrated, and purified by chroma-
tography on silica gel (hexane/EtOAc, 8:1) to g&€0.92 g, 46.0% in

(27) Alderwick, L. J.; Seidel, M.; Sahm, H.; Besra, G. S.; Eggeling].LBiol.
Chem.2006 28L 15653-15661.
(28) Seidel, M.; Alderwick, L. J.; Birch, H. L.; Sahm, H.; Eggeling, L.; Besra,
G. S.J. Biol. Chem2007, 282, 14729-14740.
(29) Ayers, J. D.; Lowary, T. L.; Morehouse, C. B.; Besra, GB®org. Med.
Chem Lett1998 8, 437— 442.

(30) Joe, M.; Sun, D.; Taha H.; Completo, G. C.; Croudace, J. E.; Lammas, D.
A.; Besra G.S,; Lowary, T LJ. Am. Chem. SoQ.OOG 128 5055%5072
(31) Khasn0b|s S.; Zhang J.; Angala, S. K.; Amin, A. G.; McNeil, M. R;
Crick, D. C Chatterjee DChem. Biol. 2006 13, 787-795.

)

(32) Lee,R.E; Brennan P. J.; Besra, GGB/cobiology1997, 7, 1121-1128.
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two steps): R 0.55 (hexane/EtOAc, 4:1)'H NMR (300 MHz,
CDCly): 68.15(d, 2 HJ= 8.1 Hz), 8.01 (d, 2 H) = 8.1 Hz), 7.76-
7.15 (m, 20 H), 5.7#5.70 (m, 3 H), 4.66 (dd, 1 H] = 4.5, 9.2 Hz),
4.08 (d, 2 H,J = 4.5 Hz), 2.37 (s, 3 H), 1.09 (s, 9 H¥C NMR (75
MHz, CDCL): ¢ 165.8, 165.6, 138.2, 136.0, 135.9, 135.1, 133.7, 133.5,

(m, 4 H), 3.75-3.68 (m, 2 H), 3.4%+3.35 (m, 1 H), 1.57 (m, 2 H),
1.26 (m, 10 H), 1.03 (s, 9 H), 0.87 (m, 3 HFC NMR (75 MHz,
CDCk): ¢ 165.8, 165.5, 135.9, 133.5, 133.4, 130.2, 129.9, 129.7, 129.5,
128.6, 128.2, 128.1, 127.9, 106.3, 106.0, 88.7, 83.5, 82.5, 80.0, 77.7,
72.4, 72.3, 68.0, 66.5, 63.7, 32.1, 29.8, 29.6, 29.5, 27.0, 22.9, 19.5,

133.3, 133.1, 130.3, 130.2, 130.1, 130.0, 129.6, 129.3, 128.7, 128.6,14.4.

128.0, 91.6, 83.4, 82.6, 77.9, 63.8, 27.0, 21.1, 19.6.
3,5-0-(1,1,3,3-Tetraisopropyldisiloxane-1,3-diyl)p-arabinofura-
nose (4).To a solution of d-arabinose (2.00 g, 13.3 mmol) in dry

pyridine (20 mL) at ®C was added dropwise (CIPr)Si),0 (4.7 mL,
14.7 mmol). After stirring fo 2 h atroom temperature, the reaction

Octyl 5-0O-(2,3-Di-O-benzoyl-a-p-arabinofuranosyl)-2,3-di-O-ben-
zyl-a-p-arabinofuranoside (8).To a solution of7 (257 mg, 0.35 mmol)
in THF (10 mL) at 0°C was added-Bu;NF (183 mg, 0.70 mmol).
After stirring at room temperature for 2 h, the reaction mixture was
diluted with CHCl, and washed with a saturated solution of ()4

mixture was concentrated under reduced pressure. The residue was$SQ, and brine. The organic phase was dried 5@;) and concentrated.

purified by chromatography on silica gel (hexane/EtOAc, 4 2:1)
to give4 (3.09 g, 59.4%):R: 0.34 (hexane/EtOAc, 2:13H NMR (300
MHz, CDCL): 6 5.24 (d, 0.7 HJ = 4.5 Hz), 5.20 (d, 0.3 H) = 3.0
Hz), 4.28-3.64 (m, 5 H), 1.16-:0.93 (m, 28 H).**C NMR (75 MHz,
CDCly): 6 101.5, 94.8, 82.4, 81.4, 78.3, 78.0, 76.6, 73.0, 65.1, 62.0,

The residue was purified by chromatography on silica gel (hexane/
EtOAc, 4:1— 2:1) to give8 (95 mg, 48.2%):R: 0.54 (hexane/EtOAc,
2:1).'H NMR (300 MHz, CDC}): 6 8.09-8.04 (m, 4 H), 7.6%+7.23

(m, 16 H), 5.63 (d, 1 HJ = 1.2 Hz), 5.41 (dd, 1 H) = 0.6, 4.5 Hz),
5.34 (s, 1 H), 5.07 (s, 1 H), 4.681.38 (M, 3 H), 4.254.19 (m, 2 H),

17.8, 17.7, 17.7, 17.6, 17.4, 17.4, 17.3, 17.3, 17.2, 13.9, 13.7, 13.4,3.98-3.91 (m, 2 H), 3.783.67 (m, 2 H), 3.443.36 (m, 1 H), 2.30

13.4, 13.3, 13.2, 13.0, 13.0, 12.7.
p-Cresyl-2-O-benzoyl-3,50-(1,1,3,3-tetraisopropyldisiloxane-1,3-
diyl)-1-thio- a-p-arabinofuranoside (5). To a solution of4 (1.00 g,
2.55 mmol) in dry pyridine (10 mL) was added dropwise benzoyl
chloride (0.65 mL, 5.61 mmol) at room temperature. After 1.5 h of

stirring, the reaction mixture was concentrated. The residue was

dissolved in CHCI,, washed with brine, dried (N&0Oy), concentrated,
and the residue was used for the next step without further purification.
To a solution of the benzoylated residue (1.53 g) in dry.Clk (10
mL) at 0°C p-thiocresol (348 mg, 2.81 mmol) was added. After stirring
for 10 min, BREt,O (388uL, 3.06 mmol) was added dropwise. The
reaction mixture was stirred for 1.5 h at°C before EN (422 ulL)
was added. The mixture was diluted with &b, washed with a
saturated solution of NaHGQ dried (NaSQs), concentrated, and
purified by chromatography on silica gel (hexane/EtOAc, 10:1) to give
5(0.66 g, 43.1% in two steps)x 0.67 (hexane/EtOAc, 4:13H NMR
(300 MHz, CDC}): 6 8.06 (m, 2 H), 7.53-7.41 (m, 5 H), 7.12 (d, 2H,
J=8.1Hz),5.62(dd, 1 H) = 3.9, 5.4 Hz), 549 (d, 1 H) = 3.9
Hz), 4.59 (dd, 1 HJ = 5.4, 8.1 Hz), 4.274.23 (m, 1 H), 4.144.07

(m, 2 H), 2.33 (s, 3 H), 1.170.94 (m, 28 H).23C NMR (75 MHz,

CDCl): 6 165.7,133.8, 133.6, 132.4, 130.4, 130.0, 129.9, 129.0, 128.7,
89.9, 83.4, 81.1, 75.7, 61.5, 21.4, 17.7, 17.6, 17.3, 17.2, 13.7, 13.4,31.1, 29.8, 29.7, 29.6, 26.4, 22.9, 17.7, 17.6, 17.2, 17.1, 14.4,

13.1, 12.7.

Octyl 2,3-Di-O-benzyl-a-p-arabinofuranoside (6). Compound6
was synthesized as describ8d: 0.09 (hexane/EtOAc, 4:13H NMR
(300 MHz, CDC}): 6 7.41-7.28 (m, 10 H), 5.05 (s, 1 H), 4.644.51
(m, 4 H), 4.16-4.14 (m, 1 H), 4.05 (d, 1 H) = 0.9 Hz), 4.01 (dd, 1
H, J= 3.0, 6.3 Hz), 3.87 (dd, 1 H] = 2.7, 12.0 Hz), 3.72 (dd, 1 H,
J=12.7,6.8 Hz), 3.68 (m, 1 H), 3.41 (m, 1 H), 1.94 (br, 1 H), 1.61 (m,
2 H), 1.30 (m, 10 H), 0.90 (m, 3 H¥*C NMR (75 MHz, CDC}): ¢

(br, 1 H), 1.6-1.54 (m, 2 H), 1.29 (m, 10 H), 0.90 (m, 3 HfC
NMR (75 MHz, CDCE):6 166.4, 165.4, 138.1, 137.8, 133.8, 133.7,
130.2, 130.1, 129.3, 128.8, 128.7, 128.7, 128.6, 128.3, 128.2, 127.9,
106.2, 105.9, 88.8, 84.1, 83.3, 81.8, 79.8, 78.1, 72.4, 68.0, 66.5, 62.5,
32.1, 29.8, 29.6, 29.5, 26.4, 22.9, 14.4.

Octyl 5-0-(2,3-Di-O-benzoyl-50-(2-O-benzoyl-3,50-(1,1,3,3-tet-
raisopropyldisiloxane-1,3-diyl)-a-p-arabinofuranosyl)-a-p-arabino-
furanosyl)-2,3-di-O-benzyl-a-p-arabinofuranoside (9).Alcohol 8 (90
mg, 0.11 mmol) and dond¥ (114 mg, 0.19 mmol) were coupled using
NIS (44 mg, 0.17 mmol) and AgOTf (10 mg, 0.038 mmol) in £Hp
(3 mL) for 30 min as described for preparation ©fPurification by
chromatography (hexane/EtOAc, 8:1) g&.00 mg, 69.0%):R: 0.33
(hexane/EtOAc, 4:1}H NMR (300 MHz, CDC}): 6 8.15-8.02 (m,

6 H), 7.62-7.23 (m, 19 H), 5.66:5.54 (m, 3 H), 5.34 (s, 1 H), 5.16

(d, 1 H,J = 1.5 Hz), 5.07 (s, 1 H), 4.634.48 (m, 4 H), 4.39 (dd, 1
H,J=4.2, 8.1 Hz), 4.253.87 (m, 8 H), 3.76-3.71 (m, 3 H), 3.44

3.36 (m, 2 H), 1.621.57 (m, 2 H), 1.29 (m, 10 H), 1.130.77 (m, 3

H). C NMR (75 MHz, CDC}): 6 165.9, 165.5, 165.5, 138.2, 137.9,
133.6, 133.5, 133.4, 130.2, 130.2, 130.0, 129.9, 129.5, 128.8, 128.7,
128.6, 128.6, 128.3, 128.1, 128.0, 106.2, 106.0, 105.9, 88.8, 84.2, 83.3,
82.4, 81.8, 81.4, 79.9, 77.9, 76.1, 72.4, 72.3, 68.0, 67.3, 66.5, 61.6,
13.7,
13.4, 13.1, 12.6.

Octyl 5-0O-(2,3-Di-O-benzoyl-50-(2-O-benzoyl-a-p-arabinofura-
nosyl)-a-p-arabinofuranosyl)-2,3-di-O-benzyl-o.-p-arabinofurano-
side (10).Compound9 (95 mg, 0.075 mmol) was deprotected in a
solution ofn-BusNF (59 mg, 0.23 mmol) in THF (1 mL) as described
for preparation oB. Purification by chromatography (hexane/EtOAc,
2:1— 1:1) gavelO (69 mg, 89.8%): R 0.10 (hexane/EtOAc, 2:1).

'H NMR (300 MHz, CDC}): ¢ 8.10-8.00 (m, 6 H), 7.6+7.25

138.1,137.6, 128.7, 128.7, 128.2, 128.1, 128.0, 106.5, 88.3, 82.9, 82.0(m, 19 H), 5.61 (d, 1 HJ) = 1.2 Hz), 5.55 (dd, 1 H} = 0.6, 5.1 Hz),

72.5,72.2, 68.0, 62.4, 32.1, 29.8, 29.6, 29.5, 26.4, 22.9, 14.4.
Octyl 5-0-(2,3-Di-O-benzoyl-50-t-butyldiphenylsilyl- o-p-ara-
binofuranosyl)-2,3-di-O-benzyl-a-b-arabinofuranoside (7). To a
solution of alcohob (178 mg, 0.40 mmol) and don@r(309 mg, 0.44
mmol) in dry CHCl, (4 mL) powde 4 A molecular sieves (0.5 g) was
added. The reaction mixture was cooled t© and treated with
N-iodosuccinimide (NIS, 135 mg, 0.60 mmol) and silver triflate
(AgOTf, 21 mg, 0.080 mmol). After stirring for 30 min at this
temperature, the reaction mixture was quenched withl E400 uL)
and filtered through Celite. The filtrate was washed successively
with a saturated solution of N&Os, water, and brine. The organic
phase was dried (N80,) and concentrated. The residue was purified
by chromatography on silica gel (hexane/EtOAc, 10:1) to give
(377 mg, 92.0%):R 0.49 (hexane/EtOAc, 4:13H NMR (300 MHz,
CDCl): ¢ 8.06-7.95 (m, 4 H), 7.727.18 (m, 26 H), 5.62 (d, 1 H,
J=3.9 Hz), 5.54 (m, 1 H), 5.31 (d, 1 H,= 3.9 Hz), 5.05 (s, 1 H),
4.84-4.40 (m, 4 H), 4.31 (dd, 1 H) = 3.0, 6.8 Hz), 4.063.92
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5.40 (s, 1 H), 5.37 (s, 1 H), 5.14 (dd, 1 B,= 0.6, 3.0 Hz), 5.08

(s, 1H), 4.644.46 (m, 4 H), 4.344.30 (m, 1 H), 4.264.22 (m, 1

H), 4.19-4.14 (m, 2 H), 4.084.04 (m, 2 H), 3.983.90 (m, 3 H),
3.81-3.69 (m, 3 H), 3.443.37 (m, 2 H), 1.6+1.55 (m, 2 H), 1.3%+

1.29 (m, 10 H), 0.920.88 (m, 3 H).23C NMR (75 MHz, CDC}): o
166.9, 166.2, 165.5, 138.1, 137.9, 133.9, 133.8, 133.7, 130.3, 130.1,
130.0, 130.0, 129.3, 129.3, 129.2, 128.8, 128.7, 128.7, 128.6, 128.4,
128.3, 127.9, 106.3, 105.9, 105.4, 88.8, 86.5, 84.5, 83.4, 82.3, 82.0,
79.9, 77.6, 72.4, 68.0, 66.6, 65.9, 62.4, 32.1, 29.8, 29.6, 29.5, 26.4,
22.9, 14.4.

Octyl 5-O-(2,3-Di-O-benzoyl-50-(2-O-benzoyl-3,5-diO-(2-O-ben-
zoyl-3,5-di-O-benzyl-o-p-arabinofuranosyl)-a-p-arabinofuranosyl)-
a-D-arabinofuranosyl)-2,3-di-O-benzyl-a-p-arabinofuranoside (12).
Alcohol 10 (30 mg, 0.029 mmol) and dondrl (38 mg, 0.070 mmol)
were coupled using NIS (19 mg, 0.083 mmol) and AgOTf (5.4 mg,
0.021 mmol) in CHCI; (3 mL) for 2 h asdescribed for preparation of
7. Purification by chromatography (hexane/EtOAc, 6714:1) gave
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12(48 mg, 88.1%):R: 0.44 (hexane/EtOAc, 2:13H NMR (300 MHz,

CDCly): ¢ 8.17-7.88 (m, 10 H), 7.597.06 (m, 45 H), 5.68 (d, 1 H,
J=4.2Hz),5.61(d, 1 H)=0.6 Hz), 5.53 (d, 1 H) = 1.5 Hz), 5.49
(s, 1 H), 5.43 (s, 2 H), 5.42 (s, 1 H), 5.33 (s, 1 H), 5.27 (d, LUk

0.9 Hz), 5.07 (d, 1 HJ = 1.5 Hz), 4.76-4.21 (m, 18 H), 4.154.03

(m, 3 H), 4.00-3.92 (m, 3 H), 3.86 (d, 2 H) = 5.7 Hz), 3.75-3.69

(m, 2 H), 3.6%-3.37 (m, 6 H), 1.66-1.53 (m, 2 H), 1.29 (m, 10 H),
0.92-0.88 (m, 3 H).*®*C NMR (75 MHz, CDC}): ¢ 165.9, 165.7,
165.6, 165.4, 165.1, 138.3, 138.2, 138.2, 138.0,
133.3, 133.3, 130.2, 130.2, 130.1, 130.0, 129.8,
128.7, 128.6, 128.5, 128.5, 128.4, 128.4, 128.3,
128.0, 127.8, 127.7, 127.7, 127.6, 127.6, 126.5,
105.6,
80.8, 80.0, 77.5, 77.1, 76.8, 73.5, 73.5, 72.4, 72.2, 71.9, 71.8, 69.4,
69.2, 68.0, 66.4, 65.4, 65.1, 32.1, 29.8, 29.7, 29.5, 26.4, 22.9, 14.4.
FAB-MS m/z 1852.3 [M + H]*, 1874.3 [M+ Na]*, 1984.2 [M +

CsJ".

Octyl 5-O-(5-O-(3,5-Di-O-(a-p-arabinofuranosyl)-a-p-arabino-
furanosyl)-a-p-arabinofuranosyl)-a-p-arabinofuranoside (1). A
solution of12 (46 mg, 0.025 mmol) in dry CkCl, (0.60 mL) and dry
MeOH (1.8 mL) was treated with 0.1 M MeONa in MeOH (40Q).

After stirring for 4 h atroom temperature, the mixture was neutralized
with Amberlite IR-120 (H) resin, filtered, and concentrated. The
residue was purified by chromatography on silica gel (hexane/EtOAc,

137.9, 133.6, 133.4,
129.4, 129.3, 128.7,
128.2, 128.1, 128.0,
106.2, 106.1, 106.0,
88.8, 83.5, 83.4, 83.3, 83.1, 83.0, 82.6, 82.4, 81.9, 81.8, 81.6,

ethanol. The resulting mixture was centrifuged at 14g)Chd the
supernatants were loaded onto prepacked strong anion exchange (SAX)
columns (Burdick and Jackson). The columns were eluted with 2 mL
of water. The eluate was evaporated to dryness and partitioned between
the two phases (1:1) of water-saturated 1-butanol and water. The
1-butanol fractions were measured for radioactivity incorporation by
liquid scintillation counting. Assays were carried out under conditions
where synthesis was linear with respect to protein concentration. In
the ethambutanol inhibition assay, the membrane and P60 were
preincubated with ethambutanol at concentration-6100 xg/mL for

30 min, then the acceptor and pRpp were added for further incubation.
Values reported are averages of duplicate reactions from representative
experiments.

Analytical Procedures. For TLC analysis of the enzymatically
synthesized, radiolabeled product, an aliquot of the 1-butanol extract
was dried under air and the residue was reconstituted in Milli-Q water
(10 uL) for analysis by silica gel TLC. The plates were developed in
CHCly/MeOH/1 M NH,OAc/NH,OH/H,0 (180:140:9:9:23) followed
by autoradiography at70 °C using Biomax MR film (Kodak), and
compoundl was visualized using-naphthol spray reagent. For analysis
of the sugar composition of the radiolabeled product, the water layer
after 1-butanol extraction were purified by a Biogel P-2 column, eluted
with Milli-Q water, and approximately 2000 dpm of the purified product
was hydrolyzed in 20@L of 2 M trifluoroacetic acid (TFA) at 120C

1:1— 2:1). The debenzoylated residue (28 mg) was dissolved in AcCOH/ or 2 h. TFA was removed under a stream of air, and the hydrolysate
H:O (4:1, 2.5 mL) and hydrogenolyzed over 10% Pd/C (30 mg) for 16 a5 analyzed on a silica gel TLC plate developed in pyridine/ethyl
h. The mixture was filtered through Celite, concentrated, and the res'dueacetate/acetic acid/water (5:5:1:3) followed by autoradiography as
was purified by chromatogoraphy on silica gel (CH®IeOH, 4:1— described above. Radioactive spots were identified by cochromatog-
3:1) to givel (15 mg, 76.5% in two steps)R; 0.70 (CHCYMeOH/ raphy with standard radioactive arabinose and galactose from radioactive
H,0, 10:10:3).*H NMR (400 MHz, CDC}): ¢ 5.13(d, 1HJ=1.2 [1C]-labeled AG.
Eg 4519138 ((Z i EEJ i‘0274(?_i2§ T3:1—}1§6H(Zr31 52'0|_?) (i’ 119|_(|a]dz 112H Radiolabeled products from the enzyme assays were subjected to
J :’2é a4 ’8 8 Hz), 4 i54 06’ (rﬁ 6 H.) 4 04'3 67 (‘m'17 H) 3’ 58 ' digestion withCellulomonaendoarabinanase isolated fr@ngelida®
PR P ' . : . - In this case, approximately 5000 dpm of the 1-butanol soluble material

3.52 (m, 1 H), 1.66-1.57 (m, 2 H), 1.33-1.26 (m, 10 H), 0.860.83 . ) . ) .
(m, 3 H).3C NMR (100 MHz, CDCY): 6 107.5, 107.5, 107.4, 107.3, were dried under nitrogen, reconstituted in/0of water, sonicated,

1072 84.1. 84.0. 82.4 82.3 81.8 818 813 810 81.0. 80.9. 79.2 and treated with endoarabinanase overnight at@7The digestion
76 7 ’76 6 ,76 5 ’68 7 ’66 9 ’66 5 ’66 4 ’61 2 ’61 2 ' 3 '2 ' 28.7’ 28'5’products were analyzed by HPAEC. The oligosaccharides were detected

with a radiometric detector. The acceptbwas also digested with

Cellulomonasendoarabinanase and subjected to HPAEC with a PAD

detector. The digested residues were acetylated by acetic anhydride

and pyridine and subjected to MALDI-TOF MS analysis.
Arabinosyltransferase Assays with Nonradioactive pRppA large-

scale nonlabeled arabinosyltransferase reaction was performed to

dextrose-catalase (OADC) to midlog phase (OD ©.3.8). Mutants generate product for MALDI-TOF MS analysis. In order to do so,

were grown with kanamycin (50g/mL). Cells (approximately 810 commermally_avallable pRpp _(SIGMA) was further purlfleq by DIOI’IEX

g wet weight) were harvested by centrifugation, washed, and resus- HPAEC; fractions corresp_ondmg to peaks detected by radioactive pRpp

pended in ice-cold buffer A containing 50 mM MOPS (pH 8.5), 5mM  Were pooled and stored 20 °C.

28.4,25.3, 22.1, 13.5. Matrix-assisted laser desorption ionization time-
of-flight mass spectrometry (MALDI-TOF MS)Vz813.3 [M+ Na]*,
829.3 [M+ K]*

Preparation of Mycobacterial Membranes and Cell Wall En-
riched Fraction (P60). Wild-type and all mutants oM. smegmatis
mc*155 cells were grown in 7H9 containing oleic aeialbumin—

2-mercaptoethanol, and 10 mM MgCCells were disrupted by-67

The reaction mixtures contained buffer A, 628 ATP, 2.0 mM

passages through a French press at 1500 psi. The suspension wagRpp, acceptot (1.0 mM), membranes (0.6 mg), and P60 (0.4 mg) in

centrifuged at 27 0a9for 60 min at 4°C. The cell wall pellet was
removed, and the supernatant was recentrifuged at 209f00@ h at

4 °C. The supernatant was discarded, and the pellet of enzymatically
active membrane was gently resuspended in A0@f buffer A; the
protein concentrations of the membrane fractions were typically between
15 and 20 mg/mL. The 27 0Q@0pellet was suspended in 10 mL of

a total volume of 16Q:L. The workup procedures were exactly the
same as for the radioactive reactions. The eluate after SAX column
was purified by preparative TLC, excising the band that corresponded
to the radioactive product. The bands recovered from the plate were
extracted with Milli-Q water (3x 1 mL), pooled, dried, methylated,
and subjected to MALDI-TOF MS analysis.

buffer A, and Percoll was added to achieve a 60% suspension. The MALDI-MS and MS/MS Analyses. MALDI-TOF mass spectrom-
suspension was mixed and centrifuged at 279000 60 min at 4°C. etry analysis was performed using an UltraFlex TOF/TOF (Bruker
The resulting flocculent, white Iayer was collected and washed three Daltonics, Billurica, MA) in which case the peracety|ati0n or perm-
times with buffer A at 12009 to yield P60. This fraction was  ethylation derivatives in acetonitrile were mixed 1:1 with 2,5-
resuspended in 1 mL of buffer A to yield a protein concentration of - gihydroxybenzoic acid (DHB) matrix (10 mg/mL in water) for spotting
5-6 mg/mL. onto the target plate. MALDI TOF/TOF CID MS/MS sequencing of
Arabinosyltransferase AssaysTypical reaction mixtures contained  the permethyl derivatives using DHB as matrix was performed on a
buffer A, 62.5uM ATP, 3.8 uM p[**C]Rpp (500 000 disintegrations 4700 Proteomics Analyzer (Applied Biosystems) as desciibed.
per minute (dpm)), acceptdr (300 M), membranes (0.5 mg), and
P60 (0.3 mg) in a total volume of 2Q. The reaction mixtures were
incubated at 37C for 1 h and then terminated by adding 2@0 of

(33) Lee, A;; Wu, S. W.; Scherman, M. S.; Torrelles, J. B.; Chatterjee, D.;
McNeil, M. R.; Khoo, K. H.Biochemistry2006 45, 15817-15828.
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Results and Discussion deprotected, and the resulting dibd were coupled with 2.4
equiv of 11 to get pentasaccharide. Deprotection ofl2 was
achieved by treatment with a catalytic amount of sodium

shown that use of suitably linkentarabinose-based oligosac- methoxide followed by hydrogenolysis affording pentasaccha-

charides can be utilized in a mycobacterial cell-free system to fide 1in overal! 76.5% yield. . . )
identify any particular enzyme function. The strategy has been ~ The anomeric stereochemistry of the glycosyl residué in
extremely helpful to demonstrate the function of the Emb Was determined by bottH and*3C NMR spectroscopy. The
proteins?>26.34in which case, studies have been limited to 13C NMR spectrum showed five-anomeric carbons @t107.6,
examining biochemical events as a consequence of individual 107.5, 107.4, 107.3, and 107.2 ppm (Figure 1A). IntH&MR
gene disruption experiments. Thus, when we synthesized a lineaSPectrum (Figure 1B), five anomeric hydrogens(13, 5.10,
Argfl—2Araol—5Aral—~5Araol—5Araol— with an octyl  -07, 5.06, 4.99 ppm) appeared as singlet or doublgf =
aglycon as an arabinosyl acceptor in cell-free assays with 0—2.0 Hz), characteristic af-arabinofuranosides. The HSQC
membrane and particulate cell wall as the enzyme source andSPectrum (data not shown) correlai@dH 5.13 and 4.99 ppm
5-phosphoribose diphosphaté4gJRpp as the arabinose donor ~ With 6 **C 107.2 and 107.3 ppm, which were assigned to be
a single product was formed. Analysis unequivocally showed t-c-Araf—3 and te-Araf—5, respectively. MALDI-TOF mass
that two arabinofuranosy! residues were added at the tertiary SPectral analysis yielded a positive iomalz 813.3 [M+ Na]*
—5Aranl— of the synthetic glycan thereby indicating that the and 829.3 [M+ K] corroborating for GsHsgO21 (Figure 1C).
EmbA and EmbB proteins function together for the transfer of Linkage analysis (GC/MS, Figure 1D) indicated tfathad
the terminal disaccharide AfJ4—2Araol on the 3-arm of the ~ t-Araf, 5-Ardf, and 3,5-Ar4 in the ratio of 1:1:0.5 in GC (data

Approach. Through organic synthesis and development of
a convenient arabinosyltransferase a¥sag have successfully

penultimate—5Araol— on a linear substrate. not shown).

In AG, the nonreducing termini invariably form a well-defined Enzymatic Assays Compoundl was tested for its ability to
[B-D-Araf(1—2)-a-D-Araf] -3,5-a-D-Araf(1—5)-o-D-Araf motif, act as an acceptor substrate for arabinosyltransferase activity
of which the terminaB-Araf and the penultimate-2-Araf serve in a cell-free assay using ¥CIRpp (which is converted in situ
as the anchoring points for the mycolic acidsTwo such to DPA) as an indirect arabinosyl don8rwhen a total crude
characteristic terminal Agamotifs with additionala-5-Araf cell lysate of wild-typeM. smegmatisvas incubated with p{C]-

residues at the reducing end are assembled into a uniqug Ara Rpp, a low level of radioactivity was detected in the 1-butanol
mer, the largest structurally defined arabinan unit to 88te.  extract.

In the arabinan of LAM, additional lineax-5-Araf extensions When a mixture of the membrane and cell wall enriched
occur mostly into stretches of[a-D-Araf(1—5)-a-D-Araf] - fraction (P60) was incubated with’3C]Rpp and compound,

with critically spacedx3,5-Ard branched site$! We reasoned  a reasonable amount-{2% of the p}4C]Rpp used) of radio-
that if the acceptor is modified in a manner such that it representsiabeled material was found in the 1-butanol extract with a

the internal branched assembly upon whiakb-Araf can significant amount of radioactivity remaining in the water layer.
be extended, it would allow us to identify this particular When compound was omitted from the reaction mixture trace
enzyme. radioactivity was detected in the 1-butanol layer and a reduced
Synthesis of Acceptor 1. 1. StrategyWe used the well-  amount of radioactivity associated with the water layer.
established thioglycoside glycosylation metfidd all chemical This indicated that the product formed had an affinity for
synthesis. The building blocks with participating groups were organic solvent despite addition of sugar(s). TLC analysis
employed to get the-anomer in high yield. GlycolipidOwas revealed formation of a major slower migrating component
set as a precursor to add two monosaccharides in 3- and 5-OHgband |, Figure 2A) along with some minor bands (band I,
at one time. Figure 2A) that were absent in the control reaction. Incorporation
2. Synthesis of Building BlocksFour building blocks g, 5, of radioactivity into the 1-butanol layer was also linear with
6, 11) were used in this work. Compoundsand 11 were respect to protein up to a concentration of 0.8 mg/mL

known3!and compound8 and5 were prepared as in Scheme 1. (Supporting Information Figure S1). There was no significant
To access3, we started fron2,3! which was protected by  increase of activity with increasing protein concentrations
benzoylation and then reacted wifithiocresol and boron  above this amount. TLC analyses of the 1-butanol layer isolated
trifluoride to givea-anomer3 in 43.8% yield over the two steps.  at different protein concentration level corroborated that
Thioglycosides was synthesized in three steps frorarabinose, the reaction was optimal at 0.8 mg/mL protein concentration
which was, first, treated with (GKPr)Si),O to get 3,5-OHs (Figure 2B). The concentration of the indirect donor of arabinose
protected blockt. Compound4 was benzoylated and thiocre-  residues (PP*C]JRpp) used was 3.8M, and consequently
solated as preparation 8f the concentration of the direct arabinose donor (DPA) was
3. Glycosylation and Deprotection After all building blocks probably less. In a typical reaction, product was extracted with
were in hand, conditions for assembly of the pentasaccharideethanol and excess C]Rpp removed by passing through
were explored (Scheme 2). Coupling@ivith thioglycoside3, an anion exchange column (SAX). The eluate was dried, and
upon activation with NIS and AgOTf, the disacchariflevas the residue was partitioned between water-saturated 1-butanol
obtained in 92.0% yield. Compour@obtained after deprotec-  and water. TLC analysis revealed the product formation when
tion of 7, was coupled with building blockto give trisaccharide the enzyme source was used from either ¢éngbA embB or
9 in 69.0% vyield. In subsequent steps, compouhdvas embCknockout strains indicating that the biosynthetic step
in the product formed utilizing this particular acceptor was
(34) Shi, L.; Berg, S.; Lee, A.; Spencer, J. S.; Zhang, J.; Vissa, V.; McNeil, M. independent of the Emb proteins (Figure 3A). A reduced amount

R.; Khoo, K. H.; Chatterjee, DJ. Biol. Chem2006 281, 19512-19526. . X .
(35) Garegg, P. JAdv. Carbohydr. Chem. Biocheri997, 52, 179-205. of product (40%) was noted in the reaction wa&mbAknock-
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Scheme 1. Chemical Synthesis of Building Blocks
Synthesis of building block 3
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Scheme 2. Chemical Synthesis of Acceptor 1
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out strain (lane 2, Figure 3A), and a normal amount of product 30 min, a reduced level (65%) of product formation was
was detected from theembAcomplemented strain (data observed (Figure 3B and Supporting Information Figure
not shown), which indicated that inactivation einbAsome- S2). If P60 was absent from the assay, the biosynthetic products
what affected this arabinosyltransferase activity. When mem- were not detectable in TLC (Supporting Information Figure S3).
brane and P60 from the wild-type strain were preincubated So P60 is necessary in the reaction, and the reason is still
with ethambutol (EMB) at a concentration of %@/mL for unknown.
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Figure 1. Structural characterization of acceptoby 13C NMR (A), 'H NMR (B), MALDI-TOF MS (C), and glycosyl linkage analysis (D). For linkage
analysis, the sample was per-O-methylated, hydrolyzedguaim TFA, reduced and per-O-acetylated. The resulting partially per-O-methylated, per-O-

acetylated glycosyl derivatives were analyzed by GC/MS.

Characterization of the Arabinosyltransferase Reaction
Product. To confirm that f“Clarabinose had been added to the
acceptor an aliquot of the purified material (2000 dpm) was
hydrolyzed wih 2 M TFA and the hydrolysate was subjected
to TLC. Autoradiography showed that the radioactivity was
exclusively associated with arabinose (Figure 4A).

The major product (band 1) was excised from a TLC plate,

OGCgH;7 (heptasaccharide) (Zhang, J. and Chatterjee, D.,
unpublished work, see the Supporting Information Figure S4).
The TLC mobility of the band corresponding to the major
product was closer to the synthetic hexamer although not
superimposible suggesting that only one arabinosyl residue has
been donated by pRpp resulting onto formation of perhaps a
hexamer in band IC. gelidaendoarabinanase has been used

and the migration pattern of the purified product was compared extensively to digest LAM and AG and define the nonreducing

to that of two separate synthetic standards fAra2Arao1—5-
(Aracl—3)Araol—5Araal—5Arac1—OCgHy7 (hexasaccha-
ride) and [Argl—2Aranl],—3,5Aranl—5Araol—5Araal—

9656 J. AM. CHEM. SOC. = VOL. 129, NO. 31, 2007

ends!36 When this enzyme was used to digest the acceptor

(36) Chatterjee, D.; Khoo, K.-H.; McNeil, M. R.; Dell, A.; Morris, H. R,;
Brennan, P. JGlycobiology1993 3, 497-506.
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Figure 3. Analysis of biosynthetic products from reactions with mutant
strains (A) and ethambutol (EMB) inhibition (B). (A) The reactions were
set asM. smegmatidVT (lane 1);embAknockout mutant (lane 2pmbB
knockout mutant (lane 3gmbCknockout mutant (lane 4). (B) Incorporation

of radioactivity into the product in the presence of EMB (lanes 3 and 4)
and absence of EMB (lanes 1 and 2). The enzymes (membrane and P60)

e T R O - were preincubated with EMB (50g/mL) for 30 min, followed by addition
J of acceptor and pRpp.

£ material yielded radioactive Asa(peak c, Figure 4C), and
: 7 presumably some Agdpeak d, Figure 4C) and As&luted with
oy S the same retention time as authentic Aneleased from
radiolabeled AGY If the Araf residue incorporated wasAraf,
no Ara formation would occur. Therefore, we reasoned that
addition of onea-Araf had occurred in this major band.

In order to characterize the product further, commercially
available unlabeled pRpp was used in 2-fold excess in one set
Figure 2. TLC («’nllgr;ah(/ii)s /fif biOSyThetiC PFPdetS gA) ?tnd effect of pfo,t?]in of reactions as described in the Experimental Section. After
concentration (B). cceptoll was visualized after spraying wit . .
a-naphthol (lane 1); the radioactive product without (lane 2) or with (lane removing exces§ .unreas:ted PRpp with the ,SAX column, the
3) acceptor was revealed by autoradiography. An aliquot of the product WOrkup was modified by inclusion of preparative TLC followed
labeled with pf“C]Rpp from the eluate after the SAX column followed by by excision of the band corresponding to the radiolabeled
1-butanol extraction was applied to the TLC plate, developed in @HCI  hayxamer. Along with this, other slower migrating bands were
MeOH/1 M NH;OAc/NH4OH/H,0 (180:140:9:9:23), and exposed for 4 | d. Th t dried thvlated d
days. The migration of the enzymatically synthesized product is slower than also recovered. € components were dried, methy ?,e » an
acceptorl. Major band | and minor band Il were detected from radioactive analyzed by MALDI-TOF mass spectrometry. In addition to
TLC. (B) Incorporation of radioactivity into the product relative to protein  the M+ Na]+ ion of Mz 1127 corresponding to an AyéFigure
concentration. Seven sets of reactions were performed, each having differentzy ;
protein (membraneg- P60) concentrations (0.1, 0.2, 0.4, 0.8, 1.6, 3.2, and t5), ions (21287, 1447, 1607, and 1767) corr_espondlng to]Ar.a
6.4 mg). The ratio of membrane to P60 was maintained as in the basic Alds, Arde, and Arao were also observed (Figure 5), albeit in

arabinosyltransferase assay. All other reaction conditions were identical to visibly smaller quantities. The aqueous layer was also examined
the basic arabinosyltransferase assay. Same aliquots of products frompy T|.C and autoradiography but did not reveal any products
different protein concentration were loaded to TLC. that would correspond to elongation of chain length beyond
Arao.

To define more specifically the branching pattern of the Ara
oligomers synthesized, the permethyl derivatives of the major
products, Arg and Arg, were subjected to high-energy CID

Origin—-

01 02 0.4 08 16 32 6.4
Protein Concentration (mg, membrane and P60)

branched Ara(33.27 min) was obtained (peak a, Figure 4B)
whose structure was confirmed using MALDI-TOF mass
spectrometry (inset of Figure 4B), plus trace amounts ogAra
(peak b, Figure 4B). In contrast, when the de novo synthesized
product was subjected to endoarabinanase digestion followed ,

. . K . . (37) Xin, Y.; Huang, Y.; McNeil, M. R.Biochim. Biophys. Actd999 1473
by Dionex HPAEC using the radioactive detector, the digested 267-271.
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Figure 4. Structural analysis of biosynthetic product. (A) An amount of 2000 dpm of radioactive AG (lane 1) and the product (lane 2) were hydrolyzed with
2 M TFA, the acid removed by evaporation, and applied to TLC. The chromatogram was developed in pyridine/ethyl acetate/acetic acid/waten@5:5:1:3) a
subjected to autoradiography. (B) Accepial0ug) was digested with th€ellulomonasenzyme and subjected to HPAEC. The peaks were confirmed after
per-O-acetylation and MALDI-TOF mass spectral analyses (inset) to be majeAdaminor Ara. (C) Purified product was digested wi@ellulomonas

and subjected to HPAEC with a radioactive detector. Red labels represent newly incorporated radioactive arabinose added on the acceptor.
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Figure 5. MALDI-TOF MS profile of products from reaction utilizing unlabeled pRpp. The band that corresponded to the radioactive hexamer (band | in
Figure 2A) and the regions corresponding to larger oligomers (band Il in Figure 2A) were recovered and permethylated.

MS/MS analysis on a MALDI-TOF/TOF, along with the starting AG,33 was further validated here against the syntheticsAra
material, namely, the acceptor substrate sAi@mpound 1). acceptor. Importantly, under the instrumental conditions em-
The MS/MS fragmentation pattern, which has been previously ployed, the most sequence informative ions were!theions.

established through analysis of arabinan oligomers derived fromThis ion series is often sufficient to define the presence of

9658 J. AM. CHEM. SOC. = VOL. 129, NO. 31, 2007
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Figure 6. MS/MS analysis of per-O-methylated acceptor (A and D), biosyntheti¢ Bzand E), and Ara(C and F). The origins of the fragmentation

pattern (ref 33) and the adopted nomenclature are inserted in panel D. The E-30 uni@a@a¥ clearly establishes that a structure with Asa the 5-arm

and Ara on the 3-arm exists. As expected, héA ion atm/z 417 can be readily detected, whereas the elimination of an Ara residue from the C3 (or C2)
position gave the F ion atVz 905. However, the F ion corresponding to elimination of two Ara residues from C3 is also present/d5, and thus the

other isomeric structure with Asan the 3-arm and Akaon the 5-arm is also implicated by the MS/MS data.
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Figure 7. Putative biosynthetic steps involved in the conversion ofsAeeceptorl) to Aray.

branching which is indicated by the absence or significant drop
in intensity of one or more of the ions in series. Further

confirmation and linkage assignment could then be derived from
identifying other characteristic ion series, particularly the

reducing end®2X and G ions and the nonreducing efidA,

247, and E ions (Figure 6D).

For the synthetic Argthe branching pattern is clearly defined
(Figure 6, parts A and D)1*X ions corresponding to loss of
one (nz 821) and threenyz 501) Ara but not two vz 661)

Ara residues could be detected. All other prominent ions

minus 30 u ion or further loss of an Araiz 617, but further
loss of two Ara instead, to give a prominent ionralz 457.
Collectively, these and other ions (as assigned and drawn in
Figure 6F) indicate the presence of both isomers and that the
one with a symmetrical distribution of Asraon both arms
dominates over the one with an asymmetrical distribution of
Ara; and Arg on either arm.

These cumulative results indicate that the enzyme responsible
for addition of the Ar&residue on the branched acceptois
distinct from the Arg1—2Araa. tranferase activity shown by

produced are consistent with the expected linkages and cleav-the EmbA and EmbB proteins, or the AftA which is responsible

ages. The previously observed but not validated E-30 u ions
are also readily observed which could now be rationalized as
deriving from concerted elimination of substituents at C1, C2,
and C3. Thus, while the E ions at/z 807 and 647 were
accompanied by the minus 30 u ionsratz 777 and 617,
respectively, the corresponding E-30 u ion fidz 487 was not
found. Insteadn/z 297 was detected which vindicates the
presence of a single Ara residue at the C3 position of the
branched 3,5-Ara.

For the most abundant Aggroduct (Figure 6, parts B and
E), the conspicuous absence of #f& ion deriving from loss
of three Ara residuesifz 661), while the corresponding ones
deriving from loss of one, two, and four Ara residuegz981,
821, and 501, respectively) were readily detected in high
abundance, is a clear indication that the third Ara residue from

for transferring Ar&residues on the galactan backbone, and it
is presumably an-(1—5)-Araf, and this can also further chain
extend subsequent to the addition of the firstfAnathe branch.
The putative biosynthetic steps from Atta Ara; are indicated

in Figure 7.

The crucial structural attributes such as substitution of
terminal Ard residues with mycolic acids in AG and mannose
capping in LAM make the arabinan a valid drug target.
Inhibition of the arabinan formation is expected to inhibit growth
of the organism, and it is not found in Gram-negative or Gram-
positive bacteria. Numerous attempts to interrupteimgenes
have repeatedly failed iM. tuberculosisuggesting that these
genes are essential in the pathogenic organism. Moreover,
enzymes responsible for the formation of DPA, the sole
arabinose donor, are required for the growtiViotuberculosis®

the nonreducing end is branched. As suggested by the endoaraAs the arabinosyltransferases do not exist in nature, direct
binanase digestion data described above (Figure 4C), one armhomology search through genome/proteome database are un-

is substituted by Ar@a1l-5Araol— and the other is a single Ara
substitution. This branching pattern is supported by a full

likely to give any positive identification results. Consequently,
in order to identify the enzymes involved in the arabinan

complement of fragment ions detected, as schematically depictedassembly we designed complex oligoarabinoside acceptors of

in Figure 6E, which also indicated the presence of both isomeric
products.

For Arg (Figure 6, parts C and F), although théX ion
corresponding to loss of three Ara residues is preseniat
821, the significant drop in its intensity relative to thatrof
981 (loss of two Ara) is in favor of an isomer with Aran

median length and used these in cell-free assays. An important
criterion for designing an acceptor was that it would not be a
substrate of recognition by the following implicated and
experimentally proven arabinosyltransferases (Figure 8), Rv3792
(AftA), Rv3793 (EmbC), Rv3794 (EmbA), Rv3795 (EmbB),
and Rv3805c (AftB). When used with the enzyme source from

both arms, accompanied by a lesser amount of an isomer withWTMsm, the acceptot (analog of the precursor in Figure 8),

Ara; and Arg on either arm. In agreement with this interpreta-
tion, an®-3A was detected atVz 417 but notwz 577, indicating
that the isomer with Araand not Ara attached to the 5-arm is
the major form. Likewise, the C ion implicating an Anaotif

is barely detectable atvz 535. The E ions corresponding to a
stretch of Ara and Arg are present at/z 487 and 807,
respectively. Importantly, the latter was accompanied not by a

9660 J. AM. CHEM. SOC. = VOL. 129, NO. 31, 2007

described in this present study, yielded one major product. The
product upon degradation with th@ellulomasarabinanase
gave a distinct dimer (A which could arise only if an
o-Araf residue had been transferred to the substrate. This was
a deviation from our previous wo, where using the linear

(38) Sassetti, C. M.; Boyd, D. H.; Rubin, E.Mol. Microbiol. 2003 48, 77—
84.
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Figure 8. Experimentally validated arabinosyltransferases identified to date for assembly of arabinan of LAM or AG.

acceptorf-pb-Araf(1—2)-o-p-Araf(1—5)-a-b-Araf(1—5)-o-D- further extension. Future work will investigate the elongation
Araf (1—5)-Araf, a branched heptamer was obtained suggesting of the arabinan and serve as a molecular probe for enzymatic
that the terminal Arain AG and LAM is formed by trans-  studies.

ferring p-p-Araf to the 2-position of a nonreducing linear
o-D-Araf(1—5)-o-Araf chain. On the contrary, when the ac-
ceptor is already branched, sequential addition-#fraf occurs A primary bottleneck in studying the biogenesis of
without any chain termination with the function of this arabinofuran is the intractability of information on genes
elongation enzyme (Figure 8). Our assumption was further enchmg arabinosyltransferases. In this study, using a_synthetlc
corroborated by results obtained from the experiment that arabl_nose-based acceptor,_vye h_ave been able tq identify a novel
utilized cold pRpp. In this case, acceptor-dependent products"J‘rabmos.y Itransfera_lse _ac_tlv_lty n mycobact(_ar_tl_al memb_r ane
were obtained whose molecular ions corresponded to prepargtlons that is dissimilar from the a(?“.\”t'.es de§cr|bed
Arass, showing five arabinose residues have been added. Inm the literature. Our data show§ that this activity is the internal
LAM, it is now known that a linear extended motif exists and cco-Araf(15) transferase and is initiated whenat,5 branch

i . point is introduced in the acceptor. Heterogeneity in the products
f-capping can occur only after the optimal length has been gpiained from the enzymatic reactions is analogous to
synthesized. I'M. smegmatighis extended motif comprises  the heterogeneity present in the native arabinan structure in

eight Ard after whichg-capping occurs. The enzymatic products | AM. Thus, this strategy offers unlimited potential in identifying
Araz-Arayo were obtained in extremely low abundance, and new arabinosyltransferase that seems to be logically involved
we believe that this could be due to the optinkg) of the in the assembly of a very complex structure and circumvents
enzyme having been reached utilizing this particular acceptor the problem of using the conventional way of identifying
and higher concentrations of the hexamer will be required for enzymes.

Conclusions
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