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Abstract: The major structural component of the cell wall of Mycobacterium tuberculosis is a lipidated
polysaccharide, the mycoyl-arabinogalactan-peptidoglycan (mMAGP) complex. This glycoconjugate plays a
key role in the survival of the organism, and thus, enzymes involved in its biosynthesis have attracted
attention as sites for drug action. At the core of the mAGP is a galactan composed of p-galactofuranose
residues attached via alternating -(1—5) and 5-(1—6) linkages. A single enzyme, g/fT, has been shown
to synthesize both glycosidic linkages. We report here the first high-level expression and purification of
gIfT by expression of the Rv3808c gene in Escherichia coli C41(DE3). Following a three-step purification
procedure, 3—7 mg of protein of >95% purity was isolated from each liter of culture. We subsequently
probed the substrate specificity of g/fT by evaluating a panel of potential mono- and oligosaccharide
substrates and demonstrated, for the first time, that trisaccharides are better substrates than disaccharides
and that one disaccharide, in which the terminal p-galactofuranose residue is replaced with an L-
arabinofuranose moiety, is a weak substrate. Kinetic characterization of the enzyme using four of the
oligosaccharide acceptors gave Kn, values ranging from 204 uM to 1.7 mM. Through the use of NMR
spectroscopy and mass spectrometry, we demonstrated that this recombinant enzyme, like the wild-type
protein, is bifunctional and can synthesize both -(1—6) and S-(1—5)-linkages in an alternating fashion.
Access to purified g/fT is expected to facilitate the development of high-throughput assays for the identification
of inhibitors of the enzyme, which are potential antituberculosis agents.

Introduction is a lipidated polysaccharide, the mycoyl-arabinogalactan-
Tuberculosis (TB) is the world’s most lethal bacterial disease, peptidoglycan (mAGP) complex, a structure of fascinating
killing nearly 3 million people each year3 The impact of this ~ complexity (Figure 1f.° Connected to cell wall peptidoglycan
disease on world health has been the source of increased recerfia ana-L-Rhap-(1—3)-a-p-GlcpNAc disaccharide, the polysac-
interest due to the emergence of multi-drug resistant strains ofcharide portion of the mAGP is built upon a galactan core that
Mycobacterium tuberculosisthe organism that causes the Contains approximately 36-galactofuranose (Gl residues
diseasé:5 Of additional concern is the susceptibility of immu-  attached via alternating-(1—5) andf-(1—6) linkages. Along
nocompromised patients to mycobacterial infections, including this galactan are branch points to which are attached arabinan
M. tuberculosisand M. azium® Mycobacterial diseases are chains made up of roughly #8arabinofuranose residues, linked
difficult to treat, which is due in part to the particularly —-(1—5), a-(1—3), or-(1—2). Recent work on the structure
impermeable nature of the mycobacterial cell wall. Successful of the mAGP fromCorynebacterium glutamicurnas clearly
treatment of these infections typically requires drug regimens Shown that three arabinan chains are linked to thef-Gal
consisting of multiple antibiotics lasting six months or longer. containing backbon¥.lt is therefore likely that a similar number
The major structural component of the mycobacterial cell of arabinan domains decorate mycobacterial galactan. The

wall, and the feature that gives the organism its impermeability, Nonreducing termini of these arabinan chains are esterified with
mycolic acids, Go—Cyo branched lipids. Through substantial
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Figure 1. Schematic depiction of the mycobacterial mMAGP complex
highlighting the structure of the galactan and linker region: 13—15.

van der Waals interactions between these tightly packed lipids,

the bacteria presents to its surroundings a facade of extremely

low permeability that is sometimes nearly crystallinend that
provides the organism with great protection from its environ-
ment.

Given the importance of the mAGP to the survival of the
organism, it is not surprising that enzymes involved in its
biosynthesis have attracted significant attention as sites for drug
action?> 1 Indeed, two of the standard antibiotics used in the
treatment of TB target MAGP assembly. Isoniazid blocks
mycolic acid biosynthesi¥ whereas ethambutol inhibits ara-
binosyltransferases involved in the biosynthesis of the arabinan
portions of the polysaccharidé Although none of the antitu-

berculosis agents in use are known to target galactan assembly,

its production is essential for the viability of the organism.

A general pathway for mAGP biosynthesis has been proposed
and supported by subsequent investigation (Figuf€29.The
process is believed to proceed via the sequential addition of
sugar residues to a polyprenol-bound intermediate that is
transferred to peptidoglycan before the introduction of the
mycolic acids. Although the general features of this process are
understood, relatively little is known about the glycosyltrans-

ferases that are involved. For example, although the genes
thought to encode for one or more of the arabinosyltransferases

have been identifie#f2! the expression of these enzymes in
soluble form has, to date, not been reported.

A galactosyltransferase involved in galactan biosynthesis
(glfT) is the best characterized of these glycosyltransferases.
Analysis of the genome fromil. tuberculosisH37Rv led to the
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Figure 2. General features of MAGP biosynthesis. The galactosyltransferase
of interest to this paper is highlighted ~ 30;y ~ 70.
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Figure 3. Representative reaction catalyzed diffT.

identification of the geneRv38089 encoding forglfT,?? a 68
kD protein that transfers Galesidues from UDP-galactofura-
nose (UDP-G4J 1, Figure 3) to the growing galactan chain (e.g.,
2) yielding an elongated product (e.g8). In the genome,
"Rv3808coverlaps, by four nucleotide bases with3809¢ the
gene encoding for UDP-Gamutase, the enzyme that converts
UDP-Gap into UDP-Gaf. Subsequent overexpressiongifT

in bothM. smegmatisndE. coliled to membrane preparations
that have been used to develop an assay for its acthatyd to
screen potential acceptétsand inhibitors?>2¢ Interestingly,

(22) Mikusova K.; Yagi, T.; Stern, R.; McNeil, M. R.; Besra, G. S.; Crick, D.
C.; Brennan, P. 1. Biol. Chem200Q 275, 338903-33897.
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Besra. G. SJ. Biol. Chem2001, 276, 26430-26440.
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Figure 4. Synthetic compounds screened as potential substrategffor

evaluation of two synthetic disaccharide acceptors in this assaytagged|IfT enzyme, pET-15B{3808cwas cloned using pVidR:3808¢c

demonstrated that the enzyme is bifunctional and can synthe-
size bothg-(1—5) andf$-(1—6) GafF linkages. This enzyme,
therefore, appears to be one of an increasing number o
glycosyltransferas@s 26 that “violate” the “one-enzyme one-
linkage” hypothesis that was put forward nearly 40 yearsago
and that has been a tenet of glycobiology.

As part of a larger program directed toward the identification
of inhibitors of mycobacterial glycosyltransferasési® we
report here the first high-level expression and purification of
recombinant mycobacteriaglfT. In addition, the substrate

as a template. ThelfT gene was PCR-amplified from pVié#3808c
using the forward primer ONRG68'(ATA ATT CAT ATGAGT GAA

fCTC GCC GCG AGC CT-3 to introduce arNdd site at the 5end

and the reverse primer ONR69'{ATA TGG ATC O C AGC CAT

GCT CGG GCT CTT-3 to introduce aBanHlI site at the 3end of

the Rv3808cgene. The italicized bases representitue and BanH|

sites, respectively. The resulting 1933 bp PCR product and the pET-
15b vector (Novagen) were digested firstigid and after byBanH]I.

The digested fragments were extracted from an agarose gel using a
QIAquick Gel Extraction Kit (Qiagen) and ligated to produce pET-
15bRv3808¢ The resulting plasmid was transformed i&ocoli DH5a

specificity of this enzyme has also been probed by evaluation cells (Invitrogen). Selected transformants were screened for the presence

of a panel of potential acceptor substratds 10, Figure 4).

of the recombinant plasmid by restriction mapping and DNA sequence

These studies extend previous investigations on the substraténalysis. pET-15I:3808cwas subsequently transformed into a wide

specificity of this enzyme, which have focused entirely on
disaccharides based gftp-Galf-(1—5)-5-b-Galff, f-p-Galf-
(1—6)-B-p-Galf, or 8-p-Galf-(1—4)-0-L-Rhap scaffolds?324.41

Experimental Section

Construction of glfT Expression Vector. To construct a vector
allowing for the expression of a soluble, full-length N-terminal His-

(24) Pathak, A. K.; Pathak, V.; Seitz, L.; Maddry, J. A.; Gurcha, S.; Besra, G.
S.; Suling. W. J.; Reynolds, R. @ioorg. Med. Chem2001, 9, 3129~
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46527-46534.

(35) DeAngelis, P. LGlycobiology2002 12, 9R—16R.
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Narimatsu, H.; Kimata, KJ. Biol. Chem2003 278 30235-30247.
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range of compatible host strains, includiig coli BL21 (Novagen),
BL21-Gold (Stratagene), BL21(DE3) (Novagen), BL21(DE3)pLysS
(Novagen), and C41(DE3) (AvidisylfT was expressed from all host
strains and screened for the overproduction of soluble protein by-SDS
PAGE and Western Blot analysis. SDBAGE analysis was performed

on NuPage 12% BisTris acrylamide gels (Invitrogen) under conditions
recommended by the manufacturer. Blotting to nitrocellulose was
performed overnight at 30 V. The membrane was probed wiiti
His6-peroxidase (Roche), and His-tagged protein was detected by
chemiluminescence using SuperSignal West Femto Maximum Sensitiv-
ity Substrate (Pierce). The recombinant protein was expressed and
purified from E. coli C41(DES3), the host strain demonstrating the
greatest level of soluble protein expression.

Expression and Purification ofgIfT. E. coli C41(DES3) transformed
with pET-15bRv3808cwas cultured overnight at 3T in 100 mL of
TB broth supplemented with ¥ TB salts, 1% glucose, and 10@/
mL ampicillin. The overnight culture (4650 mL) was transferred to
1 L of fresh medium and cultured further to Agyo nm0f 0.4—0.8. The
culture was then induced for $8.8 h at 25°C with 1 mM isopropyl
p-p-thiogalactopyranoside. Cells were harvested by centrifugation,
washed with phosphate buffered saline, and storee2@ °C until
further use. The cell pellet(15 g wet wt) was resuspended in 50 mM
sodium phosphate buffer, pH 8.5, containing 5 fivhercaptoethanol,
1 mM EDTA, and 0.1% Triton X-100 supplemented with Complete
Protease Inhibitor Cocktail Tablets (Roche) and disrupted by passage

(41) Wen, X.; Crick, D. C.; Brennan, P. J.; Hultin, P. Biporg. Med. Chem.
2003 11, 3579-3587.
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through a French Pressure cell (Thermo Spectronic) at 20 000 psi. Theby liquid scintillation counting on a Beckman LS6500 Scintillation

cell lysate was centrifuged at 10 5 060g for 60 min at 4°C. The

glfT enzyme was purified from the resulting supernatant by successive
column chromatographies using Q-Sepharose FF (Amersham Bio-
sciences), NirNTA Superflow (Qiagen), and Sephacryl S-100-HR
(Amersham Biosciences) columns. The buffers used in this purification
were as follows: Buffer A, 50 mM sodium phosphate, pH 8.5,
containing 5 mM -mercaptoethanol; Buffer B, 50 mM sodium
phosphate, pH 8.0, containing 5 m#4mercaptoethanol, 500 mM NacCl,
and 20 mM imidazole; Buffer C, 50 mM MOPS, pH 7.9, containing 5
mM S-mercaptoethanol and 500 mM NaCl; and Buffer D, 50 mM
MOPS, pH 7.9, containing 5 mi#-mercaptoethanol and 100 mM NaCl.

Counter using 10 mL of Ecolite cocktail.

For the kinetic analysis oflIfT, SepPak radiochemical;£assays,
as described previousty,were used with the hydrophobic acceptors
4—7. Kinetic values were determined by varying acceptor concentrations
with the donor concentration fixed at 1 mM. Initial rate conditions were
linear with no more than 15% of the substrate consumedKFrhealues
were calculated within the concentration ranges of 2825uM (4),
48—6250uM (5), 4—1000uM (6), and 7~1000uM (7). The kinetic
parameter&m, andkea (Vma/[E]) were obtained by nonlinear regression
analysis of the MichaelisMenten equation with the GraphPad PRISM
4.00 program (GraphPad Software, San Diego, CA). The catalytic

The supernatant was applied to a Q-Sepharose FF column that wasconstant or turnover numbeg,, is the maximum number of substrate

equilibrated with Buffer A. The column was washed extensively with
Buffer A until Azso nmreturned to background levels and eluted with a
linear gradient of Buffer A containing-61.0 M NaCl. The fractions
containingglfT were pooled, made up to 20 mM imidazole and 500
mM NacCl, and applied directly to a NiNTA Superflow column that
had been equilibrated with Buffer B. After washing the column with
Buffer B until Azso nmreturned to background levels, the protein was
eluted with a linear gradient of Buffer B containing 2050 mM
imidazole. The fractions containirgdf T were pooled and concentrated
to ~1 mL using an Amicon stirred cell with a YM-30 membrane
(Millipore). The concentrated enzyme fraction was applied to a
Sephacryl S-100-HR column equilibrated with Buffer C and eluted with
the same buffer. Fractions containigT were pooled and dialyzed
extensively against Buffer D before use in activity assays or enzymatic

molecules converted to product per active site per unit time.K[Xe
Km ratio was determined to compare substrate specificity. One milliunit
of enzyme activity is defined as the amount of enzyme that catalyzes
the conversion of 1 nmol of sugar transferred per minute.
Preparation, Isolation, and Characterization of Reaction Prod-
ucts. To determine if the enzyme was transferring {Gasidues to the
acceptor substrates via alternatifig(1—5) or $-(1—6) linkages,
preparative scale reactions were performed. A reaction containing 50
mM MOPS, pH 7.9, containing 5 m\§-mercaptoethanol, 10 mM
MgCl,, 62.5uM ATP, 10 mM NADH, 100 mM UDP-G3, 2 units
alkaline phosphatase, &dL purified UDP-Gap mutase, 8QuL of
purified gIfT, and 5 mM acceptor in a total of 320 was incubated
at ambient temperature with gentle rotation for 4 days.
The progress of enzymatic reactions was followed by thin-layer

synthesis. Protein concentrations were determined using the Bio-Radchromatography (TLC) on SIL G-25 silica gel plates (Macherey-Nagel)

Protein Assay using boving globulin as a standard. Fractions were
screened for the presence gifT by SDS-PAGE and Western Blot
analysis.

Synthesis of Acceptor SubstratesThe compounds screened as

using CHCHCH3;OH/NH,OH/H,O (65:25:0.5:3.6) as the eluafit.
Visualization of compounds was achieved by heating the plates after
dipping them in a solution of 3% anisaldehyde in sulfuric acid. At the
end of the reaction, separation of the product and unreacted acceptor

potential substrates for the enzyme were synthesized as describedrom other components was achieved by application of the mixture to

elsewhere4—9,2 10%9).
Radiochemical Activity Assay. The gIfT enzyme activity was

a Sep-Pak G reverse phase cartridge. After extensive washing with
water to remove buffer, donor, and enzyme, the product was eluted

determined using a modified assay as previously described by KremerWith HPLC-grade methanol (8 mL). The solvent was evaporated to

et al?® Synthetic acceptord—10, stored as 50 mM methanol stocks,

give a residue that was redissolved in water (1 mL) and passed through

were aliquoted and dried in a vacuum desiccator to remove any residual@ 0-22#m Millex-GV filter. The filtrate was lyophilized, and the
solvent. The acceptors were resuspended with the remaining constituentéesulting residue was characterized by MALDI mass spectrometry on
of the assay. The reaction mixtures for assessing the incorporation of@ Voyager Elite time-of-flight spectrometer on samples suspended in

[®H]Gal consisted of 50 MM MOPS, pH 7.9, 5 mBAmercaptoethanol,
10 mM MgCh, 62.5uM ATP, 10 mM NADH, 1 mM UDP-Gap, 10
uL purified UDP-Gap mutase (3.8:g/uL), 10 uL purified gIfT (1.5~
2.5ugfuL), and uridine diphosphate galactose, [galactodejgAmeri-
can Radiolabeled Chemicals, Inc., 20 Ci/mmol, @5 in a total
reaction volume of 4@L. Purified UDP-Gab mutase was obtained as
previously described by Sanders et‘arhe equilibrium ratio for UDP-
Galp mutase is 92:8, thus leading to an approximately&0initial
concentration of UDP-G#in the incubation mixture. For determination

2,5-dihydroxy benzoic acid, using the delayed-extraction mode and
positive-ion detection.

For characterization of products B4 NMR spectroscopy, the
reaction products were purified by preparative TLC. The area of the
TLC plate corresponding to where the product eluted was scraped from
the uncharred plate and dissolved in HPLC-grade methanol. The solvent
was evaporated, redissolved in water, and the resulting solution was
applied to a Sep-Pak & reverse phase cartridge. After extensive
washing of the cartridge with water, the product was eluted with HPLC-

of apparent acceptor kinetics, these conditions are assumed to bedrade methanol (8 mL), and the solvent was evaporated. The residue

saturating for the donor. Specific activity was determined for all
acceptors at a concentration of 1 mM. The reaction mixtures were
incubated at 37C for 60 min. Control assays without acceptor or UDP-
Galp mutase or with an empty vector were also performed to correct

for the presence of endogenous acceptor and the hydrolysis of UDP-

[®H]galactose. All assays were normalized to the levels of UDR»Gal
mutase activity £10% equilibrium). Radiolabeled products were
isolated by reverse-phase chromatography on SepRakattridges
(Waters). After loading the samples onto the cartridges, they were
washed with water (50 mL) to remove unreacted donor and eluted with
methanol (3.5 mL). The reaction products in the eluants were quantified

(42) Completo, G. C.; Lowary, T. L. In preparation.

(43) Josephson, S.; Bundle, D. R.Chem. Soc., Perkin Tran$98Q 1 297—
301.

(44) sanders, D. A. R.; Staines, A. G.; McMahon, S. A.; McNeil, M. R;;
Whitfield, C.; Naismith, J. HNat. Struct. Biol.2001, 8, 858—-863.
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was dissolved in BD (1 mL) and then filtered through a 0.22n
Millex-GV filter and lyophilized. Subsequent lyophilization of the
residue from RO (2 x 1 mL) gave a product that was then dissolved
in D,O (~600uL). One-dimensionatH NMR spectra were recorded
on a Varian i600 instrument; the HOD signal was suppressed by
presaturation.

Results and Discussion

Mycobacterial viability requires galactan biosynthégiand
thus, gIfT plays an essential role in the life cycle of these
organisms. Due to the absence of f@antaining glyconjugates
in mammals, this enzyme is a particularly attractive target for
drug developmert Previously, using crude membrane and cell

(45) Palcic, M. M.; Heerze, L. D.; Pierce, M.; Hindsgaul, Glycoconjugate J.
1988 5, 49-63.
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Mw 1 2 3 = il 50, and 72 kDa may be the result of nonspecific binding of

: unrelated proteins, degradation of the full lengtfir protein,
or the presence of multiple internal translation sites. If other
portions of the DNA are being expressed, it remains uncertain
why they exhibit a strong affinity for the NiNTA resin, unless
they are tightly associated with the full-length, His-tagged
recombinanglfT protein. Investigations are being performed
in our laboratory to determine if the amino acid sequence of
these proteins correspond to the sequenceglff and to
determine whether they possess galactofuranosyltransferase
activity, either alone or in synergy with the full-length protein.
Figure 5. SDS-PAGE and western blot analysis gif T. Fractions ofyIfT . Activity and SpeC!fICIty Of. gifT. Kremer et al. descnbed. a
after cell lysis (Lane 1), anion-exchange (Lane 2), affinity (Lane 3), and SIMPle two-step radiochemical assay that measured the incor-
gel filtration (Lane 4) were run on 12% BidTris acrylamide gels and  poration of [“C]Galf into -(1—5) andp-(1—6) linked galacto-
visualized by Coomassie Blue Staining. Purifgll was electrophoresed  furanose disaccharid@$The assay uses crude mycobacterial
and immunoblotted witianti-His6-peroxidase (Lane 5). membrane and cell wall fractions as sourcegléf and UDP-
Galp mutase, which converts UDP-Ggalo UDP-Gaf. Thus,
incubation of a potential acceptor and UDP-@alith this
membrane fraction leads to in situ generation of UDPf@ial
Gaf linkages in mycobacterial galactdh?* Despite these the mutase activity ar_ld its subsequent transfer to the substr_ate
advances, several questions remain unanswered, including®y 9/fT- Based on this assay system, we developed a radio-
potential differences in specificity of the acceptors, differences chemical assay to measure galactosyltransferase activity using
in the mechanism of transfer, and the potentiabféF to possess ~ YPP-FH]Galp as the glycosyl donor and purified UDP-@al
activity to transfer multiple Galmoieties to a growing oligo- ~ Mutasé’ andgifT as the enzyme sources.
saccharide chain. In addition, the identification of inhibitors of ~ The substrate specificity afifT was probed by comparing
the enzyme would be facilitated by the development of a high- the specific transferase activity with a panel of synthetic acceptor
throughput assay for activity, ideally using pure enzyme. To Substrates 4-10, Figure 4). Disaccharided and 5 were
begin to address these issues, we expressed and purified ®reviously showff to be substrates foglfT present in a
soluble form of theRy3808cgene inE. coli and evaluated a ~ Mycobacterial membrane preparation, and we thus screened
range of potential acceptors to measgt activity using a them against the purified recombinant protein described here

wall fractions as a source of bogifT and UDP-Ggb mutase,
Besra and co-workers demonstrated thi&T is a bifunctional
enzyme catalyzing the formation of bgth(1—5) andj-(1—6)

two-step radiochemical assay. to compare kinetic parameters. In addition, the trisaccharide
Expression and Purification of gIfT. In our hands, initial substratess and 7 were screened to determine the effect of

attempts to use pVidR3808cas an expression vector . acceptor length on catalysis. Prior to this study, no trisaccharide

coli failed to produce soluble recombinant protein of the desired Substrates for this enzyme have been evaluated. The disaccha-

size. Therefore, to express full length, soluble recombigkifit ~ ides containing a terminal-arabinofuranosyl (Arfy residue,

the gene sequence encodiRg3808¢ was inserted into the ~ 8and9, were evaluated to determine if the enzyme recognized

expression vector pET-15b between téd andBanHI sites ~ Substrates lacking the terminal hydroxymethyl group. Finally,

and transformed into a wide rangeBfcolistrains. The protein ~ We tested rhamnoside0 as a substrate to determine if this
was expressed in each host and further analyzed for the presencbifunctional enzyme can also synthesize the-Galf-(1—4)-

of solubleglfT protein using SDSPAGE and Western Blot ~ L-Rha glycosidic bond that attaches the galactan to the core
techniques. Cells were grown at 26 to minimize inclusion ~ Of the mAGP (Figure 1).

body formation without significantly decreasing the expression ~ As presented in Table 1, this recombingifl enzyme, like

of soluble protein. Compared to the other compatible cell the ones previously characteriz€e is bifunctional and can
systemsE. coli C41(DE3) cells enhanced total expression levels synthesize both3-(1—5) and -(1—6) Gaf linkages. The

of the enzyme, with an increased secretion of protein but without trisaccharide and 7 are the most efficiently galactosylated

toxic effects. C41(DE3) mutant cells are increasingly being used by gifT. All four of these substrates were sufficiently active so
for the expression of toxic or difficult globular or membrane that full kinetic characterization could be carried out (see below).
proteins?’ The remaining three compound8—10) were substantially

The enzyme BT was purified to>95% homogeneity from  poorerglfT substrates.

E. coli cell extracts by three chromatographic steps consisting ~ With regard to the Arecontaining disaccharides, the-¢5)-
of anion exchange, affinity, and gel filtration columns. SBS  linked isome8 is a substrate foglfT but exhibits~50% lower
PAGE and Western Blot analysis of the fractions pooled from specific activity than either of the GaGalf disaccharided or
each successive column illustrated levels of solugler
expression consistent with the expected size of the N-terminal &) &7 15,7 b SE8 S SREme0TR 20 A ercemmer, R. 401,
tagged protein at-73.5 kDa (Figure 5). After gel filtration Chem.2003 68, 6928-6934.
chromatography, the final yield @fifT ranged from 3 to 7 mg (50) g7a4ff3e, M.; Brennan, P. J.; McNeil, M. Biol. Chem.199Q 265, 6734
from a 1 L culture. Interestingly, several proteins bound with (51) McNeil, M.; Daffe, M.; Brennan, P. J. Biol. Chem199Q 265, 18200
high affinity to the N-NTA Superflow column. Bands at28, (52) D, A Motichka, K.: Jucker, M.. Wu. H. P.; Uhlik, B. C.; Ster. R.

J.; Scherman, M. S.; Vissa, V. D.; Pan, F.; Kundu, M.; Ma, Y. F.; McNeil,

(46) Pedersen, L. L.; Turco, S. Gell. Mol. Life Sci.2003 60, 259-266. M. J. Biol. Chem2004 279, 43540-43546.
(47) Miroux, B.; Walker, J. EJ. Mol. Biol. 1996 260, 289-298. (53) Weigel, P. HIUBMB Life 2002 54, 201—211.
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Table 1. Acceptor Specificity of Recombinant g/fT these disaccharides. The differences in the absolute kinetic
acceptor specific activity? K ke Keal Ko values may be explained by the use of purified enzyme sources
substrate (mU/mg) (M) (min™)  (uM-min)~* in our assay system, as opposed to crude cell membrane

4, (1(6)-di 0.03 635- 126  0.0039  6.14e-6 preparations, or by differences in the expression system used

5, (1(5)-di 0.03 1706- 385 0.0016  9.4le-7 in each study.

6, (1(6),(1(5)-tri 0.06 204k 34 0.0032  1.57e-5 - .

7. (1(5).(1(6)-tri 0.09 208 50 0.014 6.73¢e-5 Inhibition of enzyme activity was seen at substrate concentra-

8, (1(6)-Ara-di 0.02 n.ce. n.d. n.d. tions greater than 3.13 mM fdrand 6.25 mM fors. A similar

9, (1(5)-Ara-di 0.00 n.d. n.d. n.d. trend was previously noted f@ifT in membrane preparations

10, Rha-Gr 0.00 n.d. n.d. n.d. . . -

when high concentrations of neoglycolipid acceptors analogous
a Specific activities measured using 1 mM acceptor.d., not deter- to 4 and 5 were used as substra#sThis inhibition could
mined. possibly be due to the detergent-like properties of the acceptors

5. The other Ar&containing disaccharidé, is inactive. These or due. 'FO the formanon of m|celle§ by the acceptors; howevgr,
the critical micellular concentration of these compounds is

results are not unexpected given the processive nature of the N . .
enzyme. The parent structure for disacchagde 4, and the unknown, and thus, we cannot definitively provide a rationale
L . - for the observed inhibition.
reduced activity of the Arfacontaining analogue implies that N _ o )
the hydroxymethyl group i is important, but not critical, for In addition to studying the kinetic constants of the disaccha-
catalysis. For both and 8, the sugar residues are attached ride acceptors, we also evaluated two trisaccharide acceptors
(1—6), and the Gdlmoiety added bygIfT would be attached 0 determine how the enzyme recognizes longer acceptors. In
to the 5 position of the “nonreducing” terminal monosaccharide, @ earlier study, Kremer et &.observed an additional band
As both4 and8 have a hydroxyl group at the 5 position, both correspondlpg toa tetrasacchande product after TLQ analysis
are substrates, albeit with differing levels of activity. In contrast, Of the reaction products using a-tb)- and (I-6)-linked
the parent structure fa is the (1-5)-linked disaccharidé, disaccharide acceptors, resulting from further elongation of the
which is a substrate for th@(1—6)-transferase activity afifT. initially formed trisaccharide 'p'roduct. Here, we show that the
As the nonreducing residue of disacchar@itacks C-6, and  9IfT enzyme has a greater affinity for longer acceptor substrates.
therefore a C-6 hydroxyl group, it is not surprising that this 1N€ apparenk values of (+-6),(1—5)-trisaccharidé (Km =
compound is not a substrate. 204) and the (£5),(1—6)-trisaccharidg (K = 208) acceptors
Screening of rhamnopyranosidt) against the enzyme  Were significantly lower than for the disaccharide acceptors.
indicated that it is also inactive, thus suggesting that another Although the keae value for 6 is comparable to that of the
mycobacterial enzyme attaches the first fQaisidue to the  disaccharide acceptors, the trisaccharideexhibits an ap-
rhamnopyranoside moiety of the mAGP. However, it is also proximately 4-fo_|d increase in enzyme turnover. Because the
possible thatglfT requires a larger substrate to efficiently Km values are similar and thiex value of 6 was reduced by
synthesize thg-p-Galf-(1—4)-a-L-Rhap linkage, such as one ~4-fold compared with that of, there is a 4-fold difference in
containing either the-GlcpNAc moiety alone or attached to  KcalKm. We note that thécarvalues are low, which may suggest

the polyprenolprenol phosphate scaffold upon which the ara- that larger substrates (e.g., those containing the rhamnose and/
binogalactan is synthesized. or the N-acetylglucosamine residues) might be the optimal

Kinetic analysis of the purified recombinarglfT was substrates or that a chaperone protein is needed for the enzyme
performed to gain a better understanding of the substrate!0 be fully active. Regardless of the cause, these low activities
specificity of the enzyme. The apparent acceptor kinetic complicate analysis of the kinetic data.
constant¥Kmy andkesWere determined using synthetic acceptors  Inspection of theke, values shown in Table 1 reveals an
4—7 (Table 1). TheK,, value for the (++6)-linked disaccharide  apparent flip in enzymatic activity when comparing the disac-

4 (Kym = 635 uM) was ~2.7-fold lower than corresponding charide and trisaccharide substrates. For the disaccharides, the
(1—5)-linked isomer Ky = 1.7 mM), demonstrating tha is (1—5)-transferase activity is higher (i.é has a highekgy;than

a poorer substrate f@ifT than4. In addition, thek., value for 5). In contrast, for the trisaccharidéghas a highekgs than6,

4is ~2.4-fold larger than that fd, indicating a faster turnover ~ and thus, for these substrates, the-@)-transferase activity is

of the (:-6)-linked disaccharide. Because thg andK, values more efficient. We are unsure as to the origin of these trends,
of 5 were reduced by-2.4- and 2.7-fold, respectively, compared and the bifunctional nature of the protein makes analysis of this
with 4, there is only a<1-fold difference ink.o/Km. That4 is observation difficult. However, it is plausible that these differ-

a betterglfT substrate thah is consistent with earlier work in ~ ences result from the processive nature of the enzyme and
which bacterial membrane preparations were used as the sourcelifferences in théa value of the trisaccharide substrates. The

of enzyme. In these studiéhigher levels of radioactivity  addition of Gal to disaccharide! by gIfT yields trisaccharide
incorporation into product were seen whem-Galf-(1—6)-4- 7, the best of all of the substrates investigated in this study. It
D-Galf-O(CH,)sCH=CH, was used as the substrate as opposed is possible, therefore, that the enzyme may additionally glyco-
to wheng-p-Galf-(1—5)-3-b-Galf-O(CH,)sCH=CH, served as sylate the product of the reaction with yielding not trisac-

the acceptor. Our results are also consistent with previous workcharide7 but, instead, a tetrasaccharide (or larger) product. If
in which the Michaelis constants fdrand5 were determined  this were the case, when disaccharide substrates are used, the
using a crude membrane preparation as the source of erfZyme. (1—5)-transferase activity would appear higher than the}-

In that study, theK, values for4 and5 were determined to be  transferase activity. Support for this hypothesis comes from an
2.6 and 3.77 mM, respectively. These values, although higherearlier study in which the reaction of disaccharide substrates
than those calculated using our recombinant enzyme, demon-with gIfT in a crude membrane preparation were studied by thin-
strate the same relative efficiency with whighiT recognizes layer chromatograph$? These analyses revealed that when a
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A 12x10° trisaccharide substrates and characterized the products by mass
spectrometry anéH NMR spectroscopy. Following the incuba-
tion of the substrate with UDP-Gand the enzyme, the reaction
mixture was purified using a {g¢ Sep-Pak cartridge (see
Methods) to provide a crude mixture of oligosaccharides, which

was analyzed by MALDI mass spectrometry.

The spectrum obtained on the products isolated after incuba-
tion of 6 and UDP-Gdlwith the enzyme (Figure 6A) shows a
o] signal atnyz = 801, the mass expected for the sodium adduct

600 800 1000 1200 1400 of an octyl tetrasaccharide composed of galactofuranose resi-
dues. In addition, peaks corresponding to longer oligomers are
B 12¢10° also seen atn/z = 963 and 1287. The mass spectrum of the
product obtained from the enzymatic reactior7a§ shown in
Figure 6B. Again, a peak atVz = 801 is observed, clearly
indicating the formation of a tetrasaccharide product. The
presence of longer oligomers iz = 963, 1125, and 1287 is
also apparent. Assuming that all of the oligosaccharide ionize
to similar degrees, the relative abundance of the different
oligosaccharides products, as detected in these mass spectra,
confirms the greater (26)-transferase activity relative to the
(1—5)-transferase activity. For example, in the caseé @figure
600 800 1000 1200 1400 6A), the first Gaf residue is addeg@-(1—5) and the resulting

) mz i ) ) product is a substrate for the faster«{@&)-transferase activity.
Figure 6. MALDI mass spectra of large-scale incubation mixtures6of

(A) or 7 (B) with UDP-Gaf andgIfT. The peaks afn'z — 639 and 801 Th(_a comparatively slow rate of transfer to the 5_—posmon is

correspond to the sodium adduct of the starting trisaccharides and indicated by the small amount of tetrasaccharide product

tetrasaccharide products, respectively. Longer oligom_ers are found at(m/z = 801) relative to the trisaccharide starting material

g(‘;fr:sggr?aiﬁlzitgggiulrﬁs;d dTuT:’fs shadow” signals at higx are the (m/z = 639). Once formed, the tetrasaccharide is expected to
P gp ’ be converted rapidly to the pentasaccharid& & 963), which

(1—6)-linked disaccharide analogous #owas used as the is present in larger amounts in the mixture. of oligosaccharides.
substrate, a greater amount of longer oligomers was produced’Ne apparent absence of a hexasacchanule £ 1125), but
compared to when a {25)-linked disaccharide was used. In Présence of a heptasaccharidéz= 1287), is also consistent
our own hands, we found that TLC and mass spectrometry with these relative rates. Any hexasaccharide formed via the
analysis of a milligram-scale incubation &fwith the recom-  Slow (I—5)-transferase activity would be rapidly converted to
binantglfT and UDP-Gdirevealed only trace amounts of the ~the corresponding heptasaccharide by the much faste6)1
trisaccharide product, with the major product being a tetrasac- transferase activity.
charide (data not shown). A more detailed study of these trends Having established by mass spectrometry that treatmeit of
would require either specific inhibitors of each transferase and7 with UDP-Gaf andglIfT yields a homologous series of
activity or the preparation of mutant proteins that can synthesize oligosaccharides, we then purified these mixtures by preparative
only one of the two linkages. These studies are ongoing. TLC and isolated the tetrasaccharide products. Shown in Figure
Milligram-Scale Incubations and Establishment of Prod- 7 is the anomeric region of tH&l NMR spectra of the purified
uct Structures. To determine that the recombinant protein was compounds. One major product is seen in both spectra,
converting these substrates to the expected products, in whichcontaminated with impurities, which were later shown by mass
there were alternatingg-(1—6) and g-(1—5)-linkages, we spectrometry (data not shown) to be longer oligomers, resulting
carried out milligram-scale enzymatic reactions using the from an incomplete separation of the mixture by TLC. The
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Figure 7. Partial'H NMR spectra of large-scale incubation mixturessfd) or 7 (B) with UDP-Gaf andglfT. The major signals correspond to anomeric
hydrogens in tetrasaccharide$ (A) and 12 (B). The minor resonances arise from longer oligomers that were not effectively separated by preparative TLC.
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Figure 8. Tetrasaccharide$1 and 12, the products expected from tigefT-catalyzed transfer of a Galesidue to6 and 7, respectively.

major product in both spectra has four anomeric anomeric spectroscopy and mass spectrometry, we showed that this
hydrogen signals, thus further confirming these compounds asrecombinant enzyme, like the wild-type protein, is bifunctional
tetrasaccharides. Thg-stereochemistry of all of the (fal  and can synthesize bofh(1—6) andj-(1—5)-linkages in an
residues in both tetrasaccharides was evident by their appearancelternating fashion.

as a singlet or doublet with;» < 2 Hz* The alternating The kinetic parameters shown in Table 1, along with the
p-(1—5) andp-(1—6) sequence of these tetrasaccharides could earlier structural work, suggest an important hypothesis for the
be established by comparing the chemical shifts of the anomericsynthesis of mycobacterial galactan in vivo and especially the

hydrogens with data available fdr-7 and analogues & and action ofglIfT. First, the structural work on AG clearly showed
7, in which the octyl group is replaced by a decenyl moféty.  that chain elongation from the Galesidue attached to the
In all cases, the anomeric hydrogen of41—5)-linked Gaf rhamnosyl moiety occurs from O-5 and not O-6 (Figur&®®}-
residue resonates0.2 ppm downfield relative to g-(1—6)- Second, as shown earf8and confirmed herelfT recognizes

linked Gaf residue. For example, in thg-(1—6)-linked Galf residues attached either to O-5 or O-6 of anotherf Gal
disaccharidet, the signal for H-1 of the nonreducing end Gal  residue. Given these two facts (and supported by the inactivity
residue resonates at 5.04 ppm, whereas fopt{te—~5)-linked of compound10 as an acceptor), it follows that after the
disaCCharidé, the H-1 chemical shift of the terminal residue rhamnosy|transferase (Wbtﬂg)attaches a rhamnosy| unit to
is at 5.22 ppm. Further support for this trend can be found in g-p-GlcpNAc-P-P-decaprenyl (Figure 2), a galactofuranosyl-
the Supporting Information (Figure S1). Mindful of this transferase other thagifT must attach the first galactofuran-
information, it was possible to assign the structures of the gsyl residue. This is reasonable because the acceptor is of an
tetrasaccharide products obtained frérand7 as11 and 12, entirely different structureo(-L.-Rhap-(1—3)-a-b-GlcpNAc-P-
respectively (Figure 8). Thus, the tetrasaccharide obtained fromp_decaprenyl) than the acceptors gifT. Furthermore, it is
incubation of6 with the enzyme and UDP-Gigirovided an'H highly unlikely thatglfT attaches the second Geesidue because
NMR spectrum with H-1 signals at 5.23, 5.21, 5.02, and 4.97 of its specificity to put a Gdlresidue on position 5 of a 6-linked
ppm (Figure 7A), thus demonstrating the presence of two Gaff residue or on position 6 of a 5-linked Gaksidue. The
B-(1—5)-linked Gaf residues. As trisaccharidihas only one accepto-b-Gaff-(1—4)-a-L-Rhg-(1—3)-0-D-GlcpNAc-P-P-
p-(1—5)-linkage, the residue introduced by the enzyme must decaprenyl does not have the structure needed to direct the
be attached to O-5 of the penultimate residue and the StrUCtUreattachment of the new Galesidue byg|fT Our studies here
is 11 In the'H NMR spectrum of the product obtained fram  would even suggest that perhaps the thirdf@asidue is also
(Figure 7B), the four anomeric hydrogens were found at 5.23, not attached bglfT. This is because the actual substr#e-
5.04, 5.01, and 4.98 ppm, thus revealing only ghel—5)- Galf-(1—5)-3-p-Galf-(1—4)-0-L-Rhap-(1—3)-a-D-GlcpNAC-P-
linkage; therefore, the residue added by the enzyme must beP-decaprenyI, is analogous to accef@owhich has both a high
B-(1—6)-linked and the tetrasaccharide productl® These Km and lowk.qt (and, hence, very loa/Kn,), and it is difficult
NMR experiments provide strong support that this recombinant to imagine gifT proceeding in vivo with these parameters.
protein behaves as does the wild-type enzyme in synthesizingHowever, once three Galesidues are attached (e.g., structures
alternatingf-(1—6) andp-(1—5)-linkages. analogous to acceptofsand 7), the K, values drop and the
keat values increase. Thus, we hypothesize that three additional
enzymes, or at least three additional catalytic activities (regard-
In this paper, we report the first high-level expression and less of how many proteins on which they are located) are
purification of a galactosylfuranosyltransferagéT) involved required to build up the lipid bound growing AG molecule to
in mycobacterial cell wall biosynthesis. This enzyme, which is the point wherglfT begins to act and finish the extension. This
encoded by th&3808cgene, was expressed and purified from hypothesis could be tested by the synthesis of acceptors
E. coli C41(DE3), and 37 mg of pure protein were obtained ~containing Gafland rhamnosyl residues, which is ongoing. The
from a liter of culture. We subsequently evaluated a panel of genes encoding these other putative galactosyltransferases have
potential mono- and oligosaccharide substra#s10) and yet to be identified; a series of initial BLAST searches carried
demonstrated, for the first time, that trisaccharides are betterout in our lab led to no clearly similar proteins, and more
substrates than the disaccharides and that one disaccharide, ifophisticated bioinformatics approaches are being investigated.
which the terminab-Galf residue is replaced with anrAraf With access to pure protein, future studies will involve
moiety, is a weak substrate. Through the use of NMR attempts to obtain crystal structures of the enzyme complexed

Conclusions
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with substrates or inhibitors. Such studies will provide more here are soluble and that an acceptor linked to a membrane,
detailed information on the bifunctional nature of this enzyme, which is therefore less diffusible, could give different results.
in particular, whether there are one or two active sites. BasedIn addition, previous wo® has shown that in the MALDI

on current literature, the latter seems more likely, as the analysis of mixtures of oligosaccharides, the ionization response
bifunctional glycosyltransferases for which detailed mechanistic often drops off with increasing molecular weight, and thus, these
information is available have two active sites each capable of larger oligomers could be present, but are simply not detected.
synthesizing a single glycosidic linkag®3°53The screening  Questions also remain about how the size of the 2B residue

of a larger number of potential substrates or inhibitors will also galactofuranan is regulaté®ln addition to these biophysical
shed light on catalysis bglfT. Among important substrates to and mechanistic studies, access to the purified enzyme will
be tested are larger oligosaccharides and those modified affacilitate the development of high-throughput assays for the
specific hydroxyl groups, as well as the donor substrate, UDP- identification ofglfT inhibitors, which are expected to be lead
Galf. Obtaining kinetic data for the donor will require either compounds for new antituberculosis agents.
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