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ABSTRACT: Wall teichoic acids (WTAs) are anionic polymers that coat the cell walls of Gram-positive
bacteria. Because they are essential for survival or virulence in many organisms, the enzymes involved
in the biosynthesis of WTAs are attractive antibiotic targets. The first committed step in the WTA
biosynthetic pathway inBacillus subtilisis catalyzed by TagA, which transfersN-acetylmannosamine
(ManNAc) to the C4 hydroxyl of a membrane-anchoredN-acetylglucosaminyl diphospholipid (GlcNAc-
pp-undecaprenyl, lipid I) to make ManNAc-â-(1,4)-GlcNAc-pp-undecaprenyl (lipid II). We have previously
shown that TagA utilizes an alternative substrate containing a saturated C13H27 lipid chain. Here we use
unnatural substrates and products to establish the lipid preferences of the enzyme and to characterize the
kinetic mechanism. We report that TagA is a metal ion-independent glycosyltransferase that follows a
steady-state ordered Bi-Bi mechanism in which UDP-ManNAc binds first and UDP is released last. TagA
shares homology with a large family of bacterial glycosyltransferases, and the work described here should
facilitate structural analysis of the enzyme in complex with its substrates.

WTAs1 are anionic phosphate-rich polymers that are
covalently linked to peptidoglycan in the cell walls of many
Gram-positive bacteria, including pathogens such asStaph-
ylococcus aureus, Staphylococcus epidermis, Streptococcus
pneumoniae, Enterococcus faecalis, and Listeria mono-
cytogenes(1). Although the functions of WTAs are poorly
understood, they have been shown to be essential for survival
in some organisms (2, 3) and involved in virulence in others
(4, 5). For example, inS. aureus, WTAs are required for
colonization of epithelial and endothelial tissues, and mutant
strains lacking WTAs are poorly infective (4, 5). Blocking
WTA biosynthesis may thus be a promising strategy for
combating Gram-positive bacterial infections. Structural and
mechanistic information on enzymes involved in WTA
biosynthesis could facilitate the identification of inhibitors,
making it possible to evaluate the potential of the WTA
pathway as a target for antimicrobial intervention.

WTAs from many different bacterial strains have been
isolated and characterized, and they exhibit considerable
structural variety. However, these polymers all share a
general structure that can be divided into two parts: amain
chaincomposed of repeating monomer units joined through
phosphodiester linkages and alinkage unitthat attaches the
main chain to peptidoglycan (1). The most common main
chain monomers are glycerol phosphate and ribitol phosphate

(Figure 1). The linkage unit is highly conserved and consists
of one to three glycerol phosphate (Gro-P) units attached
to anN-acetylmannosaminylâ-(1,4)-N-acetylglucosaminyl
[ManNAc-â-(1,4)-GlcNAc] disaccharide, which is anchored
to peptidoglycan through a phosphodiester linkage to C6 of
some of theN-acetylmuramoyl pentapeptide units (Figure 2)
(6).

WTA biosynthesis has been studied most extensively in
Bacillus subtilis, which is the major model organism for
Gram-positive bacteria. Thetag pathway for polyglycerol
phosphate WTA synthesis inB. subtilis168 is outlined in
Figure 2 and serves as the paradigm for WTA biosynthesis
in other organisms (1).

WTAs are assembled on an undecaprenyl “carrier lipid”
anchored in the cytoplasmic membrane, then flipped across
the membrane by an ABC-type transporter, and attached to
peptidoglycan (1). The initial GlcNAc-pp-undecaprenyl
membrane acceptor is formed by TagO, an enzyme that may
also be involved in the synthesis of teichuronic acids and
various minor teichoic acid polymers (7). Therefore, the first
committed step in the WTA biosynthetic pathway inB.
subtilisis catalyzed by TagA, a glycosyltransferase (Gtf) that
forms aâ-glycosidic linkage betweenN-acetylmannosamine
(ManNAc) and the C4 hydroxyl of a membrane-anchored
N-acetylglucosaminyl diphospholipid (GlcNAc-pp-undeca-
prenyl, lipid I), to give ManNAc-â-(1,4)-GlcNAc-pp-undeca-
prenyl (lipid II). Sequence homologies indicate that TagA
is related to a family of uncharacterized glycosyltransferases
involved in the biosynthesis of bacterial cell surface structures
(8), including WecG, a UDP-N-acetyl-D-mannosaminuronic
acid transferase involved in enterobacterial common antigen
synthesis (9), and CpsF, a CMP-N-acetylneuraminic acid
synthetase involved in capsular polysaccharide biosynthesis
(10). These enzymes do not appear to resemble any Gtfs for
which structural information is available (11-14). Therefore,
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TagA is a potential target for antimicrobial agents as well
as a model system for an uncharacterized family of Gtfs.
Information on the kinetic mechanism of the enzyme may
lay the groundwork for more detailed structural and mecha-
nistic investigations.

We have recently reconstituted the activity ofB. subtilis
TagA in vitro using the synthetic substrate analogue GlcNAc-
pp-C13H27 (15). This synthetic substrate contains a much
shorter lipid chain than the natural substrate, which has a
55 carbon undecaprenyl “carrier” lipid that makes substrate
isolation and kinetic studies of TagA challenging. Here we
investigate the optimal reaction conditions and substrate
preferences ofB. subtilisTagA and then use this information
in the kinetic characterization of the enzyme. We demonstrate
that TagA follows an ordered Bi-Bi kinetic mechanism,
where UDP-ManNAc binds first and the UDP product is

released last. Information concerning the substrate prefer-
ences and kinetic mechanism of the enzyme should facilitate
crystallization of TagA bound to substrate or product
analogues and may help to guide efforts to obtain specific
inhibitors of this enzyme.

MATERIALS AND METHODS

General Materials and Methods.All chemicals were
purchased from Sigma-Aldrich and used without further
purification except where otherwise noted. Reagent grade
solvents were used and were further dried when necessary.
1H NMR spectra were recorded on a Varian Inova 600 MHz
spectrometer. Mass spectra (ESI) were recorded using an
Agilent 1100 series LC/MSD instrument.

B. subtilisTagA was overexpressed, purified as described
(15), and then stored at-80 °C as a 20% glycerol stock (20

FIGURE 1: Representative wall teichoic acid structures. The polyol chains are usually modified with sugars, amino sugars, orD-alanyl
esters (1). The type and extent of modification vary among bacterial strains and also depend on the bacterial environment. (A) Polyglycerol
phosphate variants:B. subtilis168, X ) D-alanine/R-glucose/H;S. epidermisRP62A, X ) D-alanine/R-glucose/R-glucose-6-O-alanine/
R-GlcNAc. (B) Polyribitol phosphate variants:S. aureusH, Y ) D-alanine and Y′ ) R- or â-GlcNAc; L. monocytogenesserotype 1/2, Y)
R-rhamnose and Y′ ) R-GlcNac.

FIGURE 2: Polyglycerol phosphate WTA biosynthesis inB. subtilis168. Different bacterial strains synthesize different main chain monomers,
but synthesis of the linkage unit is largely conserved.
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mM Tris-HCl, pH 7.9, 200 mM imidazole, and 0.5 M NaCl).
The enzyme concentration was calculated from the absor-
bance of the protein at 280 nm (denatured in 6 M guanidine
hydrochloride) using the molar extinction coefficient of
40680 calculated for TagA. Lipid I analogues1-5 (Figure
4) were prepared according to literature methods (15-17).
The 1H NMR spectrum of1 was reported previously (15).

Lipid I analogue2: 1H NMR (600 MHz, D2O) δ 5.35
(dd, J ) 3.2, 7.3 Hz, 1H), 5.32 (t,J ) 7.0 Hz, 1H), 5.09-
5.06 (m, 1H), 4.36-4.31 (m, 2H), 3.85 (dt,J ) 3.2, 10.6
Hz, 1H), 3.79 (ddd,J ) 2.3, 4.4, 10.0 Hz, 1H), 3.74 (dd,J
) 2.3, 12.3 Hz, 1H), 3.68 (dd,J ) 9.1, 10.6 Hz, 1H), 3.66
(dd,J ) 4.4, 12.3 Hz, 1H), 3.40 (dd,J ) 9.1, 10.0 Hz, 1H),
2.03-1.99 (m, 4H), 1.94 (s, 3H), 1.65 (s, 3H), 1.57 (s, 3H),
1.50 (s, 3H); ESI-MS calculated for C18H32NO12P2 [M -],
516.1; found, 516.2.

Lipid I analogue3: 1H NMR (600 MHz, D2O) δ 5.35
(dd, J ) 3.2, 7.3 Hz, 1H), 5.32 (t,J ) 7.0 Hz, 1H), 5.09-
5.06 (m, 2H), 4.36-4.31 (m, 2H), 3.85 (dt,J ) 3.2, 10.6
Hz, 1H), 3.79 (ddd,J ) 2.3, 4.4, 10.0 Hz, 1H), 3.74 (dd,J
) 2.3, 12.3 Hz, 1H), 3.68 (dd,J ) 9.1, 10.6 Hz, 1H), 3.66
(dd,J ) 4.4, 12.3 Hz, 1H), 3.40 (dd,J ) 9.1, 10.0 Hz, 1H),
2.03-1.99 (m, 4H), 1.98-1.96 (m, 4H),1.93 (s, 3H), 1.63
(s, 3H), 1.56 (s, 6H), 1.50 (s, 3H); ESI-MS calculated for
C23H40NO12P2 [M -], 584.2; found, 584.3.

Lipid I analogue4: 1H NMR (600 MHz, D2O) δ 5.38
(dd, J ) 2.9, 7.0 Hz, 1H), 5.29 (t,J ) 6.5 Hz, 1H), 5.02-
4.95 (m, 3H), 4.36-4.34 (m, 2H), 3.85 (dt,J ) 2.9, 10.6
Hz, 1H), 3.79 (ddd,J ) 2.3, 4.4, 10.0 Hz, 1H), 3.74 (dd,J
) 2.3, 12.3 Hz, 1H), 3.68 (dd,J ) 9.1, 10.6 Hz, 1H), 3.66
(dd,J ) 4.4, 12.3 Hz, 1H), 3.40 (dd,J ) 9.1, 10.0 Hz, 1H),
2.00-1.89 (m, 8H), 1.93 (s, 3H), 1.86-1.82 (m, 4H), 1.59
(s, 3H), 1.53 (s, 3H), 1.48 (s, 3H), 1.45 (s, 6H); ESI-MS
calculated for C28H48NO12P2 [M -], 652.2; found, 652.2.

Lipid I analogue5: 1H NMR (600 MHz, D2O) δ 5.35
(dd, J ) 3.2, 7.3 Hz, 1H), 5.30 (t,J ) 6.7 Hz, 1H), 5.04-
4.90 (m, 3H), 4.32-4.30 (m, 2H), 3.85 (dt,J ) 3.2, 10.6
Hz, 1H), 3.79 (ddd,J ) 2.3, 4.4, 10.0 Hz, 1H), 3.74 (dd,J
) 2.3, 12.3 Hz, 1H), 3.68 (dd,J ) 9.1, 10.6 Hz, 1H), 3.66
(dd,J ) 4.4, 12.3 Hz, 1H), 3.40 (dd,J ) 9.1, 10.0 Hz, 1H),
2.01-1.98 (m, 4H), 1.96-1.89 (m, 8H),1.92 (s, 3H), 1.60
(s, 3H), 1.54 (s, 3H), 1.52 (s, 6H), 1.45 (s, 3H); ESI-MS
calculated for C28H48NO12P2 [M -], 652.2; found, 652.3.

Enzymatic Synthesis of5a. 5a (Figure 4) was prepared
from 5 using purified TagA. Compound5 (3.2 mg) was
dissolved in 1 mL of 1:1 CH3OH-H2O and added to 50
mL of TagA reaction buffer (50 mM Tris-HCl, pH 7.8, 250
mM NaCl, 100 mM imidazole, 10 mg of TagA), followed
by 6.1 mg of UDP-ManNAc dissolved in 0.5 mL of H2O.
After 12 h at room temperature, LC/MS analysis showed
almost 100% conversion to product. The crude reaction
mixture was concentrated to∼1 mL, 15 mL MeOH was
added to recrystallize the salts, and the resulting mixture was
filtered. The filtrate was concentrated, and the residue was
dissolved in 300µL of H2O and purified over an Alltech
High-Flow C18 Extract-Clean SPE column (60 Å, 100 mg,
1.5 mL). The disaccharide product was eluted with a gradient
of 0-100% CH3OH in 0.1% aqueous NH4HCO3 to obtain
pure 5a in quantitative yield (ESI-MS calculated for
C31H53N2O17P2 [M -], 787.2; found, 787.4).

HPLC Assay.Reaction mixtures were analyzed using an
Agilent 1100 series HPLC instrument with a binary pump

and a standard autosampler. Each sample solution (20µL)
was injected on a Phenomenex Luna NH2 column (3µm,
150 × 4.6 mm) and eluted at a flow rate of 0.5 mL/min
using a gradient of 50-100% solution B over 10 min,
followed by a 12 min wash with 100% solution B (solution
A, 20 mM sodium phosphate, pH 7.0, 10% acetonitrile;
solution B, 20 mM sodium phosphate, pH 7.0, 10% aceto-
nitrile, 1 M sodium chloride). UV peaks corresponding to
UDP were measured at 260 nm and automatically integrated
using the Agilent ChemStation data browser. To convert the
measured peak areas to UDP concentrations, a calibration
curve was constructed using known concentrations of UDP.
Control experiments described in the text have established
that UDP formation correlates with the extent of glycosyl
transfer.

LC/MS Assay.Reactions were quenched with 15µL of
DMF containing 20µM 4 as an internal standard. Mass
spectrometric data were obtained on an Agilent 1100 series
LC/MSD mass spectrometer equipped with a binary pump
and a standard autosampler. Each sample solution (10µL)
was injected on an Agilent C18 column (5µm, 250× 4.6
mm) and eluted at a flow rate of 0.5 mL/min using a step
gradient: 0-20% solution B over 8 min, 20-95% solution
B over 1 min, and 95% solution B for 14 min (solution A,
water; solution B, acetonitrile). The column temperature was
set to 35°C. The eluate was directed to waste for 10 min to
flush the salts out of the system, after which the entire eluate
was redirected into the ESI source of the quadruple mass
spectrometer. The drying gas temperature and the spray
voltage were kept at 350°C and 3.0 kV, respectively.
Selective ion monitoring (SIM) was used to detect ions of
lipid II and internal standard4. The total ion chromatogram
(TIC) peak area for each SIM ion was automatically
integrated using the Agilent ChemStation data browser. The
integrated peak areas of the product ion and the internal
standard ion were used to calculate a peak area ratio (Ap/
Ais). Calibration curves were constructed using known
concentrations of the lipid II product and internal standard
4 and used to convert the lipid II concentration from the
peak area ratio.

Preliminary Enzyme Assays.The pH dependence of TagA
activity was measured at room temperature between pH 6.3
and pH 9.5 using Bis-Tris propane buffer (50 mM). The
effects of NaCl, divalent metal ions, and EDTA on catalysis
were determined in Tris-HCl buffer (50 mM, pH 7.8).
Reactions were carried out in a total volume of 15µL and
contained 100 nM TagA, 250 mM NaCl, 100µM UDP-
ManNAc, and 100µM 1. Reaction rates were determined
using the HPLC assay.

Enzyme Kinetics.Substrates and TagA were added at the
indicated concentrations to a 15µL reaction mixture contain-
ing 50 mM Tris, pH 7.8, and 250 mM NaCl. Compounds1
and2 were added to the reactions in water, and3-5 were
added in 1:1 H2O-CH3OH. Reactions were initiated by the
addition of TagA and incubated at room temperature. To
obtain initial rate data, incubation times were chosen so that
there was less than 15% conversion to product. Reactions
were quenched with 15µL of DMF and centrifuged for 20
min at 14000g prior to analysis.

The values ofKm,app and Vmax for 1-5 were determined
using the HPLC assay. Assays were carried out with [UDP-
ManNAc] fixed at 600µΜ (about three timesKm) because
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of the limited supply of this synthetic substrate. For3-5,
10% DMSO was added to the reaction mixtures to ensure
the solubility of the glycosyl acceptors. Preliminary experi-
ments using substrate1 have shown that DMSO concentra-
tions up to 17% have a negligible effect on the activity of
TagA (see Supporting Information).

For the mechanistic analysis, a 5× 5 matrix of initial rate
reactions was constructed with [UDP-ManNAc] at 25, 50,
100, 200, and 600µΜ and [3] at 25, 50, 100, 200, and 500
µΜ. Rates were determined using the HPLC assay.

Product Inhibition Studies.The inhibition of TagA activity
by UDP was determined using the LC/MS assay. For
inhibition with respect to UDP-ManNAc, [3] was held at
100 µM, and UDP and UDP-ManNAc were added at the
concentrations indicated in Figure 6A. For inhibition with
respect to3, [UDP-ManNAc] was held at 100µM, and UDP
and3 were added at the concentrations indicated in Figure
6B. Prior to analysis, all reactions were quenched with 15
µL of DMF containing 20µM 4 as the internal standard.

To look at inhibition of TagA by5a, reaction rates were
determined using the HPLC assay. For inhibition with respect
to UDP-ManNAc, [3] was held at 200µM, and5aand UDP-
ManNAc were added at the concentrations indicated in
Figure 7A. For inhibition with respect to3, [UDP-ManNAc]
was held at 100µM, and 5a and 3 were added at the
concentrations indicated in Figure 8A. Compound5a was
added to the reactions in 1:1 MeOH-DMSO.

Data Processing.Initial rate data from the kinetic studies
described were plotted as 1/(initial velocity) vs 1/(substrate
concentration). The data were fit to the appropriate rate
equations using the program Prism 4.0 (GraphPad software).
Km andkcat values were determined by fitting the initial rates
to the Michaelis-Menten equation (eq 1). Data conforming
to a sequential mechanism were fit to eq 2. Data for
competitive inhibition, noncompetitive inhibition,I-parabolic
S-parabolic noncompetitive inhibition, andI-linear S-para-
bolic noncompetitive inhibition were fit to eqs 3, 4, 5, and
6, respectively.

In eqs 1-6, A andB are the concentrations of the reactants,
I is the concentration of inhibitor,V andV represent initial
and maximum velocities, respectively,Ka and Kb are
Michaelis constants forA andB, Kia is the inhibition constant

for substrate A, andKis andKii are the inhibition constants
for the slope and the intercept, respectively.

RESULTS

Conditions for Optimal ActiVity of TagA. Preliminary
experiments were carried out to determine suitable conditions
for studying the kinetics of TagA. TagA showed optimal
activity at pH 7.8 in Bis-Tris propane buffer (see Supporting
Information), and the enzymatic activity proved to be
sensitive to NaCl concentration, with the highest activity
observed at 250 mM (Figure 3A). Because many enzymes
that bind dinucleotide substrates require divalent, oxophilic
cations such as Mg2+ or Mn2+, we also examined the effects
of these metal ions on the activity of TagA. Activity does
not improve with the addition of Mg2+ or Mn2+ at concentra-
tions up to 30 mM and does not decrease with the addition
of EDTA (Figure 3). Therefore, TagA does not require Mg2+

or Mn2+ cations for activity.
EValuation of Lipid I Analogues.The natural acceptor

substrate for TagA contains a 55 carbon undecaprenyl chain.
This substrate is difficult to isolate from bacterial membranes,
and the undecaprenyl chain renders it insoluble in aqueous
buffer, complicating kinetic studies of TagA activity. We
previously demonstrated that TagA is able to utilize a
synthetic substrate (1) containing a 13 carbon saturated chain
(15). Here we investigate several additional substrate ana-
logues to determine how sensitive TagA is to the structure
of the lipid chain and to identify better substrates, if possible,
for monitoring enzymatic activity. To this end, we synthe-
sized lipid I analogues2-5 (Figure 4) containing lipids of
varying length and double bond geometry (15-17). Com-
pounds2, 3, and5 containcis double bonds like the natural
substrate but vary in length from 10 to 20 carbons.
Compound4, like compound5, contains 20 carbons, but the
double bonds aretrans.

Preliminary studies showed that TagA converts all of these
lipid I analogues to products, so we determined the kinetic
parameters for each acceptor using a HPLC assay that
monitors formation of UDP to determine the reaction rate.
To ensure that UDP production was the result of glycosyl
transfer rather than hydrolysis, we first incubated UDP-
ManNAc with TagA for 4 h in theabsence of the acceptor.
No UDP formation was detected by HPLC. We then
determined the kinetic parameters of1 at 600 µM UDP-
ManNAc using the HPLC assay and LC/MS assay that
directly monitors formation of the glycosylated lipid II
product (see below and Materials and Methods for details).
The values ofKm,appandkcat obtained for1 using both assays
were almost identical. These results show that UDP formation
correlates directly with glycosyl transfer (see Supporting
Information) and suggest that hydrolysis of the glycosyl
donor does not occur to a significant extent in either the
presence or absence of glycosyl acceptors.

Having established that validity of the HPLC assay for
reporting on glycosyl transfer, we used it to measure the
catalytic efficiencies of substrates1-5 at 600 µM UDP-
ManNAc. Substrates4 and5 showed substrate inhibition at
concentrations above 100 and 300µM, respectively, and only
the initial rates of1, 2, 3, and5 could be fit to the Michaelis-
Menten equation (see Supporting Information). TheKm,app

and kcat of 4 are crude estimates based on the first part of
the reaction rate curve. The results (Table 1) show that4

V ) VA/(Km + A) (1)

1
V

) 1
V [1 +

Ka

A
+ Kb (1 +

Kia

A ) 1
B] (2)

1
V

) 1
V [1 + Ka (1 + I

Kis
) 1

A] (3)

1
V

) 1
V [1 + I

Kii
+ Ka (1 + I

Kis
) 1

A] (4)

1
V

) a + bI + cI2 + (d + eI + fI2)
1
A

(5)

1
V

) a + bI + (d + eI + fI2)
1
A

(6)

10898 Biochemistry, Vol. 45, No. 36, 2006 Zhang et al.



and5, which both contain 20 carbon lipid chains, have the
lowestKms and that the turnover numbers are similar for all
substrates except2, which turns over 10-fold more slowly
than the others. Taken together, these data indicate that TagA
is sensitive to lipid length/hydrophobicity but not sensitive
to lipid structure (branched or unbranched; saturated or
unsaturated) or double bond geometry.

Selection of Substrate for Kinetic Studies.The substrate
comparison described above shows that compound5 is
preferred to1, 2, and3. Nevertheless, initial attempts to use
5 for more detailed kinetic studies of TagA were hampered
by substrate inhibition at concentrations above 300µM. To
determine if substrate inhibition correlates with aggregation,
we measured the critical micelle concentrations (CMCs) of
4 and 5, which both show substrate inhibition, and of1,
which shows no obvious inhibition at the concentrations
tested. CMCs were determined using dye-binding (18) and
surface tension (drop weight) methods (data not shown) (19,
20). None of the substrates formed micelles in the reaction
buffer up to 600µM, the highest concentration tested. We
have concluded that none of the substrates aggregate at the
concentrations used and that the observed substrate inhibition

is a result of inhibitory interactions of these substrates with
TagA. To enable kinetic studies of the enzyme over a broad
range of substrate concentrations, we decided to use com-
pound 3 as the acceptor substrate because it shows no
inhibition at the working concentrations.

Initial Rate Analysis for TagA.Having identified an
appropriate acceptor substrate and conditions for kinetic
studies of TagA, we carried out initial velocity measurements
to determine whether the enzyme follows a sequential or a
ping-pong kinetic mechanism. A 5× 5 matrix of reactions
was carried out with UDP-ManNAc and lipid I analogue3
at varying concentrations. To determine the reaction rate,
formation of UDP was monitored by HPLC. Double recipro-
cal plots of the initial rate data are shown in Figure 5A. The
lines in the double reciprocal plots converge, implying that
the enzyme utilizes a sequential mechanism in which both
substrates bind prior to product release. The slope replot does
not pass through the origin, indicating that the mechanism
is not a rapid equilibrium ordered mechanism (Figure 5B).
Kinetic parameters for TagA based on the initial rate
measurements were obtained by fitting the data to the
appropriate rate equation after establishing the kinetic
mechanism, as described below.

Product Inhibition Analysis.To understand sequential
enzymes, it is important to know whether the substrates bind
in a compulsory order and, if so, to determine which substrate
binds first. Information on substrate binding order provides
insight into the catalytic mechanism, can influence the design
of high-throughput screens (21), and can facilitate efforts to
obtain cocrystals with substrate bound (22). Product inhibi-
tors yield distinct inhibition patterns depending on the kinetic
mechanism of an enzyme and can be used to elucidate the
order of substrate binding (see Supporting Information).

To carry out a product inhibition analysis using UDP, we
needed an assay that does not rely on detection of UDP.

FIGURE 3: Effect of increasing concentrations of NaCl (A), Mn2+ (9) and Mg2+ (2) ions (B), and EDTA (C) on TagA activity. Assays
were carried out at 100µM UDP-ManNAc, 100µM lipid I analogue1, and 100 nM TagA.

FIGURE 4: Lipid I and lipid II analogues described in the text.

Table 1: ApparentKm andkcat of Lipid I Analogues at 600µM
UDP-ManNAc

lipid I analogue Km (µM) kcat (min-1) kcat/Km (min-1 µM-1)

1 193( 34 551 2.85
2 258( 49 52 0.20
3 22 ( 10 835 3.67
4a,b 30 615 20.50
5b 35 ( 4 517 14.77

a Due to substrate inhibition above 100µM, the Km,app of 4 is
estimated as the substrate concentration at1/2 × highest observed rate.
b The substrate range lower limit for4 and5 (25 µM) is close to the
calculatedKms, and the reported values may thus beunderestimates.
This does not affect the validity of the conclusions.

Substrate Selectivity and Kinetic Mechanism of TagA Biochemistry, Vol. 45, No. 36, 200610899



Therefore, we used an LC/MS assay to monitor formation
of the other product, lipid II. This assay was adapted from
a broadly applicable ESI-MS assay developed by Leary and
co-workers, which has been used for kinetic analysis and
substrate specificity evaluation of several enzymes, including
glutathioneS-transferase (23), hexokinase (24), phospho-
glucomutase (25), and NodH sulfotransferase (26, 27). A
similar ESI-MS assay was developed by Pohl and co-workers
for kinetic analysis of nucleotidyltransferases (28). Ionization
can vary from sample to sample, so for accurate product
quantitation each sample is doped with an internal standard.
We used4 as an internal standard and to construct a
calibration curve for product quantitation. With UDP as a
product inhibitor, a competitive inhibition pattern with respect

to UDP-ManNAc (Figure 6A) and a noncompetitive inhibi-
tion pattern (Figure 6B) with respect to the acceptor3 were
obtained at nonsaturating levels of the fixed substrate. This
inhibition pattern ruled out a steady-state ordered Bi-Bi
mechanism in which the acceptor binds first, but left several
other possibilities (see Supporting Information). To distin-
guish between these possibilities, we next evaluated the
inhibition patterns obtained using lipid II analogues as
product inhibitors.

Preliminary experiments showed that the IC50 value of lipid
II analogue3a (Figure 4) was higher than 1 mM when3
was used as the acceptor (data not shown). By comparison,
the IC50 value of lipid II analogue5a (Figure 4) with respect
to 3 was∼15µM (data not shown). Therefore, product inhib-

FIGURE 5: (A) Double reciprocal plots of the initial velocity data with respect to3 as the varied substrate. Initial velocities were measured
at the indicated fixed UDP-ManNAc concentrations. Assays were carried out with [UDP-ManNAc] at 25-600µM, [3] at 25-500µM, and
52 nM TagA. The data were fit to eq 2. (B) Secondary plot of slope vs 1/[UDP-ManNAc]. (C) Secondary plot of intercept vs 1/[UDP-
ManNAc].

FIGURE 6: (A) Product inhibition by UDP vs UDP-ManNAc. Initial rates were measured at 52 nM TagA and 100µM 3 in the presence
of several fixed concentrations of UDP (0, 15, 50, and 150µM) and varied UDP-ManNAc (25-400 µM). The data were fit to eq 3 for
competitive inhibition. (B) Inhibition of UDP vs lipid I analogue3. Initial rates were measured at 52 nM TagA and 100µM UDP-ManNAc
in the presence of several fixed concentrations of UDP (0, 15, and 50µM) and varied lipid I analogue3 (25-400 µM). The data were fit
to eq 4 for noncompetitive inhibition.
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ition experiments were performed using the3/5a acceptor/
product pair. Reactions were monitored using the HPLC
assay, which detects the formation of UDP. Product5a
proved to be anI-parabolic, S-parabolic noncompetitive
inhibitor with respect to UDP-ManNAc (Figure 7A) and an
I-linear, S-parabolic noncompetitive inhibitor (Figure 8A)
with respect to the acceptor3 at nonsaturating levels. These
inhibition patterns are consistent with an ordered Bi-Bi
mechanism in which the UDP-ManNAc donor binds first
and the UDP product is released last (see Supporting
Information).

The nonlinear noncompetitive patterns suggest that
the product5a may exist in more than one enzymatic
complex. Given that substrate inhibition was observed when
5 was the acceptor and that5 and 5a are similar in struc-
ture, we propose that there are two dead-end complexes,
TagA‚lipid II (EP) and TagA‚UDP-ManNAc‚lipid II (EAP),
involved in the reaction mechanism (Scheme 1). The
denominator terms multiplied by (1+ P/Ki) and (1+ P/Kii )
correspond to the relative concentrations of TagA (E)
and the TagA‚UDP-ManNAc (EA) complex, respectively.
Consequently, the initial rate equation in the presence ofP

FIGURE 7: (A) Product inhibition by lipid II analogue5a vs UDP-ManNAc. Initial rates were measured at 52 nM TagA and 200µM 3 in
the presence of several fixed concentrations of lipid II analogue5a (0, 20, 30, and 40µM) and varied UDP-ManNAc (25-400 µM). The
data were fit to eq 5 forI-parabolicS-parabolic noncompetitive inhibition. (B) Secondary plot of intercept vs [5a]. (C) Secondary plot of
intercept slope vs [5a].

FIGURE 8: (A) Product inhibition by lipid II analogue5a vs 3. Initial rates were measured at 52 nM TagA and 100µM UDP-ManNAc in
the presence of several fixed concentrations of5a (0, 30, 40, and 60µM) and varied3 (25-400µM). The data were fit to eq 6 forI-linear
S-parabolic noncompetitive inhibition. (B) Secondary plot of intercept vs [5a]. (C) Secondary plot of intercept slope vs [5a].

Scheme 1: Steady-State Ordered Bi-Bi Mechanism with Two Dead-End Complexes
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for the ordered Bi-Bi mechanism is

or, in the reciprocal forms:

A and B are reactant concentrations andP is the product
concentration;V and V represent initial and maximum
velocities, respectively;Ka, Kb, Kp, and Kq are Michaelis
constants forA, B, P, andQ; Kia, Kip, andKiq are inhibition
constants forA, P, and Q; Ki and Kii are the dissociation
constants of the product from the dead-end TagA‚lipid II
(EP) and TagA‚UDP-ManNAc‚lipid II (EAP) complexes,
respectively.

WhenA (UDP-ManNAc) is varied, the resultingP2 term
appears in the intercept1/A and slope1/A functions, consistent
with the I-parabolic, S-parabolic noncompetitive pattern
(Figure 7B,C); whenB (lipid I) is the varied substrate, the
resultingP2 term only appears in the slope1/B function, in
agreement with theI-linear, S-parabolic noncompetitive
pattern (Figure 8B,C).

Taken together, these data imply an ordered Bi-Bi mech-
anism where UDP-ManNAc binds first and UDP is released
last. To obtain the kinetic parameters for the enzyme, the
initial rate data from the 5× 5 matrix described earlier were
fit to eq 8 for the determined mechanism. Since initial rate
data were used, the product terms in the equation were set
to 0. This fit yielded the following values:kcat ) 735 (
129 min-1, Ka ) 154.2( 33.9µM, Kb ) 133.1( 30.2µM,
andKia ) 67.2 ( 6.9 µM (A ) UDP-ManNAc; B) lipid
I analogue3).

DISCUSSION

TagA is involved in a biosynthetic pathway that is a
potential target for antimicrobial intervention. Previous
mechanistic studies of this enzyme have been hampered by
the fact that the natural acceptor for the enzyme contains a
55 carbon undecaprenyl chain. This substrate is anchored in

the bacterial membrane, and TagA is believed to be
peripherally associated with the membrane. We have previ-
ously demonstrated, however, that TagA is active following
purification away from bacterial membranes and accepts an
artificial substrate containing a short lipid chain. Here, we
have expanded on our earlier work, exploring the extent to
which TagA recognizes features of the natural lipid chain.
Our results show that TagA is moderately sensitive to the
length of the lipid but not sensitive to its structure. Thus,
the catalytic efficiencies of substrates of equivalent length
are almost identical, regardless of unsaturation, branching,
or double bond geometry. The demonstrated insensitivity of
TagA even to features of the lipid close to the diphosphate
linkage at the reducing end of the substrate is consistent with
early reports showing that enzymes in thetag pathway are
able to utilize substrates containing dolichol rather than
undecaprenyl chains (6).

We report here that the examined substrates containing
the longest lipid chains (4 and5) have the highest catalytic
efficiencies, showing that lipid length is an important variable
in activity. These substrates, however, also display substrate
inhibition. We measured the CMCs (critical micelle concen-
trations) of the substrates in order to determine whether their
high catalytic efficiencies or their inhibitory behavior could
be attributed to the formation of micellar aggregates. Our
results show that these substrates do not form micelles at
concentrations up to 600µM, well above the concentrations
at which substrate inhibition is observed. Previously reported
data are consistent with our findings, showing that the CMCs
of related compounds are in the millimolar range (29).
Therefore, neither the catalytic efficiencies nor the inhibitory
behavior of these substrates results from aggregation. Since
the increased catalytic efficiencies of4 and5 relative to2
and3 are largely due to a decrease inKm values, we have
concluded that the tetraprenyl substrates are more efficient
than shorter chain substrates because the longer lipids make
more favorable hydrophobic interactions with TagA.

The severe substrate inhibition observed with the longer
chain substrates may arise because there is a structural
resemblance between the acceptor and the donor. That is,
the acceptor contains a diphospho-GlcNAc moiety whereas
the donor contains a diphospho-ManNAc moiety. The
synthetic acceptors with the longer lipid chains may be able
to establish sufficiently favorable hydrophobic interactions
that they bind stably in the donor site. Consistent with this
hypothesis, we have found that inhibition by these acceptor
substrates is dependent on the donor sugar concentration (data
not shown).

On the basis of information about the behavior of the
different artificial substrates, we selected a substrate/product
pair with suitable properties for a kinetic analysis. Using a
product inhibition analysis, we have shown that TagA uses
an ordered Bi-Bi mechanism in which UDP-ManNAc binds
first and UDP is released last. The turnover number for the
enzyme, obtained from a 5× 5 matrix of reactions, was
found to be 735 min-1, which is relatively fast and consistent
with the function of this enzyme in a primary metabolic
pathway. TheKm for UDP-ManNAc is also reasonable given
estimated concentrations of this substrate in cells. We do
not think it is possible to draw any conclusions about the
Km of the natural acceptor substrate from theKm measured
for the synthetic substrates used in these studies because of
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the differences in presentation; that is, the natural substrate
is anchored in a membrane while the synthetic analogues
are not. Nevertheless, these studies have conclusively
established that TagA doesnot require biological membranes
or a micellar interface to function well. They have also
provided information on acceptor substrates that may be
useful tools in further kinetic studies of TagA. It should be
possible, for example, to use these substrates to analyze
mutants of TagA to probe the roles of various amino acids.
Finally, we note that information on the kinetic mechanism
of TagA should simplify efforts to obtain crystals of the
enzyme with substrates bound and may also influence the
design of high-throughput assays for inhibitors.

We note in closing that the glycosylation reaction catalyzed
by TagAsthe transfer of a sugar from a nucleotide sugar
donor to a lipid-linked monosaccharide acceptorsis not
unique. Analogous reactions are performed by many en-
zymes, including other CAZy family 26 members as well
as the second enzyme in the eukaryotic dolichol pathway
for N-linked glycosylation (30) and MurG (14, 22, 31), which
is involved in the biosynthesis of peptidoglycan. MurG and
the second enzyme in the dolichol pathway are members
of the GT-B superfamily of glycosyltransferases (11-14),
which consist of two Rossmann domains, one containing a
signature nucleotide-binding motif. TagA does not appear
to belong to the GT-B superfamily because it is substantially
shorter than these enzymes and lacks the nucleotide binding
motif. It also bears little resemblance to characterized
enzymes of the GT-A superfamily, the other major glyco-
syltransferase fold family. These enzymes have an absolute
requirement for a Mg2+ or Mn2+ cation, which chelates the
nucleotide-sugar in the active site. Although TagA is
predicted to be anR/â protein like the GT-A superfamily
members, threading analysis suggests that it does not have
the same fold (11), and the experiments reported here show
that it does not require metal ions for activity. TagA and its
relatives in CAZy family 26 (8) may represent a new fold
variant, and the studies reported here suggest that TagA is a
particularly promising model system for understanding CAZy
family 26. Efforts to crystallize TagA are currently underway.
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