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Wall teichoic acids are a chemically diverse group of anionic
polymers that constitute up to 50% of the Gram-positive cell
wall. These polymers play a pivotal role in virulence and have
been implicated in a diverse range of physiological functions.
The TagF-like family of enzymes has been shown to be respon-
sible for wall teichoic acid priming and polymerization events.
Althoughmany such enzymes arewell validated therapeutic tar-
gets, a mechanistic understanding of this enzyme family has
remained elusive. TagF is the prototypical teichoic acid poly-
merase and uses CDP-glycerol to catalyze synthesis of the linear
(1,3)-linked poly(glycerol phosphate) teichoic acid in Bacillus
subtilis 168. Here we used a synthetic soluble analog of the nat-
ural substrate of the enzyme, Lipid �, to conduct the first
detailed mechanistic investigation of teichoic acid polymeriza-
tion. Through the use of a new high pressure liquid chromatog-
raphy-based assay to monitor single glycerol phosphate incor-
porations into the Lipid � analog, we conducted a detailed
analysis of reaction product formation patterns and unequivo-
cally showedTagF to benon-processive in vitro. Furthermore by
monitoring the kinetics of polymerization,we showed that Lipid
� analog species varying in size have the sameKm value of 2.6�M

and validated use of Bi Bi velocity expressions tomodel theTagF
enzyme system. Initial rate analysis showed that TagF catalyzes
a sequential Bi Bi mechanism where both substrates are added
to the enzyme prior to product release consistent with a single
displacement chemical mechanism.

Wall teichoic acids are a group of phosphate-containing ani-
onic carbohydrate polymers that constitute up to 50%of the dry
weight of the Gram-positive cell wall (1). Teichoic acids play a
pivotal role in virulence and have been implicated in a diverse
range of physiological functions including cation homeostasis,
nutrient trafficking, binding of envelope proteins, and regula-
tion of autolysins (2–4). Our knowledge of wall teichoic acid
synthesis largely stems from studies conducted in the model
bacterium Bacillus subtilis 168, which expresses a linear (1,3)-
linked poly(glycerol phosphate) teichoic acid (5–7). Through
these studies, our group and others have identified the genetic
requirements for poly(glycerol phosphate) synthesis; however,
until recently, a biochemical understanding of priming and

polymerization events have been confounded by the interfacial
localization of these enzymatic steps (8, 9). Indeed interfacial
localization has hindered the understanding of the synthesis of
many other important cell wall components such as O-antigen,
polysialic acid, lipoarabinomannan, oligomers forN-linked gly-
cosylation, and others (10–13). A breakthrough in our ability to
study the enzymes involved in the lipid-linked steps of wall
teichoic acid synthesis wasmade byGinsberg et al. (14)with the
development of synthetic substrate analogs of lipid-linked wall
teichoic acid intermediates. These substrate analogs have since
facilitated the detailed mechanistic study of uncharacterized
teichoic acid enzymes and were used to reconstitute all intra-
cellular steps in Staphylococcus aureus wall teichoic acid syn-
thesis in vitro (15, 16).

Genetic and biochemical studies have given rise to a model
for the synthesis of poly(glycerol phosphate) wall teichoic acid
in B. subtilis 168 in which polymer synthesis is carried out on
the intracellular surface of the cytoplasmic membrane by step-
wise additions of sugars to an undecaprenol phosphate lipid
carrier via the tag (teichoic acid glycerol) gene products (7, 17).
Polymer synthesis is initiated by TagO, which catalyzes the
transfer of N-acetylglucosamine-1-phosphate from UDP-Glc-
NAc to undecaprenol phosphate to create Lipid� (18) (the new
nomenclature for lipid-linked teichoic acid intermediates pro-
posed by Pereira and Brown (17) is summarized in Table 1).
N-Acetylmannosamine (ManNAc)2 is transferred to Lipid �
from UDP-ManNAc by TagA, producing Lipid � that is
“primed” with sn-glycerol-3-phosphate by TagB to create the
polymerization substrate Lipid �.1 (9, 14, 16). Some 30–50
glycerol phosphate residues are subsequently added to Lipid
�.1 by TagF, and the intracellular steps of teichoic acid synthe-
sis are completed via polymer glucosylation by TagE (6, 8).
Intracellular teichoic acid is then exported to the outer leaflet of
the cytoplasmic membrane by the TagG/H ATP-binding cas-
sette transport system and transferred to peptidoglycan by a
currently unknown enzyme (19).
Based on sequence identity and crude mechanistic studies of

B. subtilis 168 TagB and TagF enzymes, teichoic acid primases,
oligomerases, and polymerases have been grouped into the
TagF-like enzyme family that share a conserved �300-residue
C-terminal catalytic domain and a basic N-terminal domain of
variable size (9, 20). In efforts to expand ourmechanistic under-
standing of this unique enzyme family, soluble substrate ana-* This work was supported by Canadian Institutes of Health Research Grant
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logs have been used to study wall teichoic acid priming and
polymerization events in B. subtilis 168 and S. aureus (14, 15,
21). Through these studies, the Lipid � analog has been val-
idated as a suitable substrate for kinetic investigation of B.
subtilis 168 TagF (21). To firmly establish the processivity of
the prototypical TagF enzyme, herein we developed a robust
HPLC-based assay that allowed us to monitor single glycerol
phosphate incorporations into a radiolabeled Lipid � analog.
We analyzed patterns of product accumulation to determine
enzyme processivity and showed unequivocally that soluble
TagF utilizes a non-processive polymerization mechanism.
Further we took advantage of this finding to validate appli-
cation of Bi Bi initial rate expressions to the TagF system.We
conducted the first detailed steady state kinetic mechanistic
study of wall teichoic acid polymerization and showed that
poly(glycerol phosphate) synthesis is mediated via a sequen-
tial Bi Bi mechanism. We posit a single displacement active
site mechanism where Lipid � directly attacks the pyrophos-
phate linkage of CDP-glycerol.

EXPERIMENTAL PROCEDURES

General Methods—Chemicals and enzymes were purchased
from Sigma with the following exceptions: dibasic potassium
phosphate was from EMD Biosciences (Gibbstown, NJ); imid-
azole, Tris, and urea were from Bioshop (Burlington, Ontario,
Canada); alkaline phosphatase and Complete Mini protease
inhibitor mixture were from Roche Applied Science;
[�-32P]ATP, [�-32P]CTP, and Ultima-Flo M scintillation fluid
were from PerkinElmer Life Sciences; and sn-[U-14C]glycerol-
3-phosphate was purchased from Amersham Biosciences.
Ni2�-chelating columns and Superdex 200 columns were from
Amersham Biosciences. Chromatography was performed on
either an Amersham Biosciences ATKA fast protein liquid
chromatography system or a Waters HPLC system. All
enzyme assays were conducted with N-terminally hexahisti-
dine-tagged TagF from B. subtilis 168 prepared as described
previously (8).
CDP-glycerol Synthesis—CDP-glycerol and CDP-[U-14C]-

glycerol were synthesized using TarD from S. aureus andmeth-
ods described previously (22). [�-32P]CDP-glycerol was synthe-
sized similarly with the addition of 125 �Ci of [�-32P]CTP
(3000 Ci/mmol) to the reaction. [�-32P]CDP-glycerol was syn-
thesized in two enzymatic steps. sn-Glycerol-3-[32P]phosphate
was synthesized using 4 units/�l glycerol kinase (from bakers’
yeast), 250�Ci of [�-32P]ATP (3000Ci/mmol), 90�MATP, and
90 �M glycerol in a reaction buffer that contained 50 mM

HEPES, pH � 8, 20 mM MgCl2. The reaction was permitted to
go to completion before being filtered with a 5000 molecular
weight cutoff centrifugal filter (Millipore). The filtrate was
used in the place of sn-glycerol-3-phosphate to synthesize
[�-32P]CDP-glycerol as described previously (22). sn-Glycerol-
3-[32P]phosphate synthesis was monitored by following the
conversion of [�-32P]ATP to glycerol-3-[32P]phosphate using a
paired ion exchange (PIC)-HPLC separation method. Samples
were loaded onto an Inertsil ODS-3 (4 � 150-mm, 5-�m) col-
umn with buffer Pic A (15mM dibasic potassium phosphate, 10
mM tetrabutylammoniumhydrogen sulfate, pH� 7) and eluted
with a linear 3-min gradient to 100%buffer Pic B (15mMdibasic
potassium phosphate, 10 mM tetrabutylammonium hydrogen
sulfate, 30% (v/v) acetonitrile, pH � 7). Analytes were visual-
ized by in-line scintillation counting.
Lipid �.1 Analog Synthesis—The Lipid �.1 analog was che-

moenzymatically synthesized as described previously (21). The
[14C]Lipid �.1 analog was synthesized using the same method
but substituting CDP-[U-14C]glycerol for CDP-glycerol. The
[32P]Lipid �.1 analog was synthesized using the same method
but substituting [�-32P]CDP-glycerol for CDP-glycerol.
Enzymatic Assays—Enzyme assays were conducted in dupli-

cate at 30 °C with 2.5 nM TagF, 50 mM Tris, 30 mM MgCl2, and
the indicated concentrations of CDP-glycerol and the Lipid �.1
analog and quenched with the addition of an equal volume of
freshly prepared 8Murea. Reaction progress was determined by
one of two stopped HPLC-based assays that allowed for quan-
tification of the conversion of the radiolabeled Lipid �.1 analog
to Lipid�.2 or quantification of the conversion of CDP-glycerol
to CMP. Conversion of the [14C]Lipid �.1 analog or [32P]Lipid
�.1 analog to Lipid �.2 was followed by separation of radioac-
tive species using an anion exchange column (J. T. Baker Inc.
WP Quat, 4.6 � 50 mm, 5 �m). Samples were eluted with a
continuous 4-min gradient from 0.25 to 6% (v/v) triethylamine
bicarbonate in double distilled H2O and visualized with in-line
scintillation counting. Conversion ofCDP-glycerol toCMPwas
followedwith the PIC-HPLCprotocol described above butwith
isocratic sample loading and elution at 15% Pic B followed by
flushing of the column with 100% Pic B. Analytes were visual-
ized by UV absorbance at 271 nm or in-line scintillation count-
ing. Fitting of data to initial rate expressions was done using a
non-linear sum of least squares regression method with either
Sigma Plot 8.0 or the Enzyme Kinetics Module 1.1 available for
Sigma Plot 8.0 (SPSS, Inc., Chicago, IL).

RESULTS

TagF Processivity—To investigate the processivity of TagF,
we examined patterns of product accumulation under initial
rate conditions, an approach similar to those used to establish
the processivity of polysialic acid, polygalacturonate, and type 3
capsular polysaccharide polymerases in Escherichia coli, Petu-
nia axillaris, and Streptococcus pneumonia, respectively (23–
26). In the TagF system, a processive mechanism would yield a
small number of polymeric Lipid � analog product molecules
equivalent to the concentration of free enzyme provided the
polymer did not reach full length. Furthermore the ratio of con-
sumption of the donor substrate, CDP-glycerol, to the amount
of polymeric Lipid � analog produced would be greater than 1.

TABLE 1
Recently proposed nomenclature for wall teichoic acid intermediates
Shown is the nomenclature proposed for wall teichoic acid biosynthetic intermedi-
ates (17). Intermediates were named according to the enzyme utilizing themolecule
as a substrate. Lipid � is the substrate for TagA, Lipid � is the substrate for TagB.
Lipid �.n species are substrates for TagF where n indicates the number of glycerol
phosphate residues in the molecule. For example, Lipid �.1 is the product of the
TagB-catalyzed priming reaction where a single glycerol phosphate residue is
added. und, undecaprenol; P, phosphate; GroP, sn-glycerol-3-phosphate.

Enzyme Substrate Chemical composition

TagA Lipid � GlcNAc-1-P-P-und
TagB Lipid � ManNAc-�(1–4)-GlcNAc-1-P-P-und
TagF Lipid �.n (GroP)n-ManNAc-�(1–4)-GlcNAc-1-P-P-und
TagF Lipid �.n analog (GroP)n-ManNAc-�(1–4)-GlcNAc-1-P-P-tridecane
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If the TagF system was non-processive, the enzyme would dis-
sociate from both products following catalysis (26, 27). In the
non-processive case and under initial rate conditions, probabil-
ity dictates that in the presence of a large excess of substrates
the enzyme would interact with any particular substrate mole-
cule only once. Thus, themost abundant product species would
contain a single glycerol phosphate addition, and the amount of
CDP-glycerol consumed would be equivalent to the amount of
product.
To monitor incorporation of glycerol phosphate units into

the TagF substrate, the Lipid �.1 analog, we developed a
stopped assay in which the radiolabeled Lipid� analog reaction
products were separated by anion exchange HPLC with in-line
radioactivity detection following termination of the reaction
with urea. Reactions were conducted with equimolar amounts
of CDP-glycerol and the [14C]Lipid �.1 analog (200 �M), and
substrate turnover was limited to 15%. The quenched reaction
mixture was separated into two aliquots for quantification of
the Lipid �.1 and Lipid �.n analogs as well as CDP-glycerol
turnover. Fig. 1A shows an anion exchange separation of radio-
labeled Lipid � analog species from a quenched reaction in
which the Lipid �.2 analog was the only radioactive product
(species identity was determined by mass spectroscopy; data
not shown). Quantification of these peaks indicated the pro-
duction of 29 �M Lipid �.2 analog. The enzyme concentration
in this experimentwas 2.5 nM. Exclusive production of the Lipid
�.2 analog in an amount over 10,000 times larger than the
enzyme concentration would only be possible by non-proces-
sive glycerol phosphate additions. To confirm that Lipid �.2
analog species were generated by non-processive additions of
glycerol phosphate, CDP-glycerol turnover was quantified by
PIC-HPLC and determined to be 29 �M (Fig. 1B). The equiva-
lent consumption of both substrates confirmed that TagF uti-
lized a non-processive mechanism and suggested that initial
velocity expressions developed for non-polymerase Bi Bi
enzyme systems could be used to describe the TagF polymerase
system.
Apparent Kinetic Constants for the Lipid � Analog—We

recently completed a preliminary kinetic investigation of TagF
using the same synthetic Lipid � analog used in this work. Our

previous study indicated that the
Lipid � analog could be a suitable
substrate for elucidation of the
steady state kinetic mechanism of
TagF. In that study, we found a low
apparent Km of 2.6 � 0.2 �M for the
Lipid � analog and a rapid apparent
turnover number of 27 s�1 (21). The
low Km for the Lipid � analog pre-
sented a technical challenge in
assaying TagF activity within the
conventional range of 10–15% sub-
strate turnover that is generally
accepted for steady state kinetic
experiments (28). For this reason,
we explored the possibility of work-
ing outside the range of 10–15%
turnover for the Lipid � analog by

investigating whether TagF differentiated between the analog
in different degrees of polymerization. To determine whether
TagF distinguished between Lipid � analog species as the
degree of polymerization increased, we measured the apparent
kinetic parameters Km and kcat/Km for the Lipid �.1 analog by
monitoring the conversion of the [32P]Lipid �.1 analog to Lipid
�.2 analog by anion exchange HPLC with in-line radioactivity
detection. TagF (25 pM) was incubated with a fixed, saturating
concentration of CDP-glycerol (700�M) and 1–32�MLipid�.1
analog. Initial rate data were fit to Equation 1. The apparent
kinetic parameters Km and kcat/Km were observed to be 3.4 �
0.6 �M and 9.4 � 106 M�1 s�1, respectively.

v0 �
Vmax�S�

Km � �S�
(Eq. 1)

Interestingly the observed Km and kcat/Km values obtained
when conversion of the Lipid �.1 analog to the Lipid �.2 analog
was measured were roughly equivalent to those we have meas-
ured previously (Km � 2.6 � 0.2 �M and kcat/Km � 1.1 � 107
M�1 s�1) in an assay where multiple additions of glycerol phos-
phate occurred for each Lipid �.1 analog; oligomers of approx-
imately eight glycerol phosphate residues were produced (the
degree of Lipid � analog polymerization was approximated by
the ratio of CDP-glycerol consumed to the amount of the Lipid
�.1 analog initially present as described previously (21)).
Roughly equivalent kinetic parameters generated using these
two assay systems suggested that TagF did not differentiate
between the Lipid �.1 analog and Lipid � analogs with degrees
of polymerization up to 8.
Although TagF did not seem to differentiate between the

Lipid �.1 analog and a Lipid � analog with up to eight additions
of glycerol phosphate, it was possible that a change in kinetic
properties might occur at a higher degree of polymerization as
has been observed in studies using synthetic polymerization
substrates for GlfT, a polygalactofuranosyltransferaserase from
Mycobacterium tuberculosis, and polysialyltransferases from
both E. coli and Neisseria meningitidis (29, 30). To investigate
the possibility of a changingKm value for the substrate as length
increased we took the following approach. We reasoned that

FIGURE 1. TagF is non-processive. Reactions were conducted with equimolar amounts of CDP-glycerol, the
[14C]Lipid �.1 analog (200 �M), and 2.5 nM TagF. A, Lipid � analog species were separated following reaction
with TagF by an anion exchange HPLC assay and visualized with in-line scintillation counting. Integration of
peaks indicated 29 �M Lipid �.2 analog was produced. Peak identities were confirmed by liquid chromatogra-
phy-mass spectrometry (data not shown). B, CMP was quantified following the reaction by separation of
CDP-glycerol and CMP via PIC-HPLC and visualized by absorbance at 271 nm. Integration of peaks indicated the
formation of 29 �M CMP.
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measurement of the reaction rate during polymerization could
be used to detect a changing Michaelis constant provided that
the system was kept within initial rate conditions with respect
toCDP-glycerol. Fig. 2, inset, depictsmodel product versus time
plots for each of three possibilities: increasing, decreasing, or no
change in Km. A large change in the slope of this plot results
from even amodest 2-fold change inKm, confirming thatmeas-
urement of the rate of product accumulation is a sensitive
method to detect a changing Michaelis constant. Reactions
with 2 mM CDP-glycerol and 2 �M [14C]Lipid �.1 analog were
incubated for up to 20min prior to reaction termination. Prod-
uct accumulation was determined by conversion of CDP-glyc-
erol to CMP and plotted as a function of time in Fig. 2. The

accumulation of polymeric Lipid � analog was measured at
each reaction end point by gel filtration as described previously
(data not shown) (8). Interestingly product accumulation
remained linear with time as the Lipid � analog was polymer-
ized to 76 glycerol phosphate units in length, a size much larger
than the approximate 30–50-unit poly(glycerol phosphate)
wall teichoic acid found in vivo. Our results indicated that spe-
cies of the Lipid � analog with at least 76 glycerol phosphate
units serve a functionally equivalent role in the TagF polymer-
ase assay system and could therefore be described with the
same term in an initial velocity expression.
Initial Rate Analysis for TagF—Having demonstrated that

the TagF polymerase system could be accurately describedwith
non-polymerase Bi Bi velocity expressions, we took advantage
of conventional approaches in steady state enzymology to
investigate TagF reaction kinetics (28).We conducted an initial
rate analysis of TagF in the absence of products to gain insight
into catalytic mechanism and determine true kinetic parame-
ters for the reaction. A 5 � 5 matrix of reactant concentrations
was explored, and reaction progress was monitored by follow-
ing the conversion of CDP-glycerol to CMP. Initial rate data
were fit to all rate expressions in the Enzyme Kinetics Module
1.1 for Sigma Plot 8.0 and found to be best described by the
sequential random Bi Bi mechanism (Equation 2). Best fit was
determined using the Akaike information criterion corrected
for small sample size that uses estimates of accuracy and preci-
sion to quantitatively rank the suitability of models for describ-
ing a data set (31).

v0 �
Vmax�A��B�

�KAKB � �KA�B� � �KB�A� � �A��B�
(Eq. 2)

A andB are eitherCDP-glycerol or Lipid� analog,�KA and�KB
are the Michaelis constants for A and B, respectively, and � is a
constant that modifies the dissociation constant for substrate
binding a transitory enzyme complex (28). Initial rate data are
shown in double reciprocal form in Fig. 3. Km values, summa-
rized in Table 2, were calculated to be 2.6� 1.4�M for the Lipid

� analog and 180 � 77 �M for CDP-
glycerol. The secondary rate con-
stants kcat/Km for the Lipid � ana-
log and CDP-glycerol were
determined to be 3.4 � 107 and
4.8 � 105 s�1 M�1, respectively.
Product Inhibition—Initial veloc-

ity studies were able to differentiate
between sequential and non-se-
quential kinetic mechanisms; how-
ever, to gain insight into substrate
binding order, experiments needed
to be conducted in the presence of
reaction products (32). The inhibi-
tory effect of 0.3–3 mM CMP with
either CDP-glycerol or the Lipid �
analog as the varied substrate (co-
substrate was held constant at Km
concentration) was determined.
Rate data were tested against all
inhibition models in the Enzyme

FIGURE 2. Poly(glycerol phosphate) synthesis is linear with time and
independent of polymer size. Reactions were conducted with 2 mM CDP-
glycerol, 2 �M Lipid �.1 analog, and 2.5 nM TagF, and reaction progress was
determined by CMP formation via PIC-HPLC. The degree of Lipid � analog
polymerization at each time point was approximated as reported previously
by the ratio of CDP-glycerol consumption to the initial concentration of the
Lipid �.1 analog (21). Inset, calculated data are shown. A 2-fold increase (- - -)
and 2-fold decrease (� � �) in Km are compared with a substrate with a constant
(—) Km. The simulated data were generated using reaction conditions equiv-
alent to those used in the experiment in which the substrate concentration
was equivalent to the Km.

FIGURE 3. TagF catalyzes a sequential Bi Bi mechanism. Initial velocity data are presented in double recip-
rocal plots of 1/velocity versus 1/[substrate]. A, CDP-glycerol was varied from 100 to 1600 �M while the Lipid �
analog was held constant at 0.5 (�), 1 (E), 2 (F), 4 (�), and 8 (f) �M. B, the Lipid � analog was varied from 0.5
to 8 �M while CDP-glycerol was held constant at 100 (�), 200 (E), 400 (F), 800 (�), and 1600 (f) �M. Experi-
ments were conducted with 2.5 nM TagF, and initial rates were determined by monitoring the conversion of
CDP-glycerol to CMP via PIC-HPLC. Initial rate data were fit to all initial velocity expressions in the Enzyme
Kinetics Module 1.1 for Sigma Plot 8.0 using a non-linear sum of least squares regression method and were
found to be best described by the expression for a sequential random mechanism (Equation 2). Error bars
indicate S.E.
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KineticsModule 1.1 in Sigma Plot 8.0 and ranked by the Akaike
information criterion corrected for small sample size. When
CDP-glycerolwas the varied substrate, velocity datawere found
to be best described by the competitive inhibitionmodel (Equa-
tion 3), whereas the partial non-competitive inhibition model
best described the data when the Lipid � analog was the varied
substrate (Equation 4 where � is the constant modifying the
rate of product formation when the inhibitor is bound to the
enzyme�substrate complex (28)).

v0 �
Vmax

1 � 	Km/�S�
	1 � Ki/�I�

(Eq. 3)

v0 �
Vmax

	1 � Km/�S�
	1 � Ki/�I�
/	1 � �I�/�Ki

(Eq. 4)

Product inhibition data are presented in double reciprocal form
in Fig. 4 and summarized inTable 3. The competitive inhibition
observed with CMP while CDP-glycerol was the varied sub-
strate suggested that both molecules bound the same enzyme
form, either the apoenzyme or a transitory TagF�Lipid � analog
complex where the latter describes a Theorell-Chance mecha-
nism (28, 33). The partial non-competitive inhibition we
observed with CMP and the Lipid � analog when the latter was
the varied substrate ruled out a rapid equilibrium random
kinetic mechanism (28).
As we have shown above, the Lipid �.n analog reaction prod-

ucts functioned as substrates in a manner indistinguishable
from the Lipid �.1 analog, making these reaction products

unsuitable for product inhibition studies. Our investigation of
product inhibition on TagF was therefore limited to CMP and
indicated that TagF utilized a sequential mechanism where
CDP-glycerol can (or must) be added to TagF first or a Theo-
rell-Chance mechanism where the Lipid � analog could be the
first substrate to bind.

DISCUSSION

A mechanistic understanding of wall teichoic acid priming
and polymerization and regulation of these events has
remained elusive. In this study, we have begun to shed light on
these elements by conducting the first detailed mechanistic
investigation of wall teichoic acid polymerization. Using a new
HPLC-based assay to monitor incorporation of single glycerol
phosphate residues into the synthetic Lipid � analog polymer-
ization substrate, we unequivocally showed that TagF is non-
processive in this assay system (illustrated in Fig. 5A). We used
this discovery as a foundation for the use of non-polymerase
initial velocity expressions to describe TagF and to enable a
steady state kinetic investigation of TagF-catalyzed teichoic
acid polymerization.
In our kinetic investigation of TagF we found that, surpris-

ingly, Lipid � analog species with up to 76 glycerol phosphate
residues functioned equivalently in the reaction system, indic-
ative of an unchanging Km value for the Lipid � analog regard-
less of the degree of polymerization. In a previous study explor-
ing acceptor substrate specificity for TagF, we have shown that
CDP-glycerol can be used as an acceptor substrate albeit at a
much slower rate (34). Together these results are intriguing and
suggest a model where TagF does not distinguish among Lipid
� species in varying degrees of polymerization. Indeed these
findings suggest that TagF may interact largely with the termi-
nal glycerol phosphate residue of Lipid �. However, the reac-
tion rate with CDP-glycerol as the acceptor substrate for
polymerization was far slower (kcat of 27 min�1) than that seen
here (34). These findings strongly suggest that chemical matter

present in the Lipid � analog and
absent in CDP-glycerol facilitates
far more efficient catalysis. Detailed
examinations of acceptor substrate
specificity and structural studies of
the TagF�Lipid � complex will be
needed to define the chemical
requirements for efficient recogni-
tion of the acceptor substrate by
TagF.
Our investigation of kinetic

parameters for Lipid � analog spe-
cies of varying length also gives
clues into possible mechanisms of
poly(glycerol phosphate) length
regulation. Previous work on TagF
had ruled out a mechanism of
length regulation via accessory
proteins such as Wzz-dependent
length regulation of Wzy-depen-
dent O-antigen polymerization (8,
12). This suggested that TagF may

FIGURE 4. Inhibition of TagF by CMP. Inhibition of TagF by the reaction product CMP is presented in double
reciprocal plots of 1/velocity versus 1/[substrate]. A, CMP was held constant at 0 (f), 300 (�), 1000 (F), and 3000
(E) �M while CDP-glycerol was varied between 100 and 1600 �M, and Lipid � analog was fixed at 2 �M. B, CMP
was held constant at 0 (f), 100 (�), 300 (F), and 1000 (E) �M while the Lipid � analog was varied from 1 to 16
�M with CDP-glycerol fixed at 180 �M. Experiments were conducted with 2.5 nM TagF, and initial rates were
determined by monitoring the conversion of [�-32P]CDP-glycerol to [�-32P]CMP via PIC-HPLC. Rate data were
fit to all inhibition models in the Enzyme Kinetics Module 1.1 for Sigma Plot 8.0 using a non-linear sum of least
squares regression method. When CDP-glycerol was the varied substrate the data were best described by the
competitive inhibition model (Equation 3). With the Lipid � analog as the varied substrate the data were best
described by the non-competitive (partial) inhibition model (Equation 4). Error bars indicate S.E.

TABLE 2
Summary of kinetic constants

Substrate Km kcat kcat/Km �a

�M s�1 s�1 M�1

Lipid � analog 2.6 � 1.4 87 � 8.4 3.4 � 107 0.60 � 0.46CDP-glycerol 180 � 77 4.8 � 105
a � is a constant in Equation 2 that modifies the dissociation constant for substrate
binding to a transitory enzyme complex (28).
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utilize an intrinsic mechanism of regulation, such as the mech-
anism of product inhibition used by the Campylobacter
jejuniN-linkedglycosylationpolymerasePglH,oramembrane-
dependent mechanism (13). The results we have presented in
this study have shown that the Lipid � analog could be poly-
merized at a constant velocity, indicative of an equivalent Km
value for polymers of varying lengths, suggesting that regula-
tion of polymer length is not achieved by amechanism intrinsic
to the enzyme in solution. As we have suggested previously, a
growing body of evidence is pointing toward a mechanism of
wall teichoic acid length regulation that is, at least in part,medi-
ated by association of TagF with the membrane (34). Indeed
intracellular localization studies using green fluorescent pro-
tein-Tag enzyme fusion proteins have shown that wall teichoic
acid enzymes, including TagF, are localized to the inner surface
of the cytoplasmic membrane (9, 35, 36). With the demon-
strated localization of TagF to the membrane and the implica-
tion of membrane association as an essential component of
polymer length regulation, it is possible that membrane associ-
ation may effect a physical change on TagF that is required for
length regulation.
In this studywe validated the use of Bi Bi velocity expressions

tomodel the TagF polymerase system and in doing sowere able
to conduct the first detailed steady state kinetic mechanistic
study of the prototypical teichoic acid polymerase, TagF. Initial
rate experiments were consistent with a sequential (ternary
complex) mechanism, and our investigation of product inhibi-
tion indicated that CDP-glycerol and CMP bind to the same
enzyme form. These steady state investigations indicate that
TagF utilizes either a sequential mechanism where CDP-glyc-
erol can (or must) be added to the enzyme first or a Theorell-
Chance mechanism where Lipid � could be added to the
enzyme first (28). It is tempting to speculate based on the sim-
ilar enzymatic activities of glycosyltransferases utilizing unde-
caprenol-linked acceptors, such as TagA and MurG, that TagF
will use an ordered Bi Bi mechanism where the sugar donor

binds first (16, 37). It must be noted,
however, that there is mechanistic
precedence from the C. jejuni poly-
merase PglH for an ordered Bi Bi
mechanism where the undecapre-
nol-linked acceptor is the first sub-
strate to bind the enzyme (13).
Therefore, a Lipid � product analog
that can bind to the same enzyme
form as Lipid � and that can inhibit
TagF will be needed to differentiate
between these possible mecha-
nisms. With our discovery of a
sequential Bi Bi mechanism for
TagF and our previous report show-

ing the dependence of TagF catalysis on two putative active site
histidine residues (20), we propose a single displacement cata-
lytic mechanism for TagF (illustrated in Fig. 5B) in which an
active site base deprotonates the terminal hydroxyl of Lipid� to
activate the acceptor nucleophile for direct attack on the
�-phosphate of CDP-glycerol.

The assay system used in this study allowed us to establish
processivity and kinetic properties for TagF in a soluble, mini-
mal environment that can be used as a reference to compare the
properties of TagF inmore physiological systems. In addition to
the putative role that association of TagF with the membrane
may play in length regulation, it is possible that membrane
associationmay influence other aspects of enzyme activity such
as processivity, substrate dissociation constants, or catalytic
efficiency. Establishment of reference kinetic properties for
TagF in this study will aid in elucidating the functional role
played by the membrane and other components with which
TagF may interact in vivo as assay systems are developed that
reconstitute the true physiological environment of TagF.
This study has provided detailed insight into the mechanism

of glycosyl transfer by TagF and the conserved TagF-like family
of enzymes responsible for priming and polymerization events
in wall teichoic acid synthesis. Many members of the TagF-like
enzyme family are well validated yet unexploited therapeutic
targets (3, 38, 39). We hope that the new mechanistic under-
standing of this unique enzyme family and the facile assay for
primase/polymerase activity developed in this work will help in
the development of new antibacterial compounds targeting
wall teichoic acid polymerization.

Acknowledgment—We thank Dr. Kalinka Koteva (Department of
Biochemistry and Biomedical Sciences and the Michael G. DeGroote
Institute for Infectious Disease Research, McMaster University) for
assistance with mass spectroscopy.

FIGURE 5. TagF is a non-processive enzyme with a proposed single displacement mechanism. The data
presented herein are consistent with the following models. A, TagF binds CDP-glycerol and Lipid � to form a
ternary complex. The ternary complex dissociates to liberate free enzyme and product following each catalytic
event. B, an active site base (B) deprotonates the terminal hydroxyl of Lipid � to facilitate nucleophilic attack on
the �-phosphate of CDP-glycerol.

TABLE 3
Summary of inhibition constants

Inhibitor Varied substrate Fixed substrate Type of inhibition Ki �a

�M

CMP CDP-glycerol Lipid � analog Competitive 182 � 35
CMP Lipid � analog CDP-glycerol Non-competitive (partial) 156 � 30 0.23 � 0.04

a � is a constant in Equation 4 that modifies the rate of product formation when inhibitor is bound to the enzyme�substrate complex (28).
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