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Abstract—Polyprenyl phosphates, including undecaprenyl phosphate and dolichyl phosphate, are essential intermediates in several
important biochemical pathways including N-linked protein glycosylation in eukaryotes and prokaryotes and prokaryotic cell wall
biosynthesis. Herein, we describe the evaluation of three potential undecaprenol kinases as agents for the chemoenzymatic synthesis
of polyprenyl phosphates. Target enzymes were expressed in crude cell envelope fractions and quantified via the use of luminescent
lanthanide-binding tags (LBTs). The Streptococcus mutans diacylglycerol kinase (DGK) was shown to be a very useful agent for
polyprenol phosphorylation using ATP as the phosphoryl transfer agent. In addition, the S. mutans DGK can be coupled with
two Campylobacter jejuni glycosyltransferases involved in N-linked glycosylation to efficiently biosynthesize the undecaprenyl pyro-
phosphate-linked disaccharide needed for studies of PgIB, the C. jejuni oligosaccharyl transferase.

© 2008 Elsevier Ltd. All rights reserved.

1. Introduction

Polyprenyl phosphates, present in the membranes of all
organisms, are critical components in several prokaryotic
and eukaryotic pathways. In prokaryotes, undecaprenyl
phosphate (Und-P; 2) is required for peptidoglycan bio-
synthesis, which is essential to bacterial viability.! Und-
P is also involved in the biosynthesis of lipopolysaccha-
ride in gram-negative bacteria.> Another essential poly-
isoprenyl phosphate, dolichyl phosphate (Dol-P; 4), is
integral in the structure of the oligosaccharide donor that
is essential for eukaryotic N-linked protein glycosylation?
and is suggested to play a similar role in the corresponding
glycosylation pathways in certain archaea. Furthermore,
N-linked glycosylation also occurs in some prokaryotes,
including the gram-negative pathogenic bacterium Cam-
pylobacter jejuni;® in this case, N-linked glycosylation in-
volves the en bloc transfer of a heptasaccharide from an
undecaprenyl pyrophosphate carrier to the amide nitro-
gen on an asparagine side chain in a protein. Und-P is a
critical precursor for in vitro studies of the glycosyltrans-
ferases®® responsible for undecaprenyl pyrophosphate
heptasaccharide biosynthesis (Fig. 1b—f) and the bacterial
oligosaccharyl transferase®!° (Fig. 1g).
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Figure 1. The C. jejuni N-linked glycosylation pathway. Glycosyl-
transferases are responsible for the transfer of one or more sugars from
the UDP-activated donors (enzyme b-f). Enzymes involved in the
pathway: (a) kinase; (b) PglC; (c) PglA; (d) Pgll; (e) PglH; (f) Pgll; (g)
PgIB, the oligosaccharyltransferase; (h) Und-PP phosphatase; Und,
undecaprenol; Und-P, undecaprenyl phosphate; Und-PP, undecapre-
nyl pyrophosphate.

Polyprenyl phosphates are essential for the biochemical
characterization of several fundamental cellular pro-
cesses. Therefore, a convenient and effective method
for their preparation is desirable. In general, chemical
methods have been relied upon to obtain the desired
substrates, since it is difficult to isolate large amounts
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of the phosphorylated polyprenols from natural sources.
For example, Und-P and Dol-P have been chemically
synthesized using various approaches.®!'"15 However
in general, chemical methods are not ideal, because the
starting isoprenols are expensive and often only avail-
able in very limited quantities (ng-mg) and chemical
phosphorylation may be impractical on small scales.
In addition, it is difficult to quantify the small amounts
of polyprenyl phosphates produced in these reactions.
At the outset of our studies, we deemed an enzymatic
route to polyprenyl phosphates to be an excellent alter-
native, because it would offer the possibility of a simple,
one-step reaction that could be performed on a variety
of scales using ATP as the phosphate donor. This ap-
proach would also be useful for preparing radiolabeled
polyprenyl phosphates via the use of [y->>P]-ATP. We
first focused on identifying a kinase that could be used
to phosphorylate undecaprenol and then examined the
utility of the enzyme in the phosphorylation of the dol-
ichol family of polyprenols.

Cellular undecaprenol often exists in membranes as
undecaprenyl phosphate or undecaprenyl pyrophos-
phate. De novo generation of Und-P (2) in vivo is
thought to occur by direct phosphorylation of undeca-
prenol (1) (Fig. 2) and several undecaprenol kinases
have been identified.!®!” An alternate source of Und-P
includes a salvage pathway in which a phosphatase
hydrolyzes the phosphodiester bond of undecaprenyl
pyrophosphate (Fig. 1h).!® Undecaprenyl pyrophos-
phate is a prevalent component of membranes as it is
the isoprene product released after the oligosaccharyl
transfer reaction in peptidoglycan biosynthesis in all
bacteria and in N-linked glycosylation in C. jejuni
(Fig. 1g).

Three enzymes were selected as potential kinases that
could be used to phosphorylate undecaprenol. In the
1970s undecaprenol kinases from Staphylococcus aur-
eus'® and Lactobacillus plantarum'” were identified and
biochemically characterized. As this research occurred
in the pre-genomic era, the protein and related gene se-
quences were unknown. However, a more recent study
revealed undecaprenol kinase activity in a homolog of

n=13-15

Figure 2. Undecaprenol (1) and dolichol (3) can be phosphorylated to
form undecaprenyl phosphate (2) and dolichyl phosphate (4), respec-
tively. This reaction can be done synthetically or chemoenzymatically
by the action of a kinase.

diacylglycerol (DGK) kinase from Streptococcus mutans
(NP_721953)." Using NP_721953 as a lead, a bioinfor-
matics search revealed a C. jejuni enzyme (NP_281451)
with 36% homology to the S. mutans DGK. Thus,
NP_721953 and NP_281451 were selected as two poten-
tial candidates for expression and kinase activity
screening.

In addition, a further search of the genomic database of
C. jejuni identified a gene (NP_281415) with homology
to the Escherichia coli BacA; strains resistant to the
undecaprenyl pyrophosphate-binding antibiotic bacitra-
cin were found to have an overexpressed BacA gene.?° It
was believed that BacA might encode a polyprenol ki-
nase that compensated for a reduction in the recycling
of undecaprenyl pyrophosphate to Und-P by increasing
the de novo production of Und-P from undecaprenol.?!
However, subsequent in vitro functional assays in E. coli
revealed that the E. coli BacA was actually the pyro-
phosphatase that hydrolyzes the isoprenyl pyrophos-
phate and regenerates Und-P'® (Fig. 1h). Despite this
finding in the E. coli system, the C. jejuni NP_281415
was selected as a third potential target as the enzyme
from this organism had not been functionally annotated
and because it minimally represented a protein that
bound an Und-P derivative.

All three of the enzymes screened for undecaprenol ki-
nase activity were predicted to have multiple membrane
domains. Since the purification of membrane-bound
proteins is challenging and often results in considerable
loss of activity, it is convenient to work with such pro-
teins in native membranes as a cell envelope fraction
(CEF). However, it is difficult to quantify the amount
of a specific enzyme within a CEF preparation. Quanti-
tative Western blot analysis is one possible approach,
but it has many drawbacks; most importantly, it is diffi-
cult to generate consistent standards for comparison
with the protein of interest. Also, integral membrane
proteins, such as those used in these experiments, often
behave anomalously in gel electrophoresis experiments.
To avoid these problems, an alternative method of en-
zyme quantification was used, in which the three target
enzymes were co-expressed with lanthanide-binding tags
(LBTs). LBTs are useful biophysical tools that have
been applied in techniques such as X-ray crystallogra-
phy and NMR.?>23 Here, the expression of the LBT-
protein fusion allows for reliable and reproducible quan-
tification of the amount of LBT-labeled protein present
in a crude extract. The unique and tiéght binding of the
LBT to a lanthanide ion, such as Tb”*, results in lumi-
nescence at 544 nm. The luminescence can be readily
measured and used to estimate the amount of LBT-la-
beled protein present in the crude cell envelope fraction.
The double-LBT (dLBT) developed recently? binds two
Tb*>* ions and was utilized here to determine the relative
concentrations of the kinases in the cell envelope
fractions.

Finally, to establish the broader utility of kinases identi-
fied in the activity screening, we also demonstrated that
one of the three enzymes can be used in a coupled sys-
tem with two C. jejuni glycosyltransferases involved in
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N-linked glycosylation to efficiently biosynthesize the
undecaprenyl  pyrophosphate-linked  disaccharide
needed for studies of PgIB, the C. jejuni oligosaccharyl
transferase.

2. Results

2.1. Cloning and expression of three potential undeca-
prenol kinases

The open reading frames of S. mutans DGK, the C. jeju-
ni DGK homolog, and the C. jejuni BacA homolog were
amplified by PCR from the genomic DNA of S. mutans
and C. jejuni, respectively. The potential kinases, which
all contained multiple predicted transmembrane do-
mains, were expressed heterologously in E. coli BL21
cells and were isolated as cell envelope fractions.

2.2. Lipid specificity of C. jejuni BacA, S. mutans DGK,
and C. jejuni DGK

An assay based on radioactivity was performed to eval-
uate the three potential kinase candidates; the transfer
of [**P]-phosphate from the aqueous soluble [y-**P]-
ATP to the organic soluble undecaprenol was moni-
tored. The three enzymes, purified in cell envelope frac-
tions, were initially screened. The S. mutans DGK was
the only enzyme that showed levels of polyprenol phos-
phorylation above the levels in native cell envelope frac-
tions containing a blank pET-24a(+) vector, but both
the S. mutans DGK and the C. jejuni DGK showed lev-
els of diacylglycerol phosphorylation above background
levels. Assays of the BacA homolog confirmed that it
had no phosphorylation activity. BacA cell envelope
fractions had turnover levels (30% * 4.4%, mean *+ SE,
n=4) comparable to background controls in which
blank cell envelope fractions were assayed with undeca-
prenol (28% £ 1.4%, mean * SE, n=4) and in which
BacA cell envelope fractions were assayed without
undecaprenol (27% * 1.7%, mean £ SE, n = 4).

In order to further define the lipid specificities of S. mu-
tans DGK and C. jejuni DGK, it was necessary to purify
the enzymes from the native membranes to reduce the
high background phosphorylation caused by native
membrane-bound E. coli kinases. Both enzymes were
purified using Ni-NTA chromatography and assayed
immediately with undecaprenol (1), dolichol (3), or diac-
ylglycerol (5). The results of these assays (Table 1) sug-
gested that the S. mutans DGK effectively
phosphorylates both undecaprenol and dolichol and
that both the S. mutans and C. jejuni DGKs phosphor-
ylate diacylglycerol with a lower efficiency. Diacylglyc-
erol phosphorylation yields may be improved by
optimizing the reaction,’* but this was not attempted.
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Table 1. Specificity of S. mutans DGK and C. jejuni DGK for
undecaprenol, diacylglycerol, and dolichol

Lipid component % Turnover with % Turnover with

S. mutans DGK? C. jejuni DGK*
No lipid 17+1.8 10£23
Undecaprenol 56+34 10+ 1.7
Diacylglycerol 32+45 24+ 2.6
Dolichol 55+2.9 12£29

To correct for background transfer of [**P]-phosphate to the organic
layer in the absence of lipid, a control reaction was performed in the
absence of lipid substrate.

#Values reported reflect mean + SE, n = 4.

The identity of the products generated by the S. mutans
DGK was confirmed by isolation of the [**P]-phosphor-
ylated product using normal-phase HPLC chromatogra-
phy. Comparison by TLC confirmed that the products
isolated from the kinase reaction were identical to chem-
ically synthesized Und-P and Dol-P.

2.3. Development of a one-pot enzymatic route to
undecaprenyl pyrophosphate disaccharide

Previously, radiolabeled undecaprenyl pyrophosphate
disaccharide (6) had been generated by combining syn-
thetically prepared Und-Ps with the first two glycosyl-
transferases in the C. jejuni pathway, PglC and PglA
(Fig. 3). PgIC is responsible for the transfer of 1-phos-
pho-2,4-diacetamido bacillosamine (Bac) from UDP-
Bac to give 6. The second enzyme in the pathway is
PglA, which catalyzes the transfer of N-acetylgalactos-
amine (GalNAc) from UDP-GalNAc to form product
7. Formation of the product, undecaprenyl pyrophos-
phate-linked Bac-GalNAc (7), was detected by monitor-
ing transfer of the radiolabeled [6->H]-GalNAc from the
aqueous phase to the organic phase.

As an alternative to this method, a coupled reaction was
developed in which undecaprenyl pyrophosphate-linked
disaccharide was generated in a one-pot reaction start-
ing from undecaprenol, ATP, and the UDP-sugars using
the kinase, PglC and PglA. In an initial attempt, the
reaction with S. mutans DGK showed activity (~41%
yield). Interestingly, the C. jejuni DGK produced some
tritiated product (7%) at an amount higher than the
background turnover (3%) present in the blank cell
envelope fractions (Fig. 4). This is in contrast to the
[y-**P]-ATP experiments in which the C. jejuni DGK
had no phosphorylation activity. BacA, however,
showed no more turnover than the control reaction con-
firming that it has no discernable phosphorylation activ-
ity under these assay conditions (data not shown).

The identity of the radiolabeled disaccharide product
was confirmed as previously described using fluores-
cence-based HPLC and MALDI-MS.® For these analy-
ses, the glycan was cleaved from the isoprenyl
pyrophosphate under acidic conditions and labeled with
2-aminobenzamide via reductive amination. The fluoro-
phore-labeled disaccharide (8) was separated via nor-
mal-phase analytical HPLC column and subjected to
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Figure 3. An enzymatic reaction scheme showing the synthesis of undecaprenyl pyrophosphate-linked disaccharide (7).
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Figure 4. Time course of assay in which the kinase candidates are
coupled to PglC and PglA. Dotted line, S. mutans DGK; dashed line,
C. jejuni DGK; solid line, blank cell envelope fraction.

MALDI-MS, which confirmed the identity of the
product.
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2.4. Optimization of undecaprenyl pyrophosphate disac-
charide synthesis conditions

The reaction conditions were optimized to obtain the
highest yield of radiolabeled undecaprenyl pyrophos-

Table 2. Percent turnover of C. jejuni DGK and S. mutans DGK in the
synthesis of undecaprenyl pyrophosphate [*H]-disaccharide with UDP-
GalNAc at varying specific activities

Specific activity of C. jejuni DGK S. mutans DGK
UDP-[3H]GalNAc

in mCi/mmol

1500 62 67

300 20 70

30 5 67

3 3 24

0.3 4 23

phate disaccharide. To identify the lowest specific activ-
ity (i.e., highest substrate concentration) that would
maintain high turnover (~70%) of the radiolabeled
UDP-GalNAc, the amount of radioactivity in each reac-
tion (0.015 pCi) remained constant, but the specific
activity of the UDP-[6-*H]GalNAc added was varied.
As seen in Table 2, high turnover of labeled UDP-Gal-
NAc was seen at specific activities of 30 mCi/mmol or
more for S. mutans DGK. The efficiency of C. jejuni
DGK dropped substantially as the amount of sugar sub-
strate increased; the only reaction that proceeded with
high turnover contained the highest specific activity sub-
strate. Attempts to increase the turnover by allowing the
reaction to proceed more than 2 h or adding more ki-
nase were unsuccessful. The reaction was scaled-up to
produce 3.8 nmol (0.3 nCi/nmol) of radiolabeled sub-
strate, which is enough substrate to perform ~50 PglB
assays (Fig. 5); PglB is the C. jejuni oligosaccharyl
transferase.
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Figure 5. A PglIB assay which monitors transfer of the radiolabeled
disaccharide from the isoprenyl pyrophosphate carrier onto a peptide.
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2.5. Use of radiolabeled undecaprenyl pyrophosphate
disaccharide to assay PgIB

The radiolabeled undecaprenyl pyrophosphate-linked
disaccharide (7) produced in the coupled enzymatic
reaction is essential in studies of the C. jejuni oligosacch-
aryl transferase. A PgIB activity assay (Fig. 5) monitors
transfer of the radiolabeled disaccharide from the or-
ganic soluble polyisoprenol derivative to a peptide in
the aqueous layer containing the required sequon for
bacterial N-linked glycosylation, DXNXT/S.!® The
disaccharide is a sufficient determinant for transfer to
peptide substrates by PglB, which in vivo transfers a
heptasaccharide from the isoprenyl carrier.” This type
of assay has been used extensively to determine the pep-
tide specificity of PgIB!® as well as to screen for potential
inhibitors. An assay of PgIB using the radiolabeled
undecaprenyl pyrophosphate disaccharide and an opti-
mized peptide as substrates is shown in Figure 6.

2.6. Quantification of kinases by use of a dLBT

In the comparative analysis, the C. jejuni DGK appeared
to phosphorylate undecaprenol when coupled to PglC
and PglA, although not with the robust activity shown
by the S. mutans DGK (Fig. 4). To establish whether
the difference in turnover levels was caused by differing
expression levels, it was necessary to determine the kinase
concentrations in the cell envelope fractions. To do this,
the two DGKs were expressed with lanthanide-binding
tags fused to the N-termini of the enzymes. The dLBT-
fused kinases were expressed and isolated in cell envelope
fractions. Coupled reactions with PglC and PglA showed
that the amount of turnover was not affected by the pres-
ence of the dLBT on the kinase. The turnover seen after

% Turnover
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T T T
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Figure 6. A time course of a PglB reaction in which radiolabeled
undecaprenyl pyrophosphate disaccharide is used as a substrate.

Table 3. Results from studies of dLBT-kinase activity and
luminescence

Turnover in  Protein Cell envelope
disaccharide present in fraction

reaction reaction  concentration
(%) (ng) (uM)

C. jejuni DGK 6

S. mutans DGK 61

dLBT-C. jejuni DGK 17 3.3 10

dLBT-S. mutans DGK 59 0.7 2

2 h was reproducibly similar for the tagged and untagged
versions of the DGKs (Table 3). From the dLBT lumines-
cence analysis, it was determined that the C. jejuni DGK
(10 uM) was present in a fivefold excess over the S. mutans
DGK (2 uM).

3. Discussion

We have demonstrated that the S. mutans DGK can be
used to rapidly synthesize polyisoprenyl phosphates; this
method is straightforward and avoids a labor-intensive
chemical phosphorylation reaction and purification pro-
cess. With the addition of an HPLC purification step,
pure polyisoprenyl phosphates can be synthesized on a
small scale (10-100 nmol) in a matter of hours. In addi-
tion, the kinase maintains activity in the presence of
other enzymes and can be coupled to C. jejuni glycosyl-
transferases to produce other complex isoprenyl phos-
phate-linked  substrates such as undecaprenyl
pyrophosphate-linked disaccharide (6). The utility of
the kinase undoubtedly expands beyond the C. jejuni
N-linked glycosylation pathway; in all likelihood, the ki-
nase can be coupled to similar glycosyltransferases from
both prokaryotic and eukaryotic pathways.

While S. mutans DGK phosphorylated both dolichol
and undecaprenol in high yields, the homologous
DGK in C. jejuni showed no turnover in reactions con-
taining only the kinase and only small amounts of turn-
over in the presence of other enzymes. It is likely that the
consumption of Und-P by the subsequent glycosyltrans-
ferases drives the reaction of C. jejuni DGK with
undecaprenol, even though undecaprenol is not the pre-
ferred substrate. This could explain the observation that
C. jejuni DGK shows enhanced activity toward undeca-
prenol in the presence of coupling enzymes.

The results of the dLBT quantification of S. mutans ki-
nase and C. jejuni DGK also provide some insight into
the different turnover levels. The higher concentration
of C. jejuni DGK (10 uM vs 2 uM for S. mutans
DGK) suggests that the enhanced activity of S. mutans
DGK is intrinsic to the enzyme and is not due to an ex-
cess of enzyme. Also, it is probable that the in vivo sub-
strate of C. jejuni DGK is not undecaprenol, but rather
is diacylglycerol as suggested by the protein homology
with the E. coli DGK and the lipid specificity assays.
In addition, these results are consistent with the recent
work that characterizes a DGK homolog in Bacillus sub-
tilis that also exhibits undecaprenol kinase activity.?® It
was noted that the bacterial species identified with
undecaprenol kinases, like S. mutans,'’B. subtilis,>
S. aureus,'® and L. plantarum,'” are gram-positive bacte-
ria, whereas the DGK in the gram-negative bacterium
E. coli*® does not phosphorylate undecaprenol in vitro.
Sequence analysis also revealed significant differences
between the DGKs from gram-negative and gram-posi-
tive bacteria. As C. jejuni is also a gram-negative bacte-
rium, its lack of a DGK-like undecaprenol kinase is not
surprising and is consistent with the hypothesis that
gram-negative and gram-positive bacteria have devel-
oped different mechanisms of isoprene recycling.
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4. Conclusion

In summary, the S. mutans DGK has been used to pre-
pare polyprenyl phosphates, including undecaprenyl
phosphate and dolichyl phosphate, from the unmodified
polyprenols using ATP as the phosphoryl donor. Thus,
this kinase can be used to generate the prenyl phosphate
substrates needed for in vitro biochemical studies of
peptidoglycan synthesis in bacteria and N-linked gly-
coysylation in all domains of life. Specifically, the kinase
has been used here in conjunction with enzymes from
the bacterial N-linked glycosylation pathway in C. jejuni
to produce the radiolabeled undecaprenyl pyrophos-
phate-linked disaccharide needed to probe the function
of PgIB, the oligosaccharyl transferase. It is probable
that the kinase could be coupled successfully to glycosyl-
transferases from prokaryotic and eukaryotic pathways.
In addition, dLBT-kinase fusion proteins were expressed
and partially purified as cell envelope fractions and the
unique luminescence of the interaction of Tb*" with
the dLBT was used to quantify the amount of protein
present in the crude fraction. S. mutans DGK is an ex-
tremely useful and rapid tool for the synthesis of small,
highly quantifiable amounts of polyprenyl phosphates.

5. Experimental
5.1. Materials

The genomic DNA of S. mutans (25175D) and C. jejuni
(700819D-5) were acquired from the American Type
Culture Collection. The radiolabeled substrates were
purchased from American Radiolabeled Chemicals,
Inc. The UDP-bacillosamine was prepared as previously
described?’” and the UDP-GalNAc was purchased from
Sigma-—Aldrich. The pure solvent upper phase (PSUP)
solvent used in the enzyme assays was prepared by mix-
ing 235 ml of H,O containing 1.83 g of KCI with 15 ml
CHCIl; and 240 ml MeOH. The fluorophore-labeled
disaccharide was separated on a normal-phase Glyko-
SepN HPLC column purchased from ProZyme. The iso-
prenol derivatives were separated on a normal-phase
Varian Microsorb HPLC column. A Fluoromax 2
instrument from Jobin Yvon Horiba was used to mea-
sure the LBT luminescence. A LS6500 Beckman Scintil-
lation Counter was used to determine the radioactivity
present in the assay samples.

5.2. Cloning of kinase genes into expression vector

Campylobacter jejuni BacA and C. jejuni DGK were
cloned from C. jejuni genomic DNA (ATCC 700819)
using the polymerase chain reaction. Primers for both
proteins inserted a BamHI restriction site at the N-ter-
minus  (CGCGGATCCATGGAAAATTTATATGC
TTTAATACTTGG for BacA and CGCGGATCCAT-
GA AGCCTAAATATCATTTTTTAAATAACG for
DGK) and an Xhol restriction site at the C-terminus
(CGGCTCGAGTAGCTTAAATTCACTTCCAGCA
TTTAAAATC for BacA and CGGCTCGAGATGA
AAAAGCAAAAACCAAATTTTTGG for DGK). S.
mutans dgk was cloned from S. mutans genomic DNA

(ATCC 25175D) using PCR. Similar primers inserted
a BamHI site at the N-terminus (CGCGGATCCATG
CCTATGGACTTAAGAGATA-ATAAGC) and an
Xhol site at the C-terminus (CGGCTCGAGATGA
AAAAGCAAAAACCAAATT-TTTGG). The genes
were inserted into a pET-24a(+) expression vector
(Novagen), which contains a T7 tag at the N-terminus
and a Hisg tag at the C-terminus.

5.3. Expression of enzymes in E. coli BL21 cells

Streptococcus mutans DGK and C. jejuni BacA were ex-
pressed in E. coli BL21 Gold cells and C. jejuni DGK
was expressed in E. coli BL21 Codon Plus-RIL cells.
A liter of Luria—Bertani Broth was inoculated with
5 ml of an overnight starter culture and incubated with
shaking at 37 °C. When the ODgqo of S. mutans DGK
and C. jejuni DGK reached ~0.4 AU, the cultures were
cooled to 16 °C. At 0.6 AU, the cultures were induced
with 1 mM isopropyl-p-p-thiogalactoside and incubated
with shaking for ~20h at 16 °C. The procedure was
similar for C. jejuni BacA, with the exception that the
cells were not cooled prior to induction and were incu-
bated at 37 °C overnight. The cells were harvested by
centrifugation and pellets were stored at —80 °C.

5.4. Isolation of kinases in cell envelope fractions

The kinases were isolated in cell envelope fractions. The
frozen cell pellets were thawed into 40 ml of buffer con-
taining 50 mM Tris, 1 mM ethylenediaminetetraacetic
acid (EDTA) per liter of cells and lysed by sonication.
A low speed spin (45 min, 5697g) removed most of the
cellular debris; it was followed by high speed spin
(65 min, 142,414g) to pellet the cell envelope fraction.
The pellet was homogenized in 0.5 ml of 50 mM Tris,
pH 8.0, per gram of cell pellet and aliquoted into smaller
fractions for storage at —80 °C.

5.5. Assays of kinases with [y-*’P]-ATP

To a tube containing 13 nmol of dried lipid, 3 pl di-
methyl sulfoxide (DMSO) and 7 ul 7% Triton X-100
were added. The tube was vortexed and sonicated for
several minutes to ensure solubilization of the lipid. To
the same tube, 5puM [y->*P]-ATP (~4.5 mCi/mmol),
40 pl of purified enzyme, or 10 pul of crude enzyme,
30 mM Tris—acetate buffer, pH 8.0, 50 mM MgCl,,
and dH,O were added to a total volume of 100 pl. The
reaction was initiated with ATP and generally quenched
after 1 h into 1 ml of 2:1 CHCl;:-MeOH and extracted
with PSUP (3x, 400 pl). The organic layer was dried un-
der nitrogen gas and prepared for scintillation counting
by addition of 200 ul of Solvable and 5 ml of Formula
989 (Perkin-Elmer) with vortexing. After waiting
60 min for the decay of chemiluminescence, samples
were counted for 1-5 min.

5.6. Purification of kinases from cell envelope fractions
To purify the kinases from the cell envelope fraction,

50 Wl of sample was incubated with 5% Triton X-100
for 1 h at 4 °C. Then the samples were spun at 16,110g
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in a tabletop microcentrifuge. The resultant supernatant
was incubated with 100 pul Ni-NTA resin for 1 h. The re-
sin was placed in a 0.2 um filter in a microcentrifuge
tube for the subsequent wash and elution steps. The re-
sin was washed twice with 250 pl of buffer containing
50 mM potassium phosphate, pH 8.0, 300 mM NaCl,
and 1% Triton X-100, and twice with 250 pl of the same
buffer with 45 mM imidazole; each wash was centrifuged
for 45s at 1306g. The protein was eluted in 200 pl of
the same buffer containing 300 mM imidazole. Enzymes
were assayed immediately following the elution
step.

5.7. Purification of phosphorylated isoprenols by normal-
phase HPLC

The phosphorylated isoprenols were separated on a nor-
mal-phase analytical HPLC column using 4:1 CH;CI:
MeOH (solvent A) and 10:10:3 CH;Cl:MeOH:H-O,
2 M ammonium acetate (solvent B). A gradient of 50%
to 30% of solvent A over 20 min was used at a flow rate
of 1 ml/min. Fractions of 0.5 ml were collected and were
subjected to scintillation counting to detect the radiola-
beled isoprenol derivatives. TLC conditions used for
Und-P were 65:25:4 CHCIl;:MeOH:H,O.

5.8. Synthesis of radiolabeled undecaprenyl pyrophos-
phate disaccharide

To synthesize the desired undecaprenyl pyrophosphate-
linked Bac-[*H]GalNAc, undecaprenol (20 pg, 26 nmol)
in hexanes was measured into a microcentrifuge tube
and the solvent removed by evaporation. After adding
DMSO (6 nL), followed by 1% Triton X-100 to solubi-
lize the isoprenol, 50 mM MgCl,, 30 mM Tris—acetate,
pH 8.5, S. mutans kinase CEF (50 puL), purified PglA
(~1 mg/ml, 20 pL), PglC CEF (20 pL), and dH,O were
combined for a final reaction volume of 200 uL. In a
separate tube, 10 mM ATP, 2 mM UDP-Bac, 50 uM
UDP-[6-’H]GalNAc (150 mCi/mmol) were mixed, and
the reaction was initiated by the addition of the sub-
strate mixture to the enzyme. The reaction mixture
was stirred every 30 min for 2 h, then quenched through
the addition of 2:1 CHCI;:MeOH (1.3 mL). The aque-
ous layer was removed, and the organic layer extracted
with PSUP (3x, 300 pL).

5.9. Quantification of the dLBT-kinase in a cell envelope
fraction using luminescence

The amount of dLBT-tagged protein present in a sample
was determined by measuring the luminescence of the
sample incubated with Tb** under denaturing condi-
tions. A Fluoromax 2 instrument (Jobin Yvon Horiba)
was used to obtain the luminescence emission spectra
as previously described.?® The samples were prepared
by diluting the cell envelope fraction to a total of
2.99 ml of 6 M guanidine hydrochloride. A 40-fold dilu-
tion minimum was maintained to ensure complete dena-
turation of the protein and availability of the dLBT for
Tb** binding. The luminescence was measured by inte-
grating the area under the Tb®" emission peak at
544 nm. Measurements were recorded before and after

the addition of 10 ul of 1 mM Tb>* to obtain the back-
ground luminescence for subsequent calculations.

A purified dLBT-ubiquitin construct was used as a stan-
dard to determine the amount of luminescence emitted
by a known amount of dLBT. The concentration of
the dLBT-ubiquitin was determined using UV spectros-
copy (e250 = 15590 M~'em™"). A linear standard graph
was prepared for a range of dLBT-ubiquitin concentra-
tions from 50 nM to 2 uM. The luminescence of the
dLBT-kinases was recorded and compared to the stan-
dards to approximate the amount of kinase present.
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