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Peptidoglycan (PG) is unique to bacteria, and thus, the enzymes responsible for its biosynthesis are prom-
ising antibacterial drug targets. The membrane-embedded enzymes in PG remain significant challenges
in studying their mechanisms due to the fact that preparations of suitable enzymatic substrates require
time-consuming biological transformations or chemical synthesis. Lipid I (MurNAc(pentapeptide)-
pyrophosphoryl prenol) is an important PG biosynthesis intermediate to study the central enzymes,
translocase I (MraY/MurX) and MurG. Lipid I isolated from nature contains the Cso- or Css-prenyl unit
that shows extremely poor water-solubility that renders studies of translocase [ and MurG enzymes dif-
ficult. We have studied biological transformation of water soluble lipid I fluorescent probes using bacte-
rial membrane fractions and purified MraY enzymes. In our investigation of the minimum structural
requirements of the prenyl phosphates in MraY-catalyzed lipid I synthesis, we found that (2Z,6E)-farnesyl
phosphate (C;5-phosphate) can be recognized by Escherichia coli MraY to generate the water-soluble lipid
I fluorescent probe in high-yields. Under the optimized conditions, the same reaction was performed by
using the purified MraY from Hydrogenivirga spp. to afford the lipid I analog with high-yields in a short
reaction time.

Chemoenzymatic synthesis

© 2015 Elsevier Ltd. All rights reserved.

Since peptidoglycan (PG) is an essential bacterial cell-wall
polymer, the machinery for PG biosynthesis provides a unique
and selective target for antibiotic action.'” To date, only a few
enzymes in PG biosynthesis such as the transpeptidase of penicillin
binding proteins (PBPs) have been studied extensively. Thus, the
machinery for PG synthesis is still considered to be a source of
unexploited drug targets.*> We have been studying bacterial phos-
photransferases and glycosyltransferases aiming at developing
new antibacterial agents for multi-drug resistant (MDR) patho-
gens.””!'® Especially, the membrane-associated proteins translocase
[ (MraY/MurX) and MurG, which catalyze the transformations from
Park’s nucleotide (UDP-MurNAc-pentapeptide) to lipid 1 (Mur-
NAc(pentapeptide)-pyrophosphoryl prenol) and from lipid I to
lipid II (GIcNAc-MurNAc(pentapeptide)-pyrophosphoryl prenol),
are our research interests (Fig. 1). Syntheses of lipid I and lipid II
have been achieved by total chemical synthetic or chemoenzy-
matic approaches; however, these processes require sophisticated
synthetic techniques and skills in purifying amphiphilic mole-
cules.%'#19 In addition, the cost of acquisition of enough polypre-
nyl phosphate is very high. Recently, we reported biosynthesis of a
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water-soluble lipid I-neryl (Cqo) analog 7 from Park’s nucleotide-
Né-dansylthiourea 1 (Figs. 2 and 3) and neryl phosphate using
Mycobacterium smegmatis P-60 (MraY-containing membrane frac-
tion).> A water-soluble lipid I generated in the reaction could be
quantitated conveniently via reverse-phase HPLC without tedious
extraction procedures. These synthetic protocols could be applied
to a development of robust MraY/MurX assay for identifying novel
antibacterial agents.” Investigation of versatile MraY/MurG
enzyme substrate mimics that can efficiently be transformed to
lipid I and lipid II fluorescent derivatives requires further structural
studies of Park’s nucleotide and lipid L. In the present Letter, we
report a new Park’s nucleotide fluorescent probe 4 that can be rec-
ognized by MraY and MurG from a wide range of bacteria and the
efficient biosynthesis of a water soluble lipid I fluorescent probe 10
with Escherichia coli MraY and a purified MraY.

We realized that MurX- or MraY-containing membrane frac-
tions (P-60)?° obtained from Mycobacterium tuberculosis, Mycobac-
terium smegmatis, Staphylococcus aureus, and E. coli could recognize
Park’s nucleotide fluorescent probes (1-3, Fig. 2) and they could be
converted to the corresponding lipid I analogs in 15-25% yields
when 2-10 equiv of undecaprenyl phosphate was utilized under
optimized conditions.?’~2> On the other hand, Park’s nucleotide
fluorescent probes (1-3) were not effective in the biosynthesis of
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Figure 1. Biosynthesis of lipid II from Park’s nucleotide in E. coli.

lipid II analogs using P-60 in the presence of UDP-GIcNAc. These
results indicate that the binding affinity of lipid I, whose lysine res-
idue was modified directly with commercially available fluoro-
phores, with MurG is markedly decreased. On the other hand,
Park’s nucleotide-N*-C6-dansyl 4 was converted to the correspond-
ing lipid I and lipid Il in 65-70% yield using E. coli P-60 in the
absence or presence of UDP-GIcNAc (Fig. 2). It is interesting to note
that a nitrobenzoxadiazole (NBD) linked N-glycolyl Park’s nucleo-
tide was applied to the biosynthesis of lipid II, but the desired lipid
Il derivative was isolated in a trace amount when E. coli membrane
fraction was used.?® Thus, we could identify a linker, 6-aminohex-
an-1-ol that can effectively conjugate the fluorophore with Park’s
nucleotides without loss of the binding affinities with MraY and
MurG. Because Park’s nucleotide-N°-C6-dansyl 4 could be
converted to undecaprenyl lipid II via P-60 derived from
M. tuberculosis, M. smegmatis, S. aureus, and E. coli, it was concluded
that 4 is a versatile Park’s nucleotide probe to study functions and
mechanisms of MraY/MurX and MurG. In order to confirm the effi-
ciency of 4 in the biosynthesis of lipid I-fluorescent probes, a series
of experiments were performed. In biosynthesis of neryl-lipid I
analog with Park’s nucleotide-N®-dansylthiourea 1, the reaction
with M. smegmatis P-60 furnished the neryl-lipid I analog in >50%
yield within 2 h, whereas, the same reaction with E. coli P-60 did
not provide the desired product with <20% (a vs b in Fig. 3). Park’s
nucleotide-N*-C6-dansyl 4 has a significant advantage in biosyn-
theses of lipid I analogs; the corresponding neryl-lipid I derivative
9 could be synthesized with >60% and 80% yields in 3 h using E. coli
and M. smegmatis P-60, respectively (c vs d in Fig. 3). Upon further
investigation of minimum structure requirement of the prenyl
phosphate in the MraY-catalyzed lipid I analog synthesis with 4,
it was found that (2Z,6E)-farnesyl phosphate (C;5-phosphate) is a
better mimic for prenyl phosphate than neryl phosphate
(Cio-phosphate); in the product/time course experiments, no

obvious difference in reaction rate was observed between E. coli
and M. smegmatis P-60 catalyzed lipid I analog syntheses (e vs f
in Fig. 3).

Comparison of kinetic parameters of E. coli P-60-catalyzed lipid
I-neryl and -farnesyl syntheses with 4 clearly supported the
observed reaction rates (c vs fin Fig. 3); E. coli MraY has over 5 times
higher K, value for neryl phosphate than that for farnesyl phos-
phate (5.66 x 10 uM for neryl-P and 9.80 x 10? uM for farnesyl-
P). The Vpax for farnesyl-lipid I-N°-C6-dansyl 10 synthesis by
E. coli MraY was determined to be 7.96 x 10~ uM/s through the
Michaelis-Menten plot, whereas 1.23 x 10~ uM/s for neryl-lipid
I-N®-C6-dansyl 9.%” Significant difference in MraY-catalyzed far-
nesyl-lipid I analog synthesis compared to the neryl-lipid I version
can be attributed to the fact that more hydrophobic characteristics
of the farnesyl group increases the affinity with the hydrophobic
catalytic site of MraY. However, it is worth mentioning that farnesyl
phosphate applied in these experiments has 2Z,6E-configuration,
albeit, the natural substrates has 2Z,6Z-isoprenyl units (Fig. 1).

(2Z,6E)-Farnesyl phosphate was synthesized from farnesol (11)
in three steps in >38% overall yield,?® thus, unlike undecaprenyl
phosphate, a sufficient amount of the water-soluble counterpart
is readily available. Park’s nucleotides can be relatively easily syn-
thesized via total chemical synthesis or enzymatic processes using
crude MurA-F from UDP-GIcNACc.%° As illustrated in Scheme 1, the
fluorescent linker 14 was synthesized in two steps in >90% overall
yield;?° 14 could be utilized for conjugation with Park’s nucleo-
tides without purification. Conjugation between Park’s nucleotide
and 14 was accomplished with Pr,NEt in water-containing
solvents (see, Supporting information).?° Park’s nucleotide-N*-C6-
dansyl 4 could be stored in DMSO or in pH 8 Tris-buffer at
—20°C for over three months without detectable degradation.
Thus, practical and convenient enzymatic substrates were identi-
fied to study MraY and MurG enzymes.
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Figure 2. Identification of a fluorescent probe for MraY/MurG-catalyzed biotransformations.
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Figure 3. Biosyntheses of lipid I analogs via P-60 membrane fractions.

The MraY-catalyzed transformation of lipid I from Park’s nucle-
otide is believed to be a reversible process.’' Therefore, it is diffi-
cult to achieve a complete conversion with natural enzyme
substrates. On the contrary, under optimized conditions synthesis
of farnesyl-lipid I 10 with Park’s nucleotide-N®-C6-dansyl 4 and
E. coli P-60 could be achieved in >80% yield within 1 h when
60 equiv of farnesyl phosphate 12 was used (Fig. 4). Even using
3 equiv of 12, a useful level of conversion was achieved for study-
ing functions of Mray.

For structural and functional studies, recombinant MraY
enzymes from thermophilic eubacteria, such as Aquifex spp. or
Hydrogenobacter spp. have been expressed and purified by several
research groups.>? In our attempt at development of a rapid and
practical preparation of lipid I fluorescent probes, the purified
MraY (40.1 kDa) from Hydrogenivirga spp. 128-5-R1-1 was applied
for the synthesis of farnesyl-lipid I-N*-C6-dansyl 10.>> When HyM-
raY was applied to the transformation from Park’s nucleotide-N°-
dansylthiourea 1 to neryl-lipid I-N°-dansylthiourea 7 with neryl
phosphate (60 equiv), denaturing of the purified MraY was
observed during long reaction time required for neryl-lipid I syn-
thesis; the reaction was terminated in 40-60% conversion within
1 h, whereas, the same reaction with M. smegmatis P-60 furnished
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Figure 4. Effect of concentrations of (2Z,6E)-farnesyl phosphate on biosynthesis of
farnesyl-lipid I-N°~C6-dansyl 10.

the desired product 7 in near quantitative yields after 12 h (in
0.075 mM solution for Park’s nucleotide).” Using membrane frac-
tions (e.g., P-60) is a convenient approach for pilot scale syntheses
and especially for biological assays. However, the reactions using
P-60 membrane fractions are impractical when one aims to syn-
thesize over-milligram quantities of the substrates due to a
requirement of large volume of P-60 and a phase-transfer catalyst
(detergent). In contrast, HyMraY-catalyzed lipid I synthesis with
Park’s nucleotide-N°-C6-dansyl 4 and farnesyl phosphate 12
(30 equiv) could be accomplished within 1 h to afford 10 in quan-
titative yields. Notably, this reaction could readily be scaled-up for
the synthesis of a few milligram of 10 with HyMraY (20 pg) in
0.3 mM concentrations (for Park’s nucleotide) (Fig. 5). The reaction
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% mixture was lyophilized and filtered through a membrane filter to
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" X X afford the crude product, which was purified by reverse-phase
HPLC (solvent: CH3CN/0.05 M aq. NH4HCOs = 25:75), yielding 10
X 6000 in 80-90% yield.>* All physical data including the retention time
9 030eq (in HPLC) of farnesyl-lipid I-N*-C6-dansyl 10 synthesized in Fig-
1 o 2000 ure 5 agreed with 10 synthesized via a total chemical synthesis.>®
[ . . .
= 100 In summary, we have demonstrated efficient biosynthesis of a
.5 water-soluble lipid I fluorescent probe with a convenient mem-
e . .36 .
. a brane fraction (P-60) prepared from E. coli.*® In previous works,
e s . . . R . .
. biosynthesis of lipid I analogs with Park’s nucleotide-N*-dans-

ylthiourea 1 was demonstrated via P-60 from Mycobacterium
spp; the affinity of 1 with the other MraY enzymes are weaker than
that from Mycobacterium spp.” A new probe, Park’s nucleotide-N*-
C6-dansyl 4 exhibited sufficient affinity with translocase I enzymes
of a wide range of bacterial species.>’ (2Z,6E)-Farnesyl phosphate
12 was identified as a water soluble counterpart of undecaprenyl
phosphate for MraY enzymes. The combination of the MraY
enzyme substrate mimics, 4 and 12 enabled the syntheses of lipid
I analogs with a purified MraY at high concentrations; as demon-
strated in Figure 5 a few milligram quantities of farnesyl-lipid I-
N?®-C6-dansyl 10 could be synthesized with HyMraY (~20 pug)
within 1 h. We have accomplished the synthesis of over 300 mg
quantities of Park’s nucleotide.” Therefore, lipid I and lipid 1I fluo-
rescent probes can be synthesized chemoenzymatically according
to the procedures illustrated in Scheme 1 and Figure 3. Lipid I-
N®-C6-dansyl 5 was recognized by MurG to form the corresponding
lipid II 6. A water-soluble lipid I-N*-C6-fluorecent probe will be a
valuable asset to study functions of MurG and the other enzymes
associated with MurG.>®~#° New lipid I fluorescent probes and their
kinetic parameters for MurG will be disclosed elsewhere.
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4.18 (t,] = 6.6 Hz, 2H), 2.95 (s, 6H), 2.97-2.85 (m, 2H), 1.65-1.56 (m, 2H), 1.47-
1.38 (m, 2H), 1.29-1.21 (m, 4H); LRMS (EI) calcd for Cy5H30N307S ([M+H]*):
516.18, found: 516.26.

Data for Park’s nucleotide-N°-C6-dansyl (4): '"H NMR (400 MHz, deuterium
oxide) & 8.46 (d, J = 8.6 Hz, 1H), 8.27 (d, J = 8.7 Hz, 1H), 8.23 (d, J = 7.3 Hz, 1H),
7.89 (d, J = 8.1 Hz, 1H), 7.66 (q, J = 7.4 Hz, 2H), 7.38 (d, ] = 7.6 Hz, 1H), 5.91 (d,
J=3.7Hz, 1H), 5.89 (d, J = 7.9 Hz, 1H), 5.41 (dd, J = 7.3, 3.2 Hz, 1H), 4.32-4.26
(m, 2H), 4.25-4.02 (m, 10H), 3.90 (dt, J=9.7, 3.0 Hz, 1H), 3.82-3.70 (m, 3H),
3.66-3.54 (m, 3H), 3.04 (t, J = 6.3 Hz, 2H), 2.92 (t, J = 6.5 Hz, 2H), 2.84 (s, 6H),
2.26-2.19 (m, 2H), 2.13-2.02 (m, 1H), 1.95 (s, 3H), 1.87-1.78 (m, 1H), 1.74-
1.62 (m, 2H), 1.47-1.32 (m, 4H), 1.37 (d, J = 7.2 Hz, 3H), 1.34 (d, J = 6.7 Hz, 3H),
1.29(d,J =7.7 Hz, 3H), 1.27 (d, ] = 7.6 Hz, 3H), 1.13-1.06 (m, 2H), 1.04-0.97 (m,
2H), 0.85-0.68 (m, 4H); LRMS (EI) calcd for CsgHgoN;1030P,S ([M+H]"):
1526.51, found: 1526.40.
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MraY, a pET22b vector containing an N-terminal 6xHistagged HyMraY was
used to transform Nico(pLemo) cells for expression.

Synthesis of lipid I analog with HyMraY: Tris-buffer (pH = 8.0; 50 mM, 1.7 pL),
Triton X 100 (22%; 0.2 pL), MgCl, (2.5 M; 2 uL), KCl (4 M, 5 plL), (2Z,6E)-farnesyl
phosphate (20 mM, 11.3 pL), and Park’s nucleotide-N®-C6-dansyl (2 mM;
3.8 uL) were placed in a 1.5mL Eppendorf tube. To a stirred reaction
mixture, HyMraY (~0.1 mg/mL, 6 pL) was added (total volume of reaction
mixture: 30 pL). The reaction mixture was incubated for 1h at room

Please cite this article in press as: Mitachi, K.; et al. Tetrahedron Lett. (2015), http://dx.doi.org/10.1016/j.tetlet.2015.01.044



http://dx.doi.org/10.1016/j.tetlet.2015.01.044
http://dx.doi.org/10.1016/j.tetlet.2015.01.044
http://refhub.elsevier.com/S0040-4039(15)00059-3/h0005
http://refhub.elsevier.com/S0040-4039(15)00059-3/h0010
http://refhub.elsevier.com/S0040-4039(15)00059-3/h0015
http://refhub.elsevier.com/S0040-4039(15)00059-3/h0020
http://refhub.elsevier.com/S0040-4039(15)00059-3/h0025
http://refhub.elsevier.com/S0040-4039(15)00059-3/h0025
http://refhub.elsevier.com/S0040-4039(15)00059-3/h0030
http://refhub.elsevier.com/S0040-4039(15)00059-3/h0030
http://refhub.elsevier.com/S0040-4039(15)00059-3/h0035
http://refhub.elsevier.com/S0040-4039(15)00059-3/h0040
http://refhub.elsevier.com/S0040-4039(15)00059-3/h0045
http://refhub.elsevier.com/S0040-4039(15)00059-3/h0050
http://refhub.elsevier.com/S0040-4039(15)00059-3/h0055
http://refhub.elsevier.com/S0040-4039(15)00059-3/h0055
http://refhub.elsevier.com/S0040-4039(15)00059-3/h0060
http://refhub.elsevier.com/S0040-4039(15)00059-3/h0060
http://refhub.elsevier.com/S0040-4039(15)00059-3/h0065
http://refhub.elsevier.com/S0040-4039(15)00059-3/h0070
http://refhub.elsevier.com/S0040-4039(15)00059-3/h0070
http://refhub.elsevier.com/S0040-4039(15)00059-3/h0075
http://refhub.elsevier.com/S0040-4039(15)00059-3/h0075
http://refhub.elsevier.com/S0040-4039(15)00059-3/h0080
http://refhub.elsevier.com/S0040-4039(15)00059-3/h0080
http://refhub.elsevier.com/S0040-4039(15)00059-3/h0085
http://refhub.elsevier.com/S0040-4039(15)00059-3/h0085
http://refhub.elsevier.com/S0040-4039(15)00059-3/h0090
http://refhub.elsevier.com/S0040-4039(15)00059-3/h0090
http://refhub.elsevier.com/S0040-4039(15)00059-3/h0095
http://refhub.elsevier.com/S0040-4039(15)00059-3/h0095
http://refhub.elsevier.com/S0040-4039(15)00059-3/h0100
http://refhub.elsevier.com/S0040-4039(15)00059-3/h0100
http://refhub.elsevier.com/S0040-4039(15)00059-3/h0105
http://refhub.elsevier.com/S0040-4039(15)00059-3/h0105
http://refhub.elsevier.com/S0040-4039(15)00059-3/h0110
http://refhub.elsevier.com/S0040-4039(15)00059-3/h0115
http://refhub.elsevier.com/S0040-4039(15)00059-3/h0115
http://refhub.elsevier.com/S0040-4039(15)00059-3/h0120
http://refhub.elsevier.com/S0040-4039(15)00059-3/h0120
http://refhub.elsevier.com/S0040-4039(15)00059-3/h0125
http://refhub.elsevier.com/S0040-4039(15)00059-3/h0125
http://refhub.elsevier.com/S0040-4039(15)00059-3/h0130
http://refhub.elsevier.com/S0040-4039(15)00059-3/h0130
http://refhub.elsevier.com/S0040-4039(15)00059-3/h0135
http://refhub.elsevier.com/S0040-4039(15)00059-3/h0135
http://refhub.elsevier.com/S0040-4039(15)00059-3/h0135
http://refhub.elsevier.com/S0040-4039(15)00059-3/h0140
http://refhub.elsevier.com/S0040-4039(15)00059-3/h0140
http://dx.doi.org/10.1016/j.tetlet.2015.01.044

35.
36.

ARTICLE IN PRESS

K. Mitachi et al./ Tetrahedron Letters xxx (2015) XxX—XxX

temperature. The reaction mixture was lyophilized and filtered through a
membrane filter. The crude product was purified by reverse-phase HPLC
(CH3CN/0.05 M ammonium bicarbonate = 25:75). This reaction was scaled-up
by using Park’s nucleotide-N°-C6-dansyl (1.5 mg) and (2Z6E)-farnesyl
phosphate (9 mg) in total volume of 1.5 mL.
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