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Abstract: The membrane protein translocase I (MraY) is
a key enzyme in bacterial peptidoglycan biosynthesis. It is
therefore frequently discussed as a target for the develop-
ment of novel antibiotics. The screening of compound libra-
ries for the identification of MraY inhibitors is enabled by an
established fluorescence-based MraY assay. However, this
assay requires a dansylated derivative of the bacterial bio-
synthetic intermediate Park’s nucleotide as the MraY sub-
strate. Isolation of Park’s nucleotide from bacteria and subse-

quent dansylation only furnishes limited amounts of this
substrate, thus hampering the high-throughput screening
for MraY inhibitors. Accordingly, the efficient provision of
dansylated Park’s nucleotide is a major bottleneck in the ex-
ploration of this promising drug target. In this work, we
present the first total synthesis of dansylated Park’s nucleo-
tide, affording an unprecedented amount of the target com-
pound for high-throughput MraY assays.

Introduction

Bacterial strains with resistances towards established antibiot-
ics continue to emerge, thus representing a major threat to
human health.[1] The development of novel antibiotics is there-
fore highly desirable. In order to circumvent existing resistance
mechanisms, such novel antimicrobial agents should ideally
display new modes of action.

Many clinically used antibiotics, such as the b-lactams or
vancomycin,[2] block the formation of the bacterial cell wall
structure by inhibition of peptidoglycan biosynthesis. However,
almost all of these therapeutic agents inhibit one of the late
extracellular steps of peptidoglycan biosynthesis, while the
early intracellular steps remain largely unexplored. The bacteri-
al membrane protein MraY is one of the key enzymes in the in-

tracellular section of peptidoglycan formation and is frequently
mentioned as a potential new drug target.[3] MraY catalyzes
the reaction of the cytosolic precursor UDP-MurNAc-pentapep-
tide (“Park’s nucleotide”) 1 with the membrane anchor unde-
caprenyl phosphate, thus furnishing the membrane-bound bio-
synthetic intermediate lipid I (2 ; Scheme 1).[4]

According to a topology model, MraY was predicted to be
an integral membrane protein comprised of ten transmem-
brane helices and five cytoplasmic loops forming the active
site.[5a] This principle architecture was recently confirmed by
the first X-ray crystal structure of an MraY homologue, in this
case from the extremophile Aquifex aeolicus.[5b] Mechanistic
studies on MraY including mutagenesis were also performed,
but have not provided a universally accepted molecular mech-
anism of the enzyme’s catalytic action yet.[6] Several MraY ho-
mologues from different bacterial species were heterologously
overexpressed, including cell-free expression methodology.[7]

Naturally occurring uridine-derived nucleoside antibiotics
(e.g. , muraymycins, caprazamycins, liposidomycins, capuramy-
cins and mureidomycins) and their analogues are known to be
potent inhibitors of MraY.[8] So far, insights into the molecular
details of MraY inhibition have mainly been based on struc-
ture–activity relationship (SAR) data (for selected examples for
muraymycins see ref. [9]) and also on some biochemical stud-
ies.[10] Very recently, the first X-ray co-crystal structure of MraY
from Aquifex aeolicus in complex with an inhibitor, that is, the
natural product muraymycin D2, has been reported.[11] A com-
parison of this enzyme–inhibitor complex with the structure of
the apo-protein[5b] revealed that MraY undergoes significant
conformational changes upon ligand binding. This pronounced
conformational plasticity suggests that computer-aided drug
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design based on the structure of the MraY–inhibitor complex
will be challenging. It is therefore expected that the identifica-
tion of novel MraY inhibitors, particularly synthetic non-nucleo-
side congeners, will be based on the screening of compound
libraries using high-throughput MraY assays in vitro.

Several assays are established for in vitro studies on MraY ac-
tivity (and therefore also its inhibition). In principle, three dif-
ferent methods have been reported so far: 1) a fluorescence-
based assay established by Bugg et al. ;[12] 2) a radioactivity-
based assay;[9a, 12c] 3) a Fçrster resonance energy transfer
(FRET)-based assay.[13] Comparing these options, Bugg’s fluores-
cence-based assay (1) appears to be particularly useful as it
has been shown to provide robust results and to be compati-
ble with high-throughput screening (HTS) methodology.[12c]

Bugg’s assay (1) employs dansylated Park’s nucleotide 3 (with
the dansyl moiety attached to the lysine side chain) as a sub-
strate analogue (Figure 1). The incubation of 3 with recombi-
nantly expressed MraY and commercially available undecapren-
yl phosphate in the presence of MgII furnishes dansylated lipid
I (structure not shown), which displays an increased fluores-
cence relative to 3. Thus, the assay mixture shows an increase
of fluorescence over time, which can be slowed down or
blocked by addition of an MraY inhibitor.

A potential application of the fluorescence-based assay for
the HTS of larger compound libraries would require a robust
supply of significant amounts of the dansylated substrate 3.
Previously, 3 was obtained by semi-synthetic dansylation of
Park’s nucleotide 1 isolated from bacterial cultures.[12c] The ob-
vious disadvantage associated with this method consists in the
intrinsically low output of 1. We have therefore decided to

pursue a total chemical synthesis of 3 with its performance to
be benchmarked against the productivity of the semi-synthetic
approach.

Results and Discussion

While the preparation of 3 by total synthesis is unprecedented,
several syntheses of either Park’s nucleotide 1 or related con-
geners were reported before.[14] Hitchcock et al. were the first
to obtain 1 by total chemical synthesis.[14b] In contrast, both
Wong et al.[14c] and Kurosu et al.[14d] have established chemoen-
zymatic methodology to afford 1 and other UDP-N-acetylmur-
amyl-peptides. Following work by Li and Kurosu,[14e] Wong
et al. have further reported a chemical synthesis of N-glycolyl
Park’s nucleotide (the according peptidoglycan precursor in
Mycobacterium tuberculosis)[14f] as part of their work on biocata-
lytic routes towards lipid I and lipid II derivatives.[14f, g]

In order to avoid any complications associated with the
overexpression and purification of biosynthetic enzymes, we
have decided to develop a chemical synthesis of 3, excluding
chemoenzymatic procedures. The chemical syntheses of Hitch-
cock[14b] and Kurosu/Wong[14e, f] have in common the fact that
the UDP moiety is formed at a late stage by transformation of
a glycosyl monophosphate precursor. Remarkably, their strat-
egies differ in the construction of the pentapeptide moiety.
Hitchcock has assembled a complete pentapeptide building
block and coupled it to a protected N-acetyl muramic acid
(MurNAc) derivative, while both Kurosu and Wong have con-
nected a tetrapeptide unit to a MurNAc-l-Ala building block.
With respect to the formal retrosynthetic cuts relative to the
pentapeptide structure, we will label the former approach
(strategy a, Figure 1) as “[5+0]” and the latter route (strategy b,
Figure 1) as “[4+1]”. For our total synthesis of 3 reported
herein, we have comparatively studied both strategies for the
assembly of the MurNAc-pentapeptide unit.

Our synthesis commenced with the preparation of the pro-
tected MurNAc derivatives. Starting from N-acetyl-glucosamine

Scheme 1. MraY-catalyzed reaction of Park’s nucleotide 1 towards lipid I (2 ;
undecaprenyl phosphate represented schematically; UDP = uridine diphos-
phate; UMP = uridine monophosphate).

Figure 1. Dansylated Park’s nucleotide 3, the substrate for the fluorescence-
based high-throughput MraY assay and target structure of this study, as well
as potential retrosynthetic strategies.
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(GlcNAc) 4, we have employed Hitchcock’s route to synthesize
protected MurNAc phosphate 5, that is, the key building block
for the [5+0]-strategy (Scheme 2). While we followed the prin-
ciple route reported by Hitchcock et al. ,[14b] considerable varia-
tions of several reaction conditions were required in order to
achieve satisfactory yields (details are given in the Supporting
Information). The protected MurNAc derivative 5 was then fur-
ther converted into the corresponding carboxylic acid by cleav-
age of the phenylsulfonylethyl ester under non-nucleophilic
conditions (DBU in dichloromethane). Subsequent esterifica-
tion with l-alanine phenylsulfonylethyl ester 6 furnished pro-
tected MurNAc-l-Ala phosphate 7, that is, the key intermediate
for the [4+1]-strategy, in 70 % yield over 2 steps from 5
(Scheme 2).

For the assembly of the peptide unit, d-alanine methyl ester
hydrochloride 8 and N-Cbz-d-alanine 9 underwent peptide
coupling (product 10, 85 % yield), followed by hydrogenolytic
Cbz deprotection in quantitative yield to give the ester-pro-
tected d-Ala-d-Ala dipeptide 11 (Scheme 3). The hydrogenoly-
sis reaction was carried out in the presence of TFA in order to
isolate the resultant amine as its TFA salt, thus preventing un-
wanted diketopiperazine formation by intramolecular reaction
of the amino group with the methyl ester.

The next coupling step towards a tripeptide intermediate in-
volved a lysine building block. In order to avoid an additional
protection/deprotection sequence for the lysine Ne-amino
group, we desired to introduce the dansyl unit at an early
stage. Therefore, we adapted the previously reported synthesis
of Na-Cbz-Ne-dansyl-l-lysine 12[15] with some slight modifica-
tions (see the Supporting Information) and coupled 12 with di-
peptide 11 (Scheme 3). Several reagents were studied for this
coupling step, with PyBOP giving the best results. Thus, pro-
tected tripeptide 13 was obtained in 85 % yield and its Cbz-de-
protected congener 14 (as a TFA salt) after hydrogenolysis in
quantitative yield.

Subsequent formation of the tetrapeptide required a suitably
protected derivative of d-glutamate 15. Regioselective side

chain esterification of 15 was achieved in the presence of tri-
methylsilyl chloride,[16] affording allyl ester 16 in 80 % yield
(Scheme 3). Cbz protection and methylation then gave diester
17 in 69 % yield over 2 steps, and Pd0-catalyzed deallylation
furnished the desired d-Glu building block 18 in quantitative
yield. For the peptide coupling of 14 with 18, PyBOP and EDC/
HOBt were used to activate 18. With PyBOP, separation of the
product 19 from the phosphoric acid triamide byproduct
proved to be difficult, while EDC/HOBt readily afforded 19 in
72 % yield. After hydrogenolysis of 19, the Cbz-deprotected
congener 20, that is, the tetrapeptide building block for the
[4+1]-strategy, was obtained in 92 % yield (Scheme 3).

Extension of the tetra- to the pentapeptide was achieved by
peptide coupling of 20 with either N-Fmoc-l-alanine 21 or N-
Cbz-l-alanine 22 and EDC/HOBt activation. This led to protect-
ed pentapeptides 23 and 24 in yields of 55 and 59 %, respec-
tively (Scheme 3). In order to obtain the pentapeptide building
block 25 for the [5+0]-strategy, N-terminal deprotection of
either 23 or 24 was required (Scheme 4). However, these de-
protection reactions proved to be unexpectedly difficult. Fmoc
deprotection of 23 with piperidine in DMF mainly led to dike-
topiperazine formation (byproduct 26) by intramolecular reac-
tion of the N-terminal amino group with the glutamate methyl
ester moiety. We therefore focused our attention on the Cbz
deprotection of 24. In pronounced contrast to the synthesis of
dipeptide 11 (vide supra), hydrogenolysis of 24 in the presence
of TFA did not fully suppress diketopiperazine formation
(Scheme 4). Further byproducts resulted from the unexpected
partial hydrolysis of the methyl ester moieties under these con-
ditions, thus leading to cumbersome product mixtures. With
respect to these unexpected hurdles, it was decided to discard
the [5+0]-strategy and to focus on the [4+1]-route instead.

With key intermediates 7 and 20 for the [4+1]-route in
hand, we completed the total synthesis of target compound 3
(Scheme 5). Cleavage of the phenylsulfonylethyl ester moiety
of 7 under non-nucleophilic conditions gave carboxylic acid
27. For the subsequent peptide coupling with 20, several re-
agents were studied. Best results were obtained by using
HATU, which furnished the desired protected MurNAc-phos-
phate pentapeptide 28 in 73 % yield (over 2 steps from 7)
without detectable epimerization of the activated l-Ala moiety.
The next step was the hydrogenolytic debenzylation of the
phosphate moiety. Hitchcock’s protocol[14b] with hydrogenation
in methanol in the presence of cyclohexylamine did not work
in our hands as it led to global basic deprotection of the mate-
rial. We therefore developed an optimized method for this
transformation. Best results were achieved with hydrogenolysis
in dioxane in the presence of acetic acid and isolation of the
phosphate 29 as its monopyridinium salt. Under these condi-
tions, quantitative yields were feasible, with the phosphate
being directly used in the next step without purification.

The formation of the UDP moiety from intermediate 29 was
achieved using the morpholidate method established by Khor-
ana and Moffatt,[17a] with Wong’s modification to employ 1H-
tetrazole for activation of the morpholidate.[14c] Thus, 29 was
treated with the commercially available UMP-morpholidate 30
in the presence of 1H-tetrazole. Subsequent global basic de-

Scheme 2. Synthesis of the protected MurNAc phosphate building blocks 5
and 7. DBU = 1,8-diazabicyclo[5.4.0]undec-7-ene, EDC = 1-ethyl-3-(3-dimeth-
ylaminopropyl)carbodiimide hydrochloride, HOBt = 1-hydroxybenzotriazole.
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protection, HPLC purification and cation exchange finally fur-
nished target compound 3 (as its tetrasodium salt) in 25 %
yield over 3 steps from 28 (Scheme 5). We also tested Meier’s
cycloSal method as an alternative, robust option for the syn-
thesis of NDP sugars,[17b,c] but in this particular case, the results
were less convincing than with the morpholidate approach.

Overall, we have therefore established an efficient total syn-
thesis of dansylated Park’s nucleotide 3, which furnished
65 mg of the target compound, sufficient for numerous MraY
assays under high-throughput conditions. The alternative, pre-
viously reported approach to obtain 3 is based on the isolation
of Park’s nucleotide 1 from bacterial cell culture, followed by
its dansylation in a semi-synthetic manner.[12c] In order to com-

Scheme 3. Synthesis of the tetrapeptide and pentapeptide units 20, 23 and 24. PyBOP = (benzotriazol-1-yloxy)-tripyrrolidinophosphonium hexafluorophos-
phate.

Scheme 4. Attempted deprotection of pentapeptide units 23 and 24.

Scheme 5. Endgame for the synthesis of dansylated Park’s nucleotide 3. Cy = cyclohexyl, HATU = 2-(7-aza-1H-benzotriazol-1-yl)-1,1,3,3-tetramethyluronium
hexafluorophosphate.

Chem. Eur. J. 2016, 22, 1 – 8 www.chemeurj.org � 2016 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim4&&

�� These are not the final page numbers!

Full Paper

http://www.chemeurj.org


pare both approaches, we followed this established protocol
by isolating 1 from bacteria, which was then treated with
dansyl chloride 31 in the presence of base (Scheme 6). This
was followed by HPLC purification and cation exchange to
give 3 (as its tetrasodium salt) in 38 % yield. As the amount of
1 isolated from bacterial culture on a conventional laboratory
scale was limited, the dansylation could only be carried out on
a small scale (e.g. , dansylation of 2.5 mg of 1, furnishing
�1 mg of the target compound). This semi-synthetic material
was identical to the compound obtained by total synthesis as
proven by comparison of the 1H NMR spectra and by HPLC co-
injection.

Finally, both synthetically and semi-synthetically obtained 3
were tested for their substrate properties with recombinantly
expressed MraY. We therefore cloned the synthetic mraY gene
from Staphylococcus aureus[7a] into a pet28a vector and trans-
formed Escherichia coli Lemo21(DE3) cells for the overexpres-
sion of MraY. After cell lysis, MraY assays were performed with
the disrupted membranes.[9c, 10]

The MraY-catalyzed reaction was monitored by recording
the fluorescence over time,[12] with both synthetically and
semi-synthetically obtained 3 giving a highly similar increase
of fluorescence as anticipated (Figure 2). This increase of fluo-
rescence completely vanished in negative controls using mem-
branes from non-transformed E. coli cells. Furthermore, the ini-
tially observed increase was significantly reduced in the pres-
ence of the commercially available uridine-derived MraY inhibi-
tor tunicamycin.[8] These control experiments confirmed that
the increase of fluorescence was specifically correlated to MraY
activity and not an artifact resulting from the presence of
other membrane components.

Conclusions

In summary, we have completed the first total chemical syn-
thesis of dansylated Park’s nucleotide 3, a substrate analogue
of the bacterial membrane protein MraY for fluorescence-
based high-throughput MraY assays. We have compared two
synthetic strategies towards 3, with the coupling of a MurNAc-
l-Ala derivative with a tetrapeptide unit (“[4+1]-route”) giving
the best results. Thus, an unprecedented amount of the target

compound 3 (65 mg) was obtained, while isolation of Park’s
nucleotide from bacteria and subsequent dansylation only fur-
nished limited amounts of the MraY substrate analogue. Our
work will therefore enable the high-throughput screening of
large compound libraries for novel MraY inhibitors. Further-
more, the reported robust total synthesis of dansylated Park’s
nucleotide 3 will constitute the basis for the preparation of fur-
ther analogues of the native bacterial metabolite 1. These ana-
logues will provide unprecedented insights into the substrate
specificity and the molecular mechanism of MraY.

Experimental Section

Total synthesis of dansylated Park’s nucleotide 3

General methods and the syntheses of all precursor compounds
leading to glycosyl phosphate 28 are described in the Supporting
Information.

To a solution of protected dansylated 1-(dibenzylphospho)muramic
acid pentapeptide 28 (108 mg, 80.0 mmol) in dry dioxane (10 mL),
acetic acid (1.0 mL) and Pd (10 % on charcoal, 137 mg, 0.130 mmol
Pd) were added. The resultant mixture was stirred under an H2 at-
mosphere (1 bar) at RT for 22 h. Pyridine (3 mL) was then added
and the suspension was stirred at RT for 5 min and then centri-
fuged. The supernatant was evaporated under reduced pressure,
dissolved in water and lyophilized to give slightly impure 29 as
a greenish oil (108 mg, 100 % yield: 96 mg). The protected dansy-
lated 1-(phospho)muramic acid pentapeptide monopyridinium salt
29 (228 mg, slightly impure material from two debenzylation reac-
tions of 28) and uridine-5’-monophosphomorpholidate 4-morpho-
line-N,N’-dicyclohexylcarboxamidine salt 30 (182 mg, 0.264 mmol)
were co-evaporated separately with dry pyridine (3 � 5 mL) and
then dissolved together in dry pyridine (5 mL). 1H-Tetrazole (0.45 m

in MeCN, 1.14 mL, 0.510 mmol) was added and the reaction mix-
ture was stirred at RT for 3 d. Water (2 mL) was added and the sol-
vent was evaporated under reduced pressure. The resultant resi-
due was dissolved in a mixture of MeOH, water and NEt3 (7:3:1,
55 mL) and stirred at RT for 4 d. MeOH was evaporated under re-
duced pressure and the remaining solution was lyophilized. The re-

Scheme 6. Semi-synthesis of 3 by dansylation of Park’s nucleotide 1.

Figure 2. MraY assay with synthetically and semi-synthetically obtained dan-
sylated Park’s nucleotide 3 (fluorescence monitoring). Negative controls
were obtained by using membrane preparations from non-transformed
E. coli cells.
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sultant crude product was purified by preparative RP-HPLC (see
the Supporting Information for details) and converted into the tet-
rasodium salt by ion exchange chromatography (Dowex 50WX 50–
100) to give 3 as a greenish solid (65 mg, 25 % over 3 steps from
28). [a]20

D = + 22.4 (c = 1.6, MeOH). 1H NMR (300 MHz, D2O): d= 8.48
(d, J = 8.7 Hz, 1 H, dansyl-H-2), 8.27 (d, J = 8.7 Hz, 1 H, dansyl-H-8),
8.23 (d, J = 7.4 Hz, 1 H, dansyl-H-4), 7.90 (d, J = 8.1 Hz, 1 H, uracil-H-
6), 7.70–7.65 (m, 2 H, dansyl-H-3, dansyl-H-7), 7.38 (d, J = 7.6 Hz, 1 H,
dansyl-H-6), 5.95–5.91 (m, 2 H, ribose-H-1, uracil-H-5), 5.46 (dd, J =
7.2, 3.2 Hz, 1 H, Glc-H-1), 4.34–4.32 (m, 2 H, ribose-H-2, Glc-H-4),
4.29–4.23 (m, 4 H, Ala-H-2, Glc-H-3, ribose-H-4, propionyl-H-2),
4.23–4.10 (m, 5 H, Lys-H-2, Glu-H-2, Glc-H-2, ribose-H-5), 4.10–4.06
(m, 1 H, Ala-H-2), 3.96–3.93 (m, 1 H, Glc-H-6a), 3.85–3.59 (m, 6 H, 2
x Ala-H-2, Glc-H-4, Glc-H-5, Glc-H-6b, ribose-H-3), 2.90 (t, J = 6.5 Hz,
2 H, Lys-H-6), 2.85 (s, 6 H, N(CH3)2), 2.27–2.21 (m, 2 H, Glu-H-4), 2.14–
2.05 (m, 1 H, Glu-H-3a), 1.99 (s, 3 H, N-Ac-CH3), 1.88–1.81 (m, 1 H,
Glu-H-3b), 1.41 (d, J = 7.3 Hz, 3 H, CH3), 1.38 (d, J = 6.8 Hz, 3 H, CH3),
1.42–1.39 (m, 2 H, Lys-H-4), 1.30 (d, J = 7.2 Hz, 6 H, 2 x CH3), 1.26–
1.15 (m, 2 H, Lys-H-5), 1.13–1.03 (m, 1 H, Lys-H-3a), 1.03–0.94 ppm
(m, 1 H, Lys-H-3b) ; 13C NMR (75 MHz, D2O): d= 179.8 (C=O), 177.6
(C=O), 175.8 (C=O), 175.4 (C=O), 174.2 (C=O), 174.0 (C=O), 173.5
(C=O), 152.2 (uracil-C-4), 150.9 (uracil-C-2, dansyl-C-5), 141.6 (uracil-
C-6), 134.1 (dansyl-C-1), 130.2 (dansyl-C-2), 129.8 (dansyl-C-4), 129.0
(dansyl-C-8a), 129.0 (dansyl-C-4a), 128.8 (dansyl-C-7), 124.1 (dansyl-
C-3), 119.1 (dansyl-C-8), 116.0 (dansyl-C-6), 102.7 (uracil-C-5), 94.7
(d, JCP = 5.5 Hz, Glc-C-1), 88.6 (ribose-C-1), 83.2 (d, JCP = 9.2 Hz,
ribose-C-4), 79.9 (propionyl-C-2), 78.0 (Glc-C-3), 73.8 (ribose-C-2),
73.0 (ribose-C-3), 69.7 (Glc-C-4), 68.1 (Glc-C-5), 65.1 (d, JCP = 4.2 Hz,
ribose-C-5), 60.4 (Glc-C-6), 54.4 (Ala-C-2), 54.2 (Ala-C-2), 53.5 (d,
JCP = 8.2 Hz, Glc-C-2), 51.0 (Ala-C-2), 49.8 (Glu-C-2), 52.0 (Lys-C-2),
45.0 (N(CH3)2), 42.2 (Lys-C-6), 31.9 (Glu-C-4), 30.3 (Lys-C-4), 28.2
(Glu-C-3), 27.8 (Lys-C-5), 22.2 (N-Ac-CH3), 22.0 (Lys-C-3), 18.8 (CH3),
17.6 (CH3), 17.0 (CH3), 16.6 ppm (CH3); 31P NMR (121 MHz, D2O): d=
�11.11 (d, J = 20.6 Hz, 1P), �12.92 ppm (d, J = 20.6 Hz, 1P); IR (ATR):
ñ= 3294, 2943, 1741, 1695, 1634, 1541, 1455, 1145, 791, 628 cm�1.
HRMS (ESI): calcd for C52H75N10O28P2S 1381.3954, found 1381.3944
[M�H]� .

Semi-synthesis of dansylated Park’s nucleotide 3

The isolation of naturally occurring Park’s nucleotide 1 was carried
out according to a modified protocol from Kohlrausch and Hçlt-
je.[18a] S. aureus SA113 was grown in Antibiotic Medium 3 (Difco, 3 �
100 mL) at 37 8C and 140 rpm for 24 h as precultures (OD578 = 1.1–
1.2). From each preculture, approximately 70 mL were transferred
into Antibiotic Medium 3 (2 L each, starting OD578�0.06) to give
the main cultures. These were incubated at 37 8C and 140 rpm
until OD578 0.8–0.9 was reached. Penicillin G (Sigma Aldrich,
75 mg mL�1 cell culture) was added and the mixtures were incubat-
ed at 37 8C for 1 h under stirring. Cells were collected by centrifu-
gation (12 000 g, 4 8C, 15 min, at this point cells from all cultures
were combined), resuspended in water (0.1 g wet weight mL�1

water) and slowly stirred into boiling water (double volume). Boil-
ing was continued for 30 min, the suspension was allowed to cool
to RT and finally stirred at 4 8C overnight. It was then centrifuged
(200 000 g, 4 8C, 1 h) and the supernatant was lyophilized. The re-
sultant residue was dissolved in water and applied to gel permea-
tion chromatography (GPC, column Toyopearl TSK-40F (Tosoh Bio-
science, 2.5 � 120 cm), eluent 8:20:2000 pyridine-AcOH-water) to
yield crude 1. Further purification was achieved by preparative RP-
HPLC and final desalting by GPC as described before for UDP-mur-
amyl tripeptide (DAP-type)[18b] to give 1 (�10 mg from the 6 L of
bacterial culture).

To a solution of the thus obtained Park’s nucleotide 1 (2.5 mg,
2.2 mmol) in acetone (190 mL), dansyl chloride (5.9 mg, 22 mmol)
and NaHCO3 (0.25 m in water, 190 mL, 48 mmol) were added. The re-
action mixture was stirred at 24 8C for 3 h. After centrifugation, re-
suspension of the pellet in water (270 mL) and repeated centrifuga-
tion, the supernatants were combined and evaporated under re-
duced pressure. The resultant residue was resuspended in water
(500 mL) and centrifuged again. The supernatant was purified by
semi-preparative RP-HPLC (see the Supporting Information for de-
tails) and converted into the tetrasodium salt by ion exchange
chromatography (Dowex 50WX 50–100) to give 3 as a slightly
greenish solid (1.2 mg, 38 %). 1H NMR spectra and MS data of this
material were identical to the corresponding data for synthetically
obtained 3.

Cloning of the mraY gene from S. aureus

The mraY gene of S. aureus subsp. aureus MRSA252 (BX571856.1)
was purchased from Mr. Gene (see the Supporting Information for
the gene sequence) and provided in a pMA vector. This mraY gene
was cut with the restriction enzymes NcoI and XhoI (New England
Biolabs) and ligated into a pET28a-(+) vector (Novagen), which
had been cut by using the same enzymes. The resultant plasmid
thus featured a gene encoding the MraY enzyme with a C-terminal
His6 tag. The plasmid was amplified with the E. coli strain XL-1 blue
based on the kanamycin resistance provided by the pET28a vector,
and its sequence was confirmed by DNA sequencing (Eurofins
MWG Operon).

Overexpression of MraY from S. aureus in E. coli

The mraY-containing plasmid was transformed into E. coli Lemo21
cells (New England Biolabs), which were plated on lysogeny broth
(LB) agar containing kanamycin (50 mg mL�1) and chloramphenicol
(30 mg mL�1). A single colony was picked to induce an overnight
culture (10 mL) of LB media containing kanamycin (50 mg mL�1)
and chloramphenicol (30 mg mL�1), which was incubated at 37 8C
and 180 rpm for 16 h. A culture of LB media (500 mL) containing
kanamycin (50 mg mL�1), chloramphenicol (30 mg mL�1) and l-rham-
nose (1 mm) was inoculated with the overnight culture (500 mL)
and then grown at 37 8C and 180 rpm to OD600 0.6. This was fol-
lowed by induction of MraY expression with IPTG (1 mm) and incu-
bation at 37 8C and 180 rpm for 4 h. Cells were centrifuged (4600 g,
20 min, 4 8C) and the pellet was resuspended in buffer A (50 mm

Tris-HCl buffer pH 7.5, 1 mm MgCl2, 2 mm b-mercaptoethanol;
15 mL total). Egg white lysozyme (spatula tip), DNAse I (spatula tip)
and a tablet of cOmpleteTM EDTA-free protease inhibitor cocktail
(Merck) were added. Cells were lysed by using sonication (30 %,
30/100 pulse, 15 min on ice) and then incubated at 4 8C for 30 min.
The lysate was centrifuged (17 000 g, 45 min, 4 8C) and the superna-
tant was centrifuged again (180 000 g, 1 h, 4 8C). The resultant
pellet was resuspended in buffer A (1.7 mL), flash frozen in liquid
nitrogen and stored at �80 8C (aliquots of 20 mL). This MraY-con-
taining crude membrane preparation (overall protein concentration
�20.5 mg mL�1 as determined by OD280, Nanodrop UV spectrome-
ter) was diluted with water (final overall protein concentration
1 mg mL�1) and then directly used for MraY activity assays without
further purification.[9c, 10]

Fluorescence-based MraY assay

Based on Bugg’s method,[9c, 10, 12] fluorescence intensity over time
was measured at lex = 355 nm and lem = 520 nm (BMG Labtech PO-
LARstar Omega, 384-well plate format). To start the MraY-catalyzed
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reaction, the crude membrane preparation of MraY from S. aureus
(1 mL) was added to a mixture of undecaprenyl phosphate (50 mm)

and dansylated Park’s nucleotide 3 (synthetic or semi-synthetic,
7.5 mm) in buffer (100 mm Tris-HCl buffer pH 7.5, 200 mm KCl,
10 mm MgCl2, 0.1 % Triton X-100, 20 mL overall). Negative controls
were obtained using membrane preparations from non-transfected
E. coli Lemo21 cells. To demonstrate the partial inhibition of MraY
activity by an established MraY inhibitor, tunicamycin (Sigma–Al-
drich) was added to the reaction mixture at 100 nm concentration.
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Total Synthesis of Dansylated Park’s
Nucleotide for High-Throughput MraY
Assays

Total, not semi : Park’s nucleotide is an
intermediate in bacterial peptidoglycan
biosynthesis acting as the substrate of
the enzyme MraY. An efficient total syn-
thesis of dansylated Park’s nucleotide is
reported. The thus obtained amount of
the target compound vastly exceeded
the amount accessible by semi-synthesis
on conventional scale, therefore ena-
bling high-throughput assays for the
identification of MraY inhibitors as po-
tential antimicrobial agents.
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