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From plant to probe: semi-synthesis of labelled
undecaprenol analogues allows rapid access to
probes for antibiotic targets†

Rachel V. K. Cochrane, a Francesca M. Alexander,a Coilı́n Boland,b

Susan K. Fetics,b Martin Caffrey b and Stephen A. Cochrane *a

Undecaprenol-containing glycolipids (UCGs) are essential precur-

sors of bacterial glycopolymers and glycoproteins. We report a

novel semi-synthetic strategy to prepare labelled UCGs directly

from undecaprenol. This one-size-fits-all approach offers a concise

and efficient method for obtaining labelled-UCGs, which will allow

new mechanistic studies and inhibitor screens to be performed on

novel antibiotic targets.

The rapid emergence of multidrug resistant (MDR) bacteria is
one of the biggest challenges facing our generation. By 2050 it
could result in 300 million deaths and cost the global economy
over $100 trillion.1 Undecaprenol-containing glycolipids (UCGs)
are found in bacteria, where they are used as substrates to
synthesize glycopolymers, such as peptidoglycan (PG) and lipopo-
lysaccharide (LPS),2,3 and glycoproteins (Fig. 1).4,5 Therefore,
UCGs and the enzymes that process them are excellent antibiotic
targets.6 UCGs are synthesized on the cytoplasmic side of the
membrane by phosphotransferases and glycosyltransferases,2,4,7

before being flipped8–11 across the membrane for further proces-
sing. Many different UCGs are found in bacteria, and labelled
UCGs are highly valuable probes for studying enzyme mechanism
and screening antimicrobial compounds.9,11–13 Common to every
UCG is the undecaprenol motif. This is an excellent modification
position to introduce chemical labels, as a single labelled unde-
caprenol analogue can be used to synthesize any UCG by chemical
or enzymatic synthesis. Previous efforts towards labelled undeca-
prenol derivatives have relied on either total chemical synthesis
or chemoenzymatic synthesis (Fig. 1). Wong and co-workers
previously described the total synthesis of a labelled hexaprenol

analogue.12 This approach is laborious, requiring 425 synthetic
steps, utilizes air- and moisture-sensitive reactions and gives low
overall yields. Troutman and co-workers have devised a chemoen-
zymatic approach.14–17 Although shorter than total chemical
synthesis, labelled intermediates must still be synthesized (usually
6–8 steps) and the use of an enzyme may limit substrate scope and
reaction scale. Thus, alternative methods for the preparation of
labelled-undecaprenol analogues are still needed. We envisioned
an improved method to prepare labelled undecaprenol analogues
could involve semi-synthesis, starting from isolated undecaprenol.
Bacterial undecaprenol, which has the (Z8, E2, o)-configuration, is
present in low amounts and is not easily isolated but (Z7, E3, o)-
undecaprenol can be extracted from various plant sources and is
the version used in most UCG studies given its easier accessibility.18

Herein, we describe the large-scale extraction of undecaprenol from
bay leaves and its derivatization into novel labelled analogues.

The semi-synthesis of labelled undecaprenol analogues
requires access to multigram quantities of undecaprenol.
Although plant undecaprenol (1) is commercially available, it
is very expensive (B$100 per mg). Previous reports have described
the isolation of undecaprenol on a small scale.19 In our
optimized approach, we start by sequentially extracting two
portions (900 g each) of powdered bay leaves by Soxhlet extrac-
tion (Fig. S1, ESI†), each for 48 h. Bay leaf powder is cheap
(o$15 for 1 kg) and widely available. A methanolysis step is
then performed, which is reported to improve polyprenol yields
and remove phenolic impurities (Scheme 1).20 A key modifica-
tion that allows this process to be performed on a larger scale
is to only partially purify isolated undecaprenol. Subsequent
acetylation of this enriched undecaprenol with Ac2O in pyridine,
followed by column chromatography, then yields pure undeca-
prenyl acetate (Und-OAc) (2) (Fig. S2, ESI†). This material can be
deacetylated back to undecaprenol or used as a starting material
to prepare labelled analogues. Using this optimized procedure, we
routinely obtained 410 g of Und-OAc per extraction.

Upon considering the structure of undecaprenol, we identi-
fied the a-isoprene unit as the most accessible position to
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install a chemical label, owing to the directing effect of the
hydroxyl group. However, we were aware that labelling here
could prove problematic for later enzymatic processing, as this
is where the carbohydrate head-group is attached during UCG
synthesis. Therefore, only isotopic labelling at this position
was considered. If a deuterium label could be incorporated at
the a-position, the resulting d1-undecaprenol (4) could be used

to synthesize deuterated Und-P/PP or UCGs. Such compounds
would then enable mechanistic studies on a host of enzymes
using kinetic isotope effects or deuterium NMR. To prepare
d1-undecaprenol (4), allylic oxidation of undecaprenol (1) with
MnO2 was first performed to yield aldehyde 3. A subsequent
Luche Reduction then afforded d1-undecaprenol (4) in good
yields.

We next turned our attention to alternative labelling sites.
An excellent labelling position would be the o-isoprene unit,
which is unlikely to interfere with later enzymatic processing.
A terminal epoxidation of short chain polyprenols using
N-bromosuccinimide (NBS) and K2CO3/MeOH was previously
reported,21,22 therefore we investigated whether this approach
could be translated to the much larger undecaprenol scaffold
(Scheme 2). Remarkably, treatment of Und-OAc (2) with NBS in
THF/H2O at 0 1C, followed by elimination and re-acetylation
yielded o-epoxide 5 in 42% yield over 3 steps (Scheme 2).
o-Epoxidation was confirmed by 2D-NMR, with clear 1H–13C
HMBC correlations visible between the epoxide CH (dC 64.3 ppm)
and o-methyl groups (dH 1.29 & 1.25 ppm) (Fig. S3, ESI†).

Epoxide 5 was then converted to o-aldehyde 6 in excellent
yield by treatment with HIO4 in THF/H2O. From aldehyde 6, we
envisaged the use of Wittig reactions to label the o-position but
despite our best efforts these attempts were low yielding and
gave complex mixtures, making purification difficult. We there-
fore investigated reductive amination as an alternative labelling
strategy. Using this approach, we successfully installed a variety
of chemical labels on undecaprenol. Fluorophores, including
2-aminobenzamide (7), 4-nitroaniline (8) and pyrene (9) were
added. Fluorescent probes can be used in cell-imaging, track-
ing biomolecule metabolism and for monitoring enzymatic
reactions. Fluorescent undecaprenol derivatives have pre-
viously been used to study enzymes that process UCGs.7,12,23

Diazirine-tagged undecaprenol derivative 10 was also prepared.
The 3-trifluoromethyl-3-phenyldiazirinyl group is an excellent
photo-affinity label.24 Photo-affinity probes are often used to

Fig. 1 Top: Cross section of Gram-negative bacterial cell showing key
glyco-polymers and -proteins assembled using UCGs. Conversion of
undecaprenyl phosphate (Und-P) to different UCGs by phosphotrans-
ferases (PTases) and glycosyltransferases (GTases) is shown, with the
common undecaprenyl tail in red. Bottom: Previous methods to prepare
labelled polyprenols and our novel semi-synthetic approach.

Scheme 1 Extraction of undecaprenol (1) from bay leaf powder and
isotopic labelling of the a-isoprene unit. Conditions: (a) Soxhlet extraction,
petroleum ether (PE) 48 h per batch; (b) K2CO3, PE/MeOH, 72 h, RT; (c)
Ac2O, pyridine, 18 h, RT; (d) K2CO3, THF/MeOH, 18 h, RT, 96%; (e) MnO2,
CH2Cl2, 24 h, RT, 80%; (f) NaBD4, CeCl3.7H2O, MeOH, 5 min, 0 1C, 88%.

Scheme 2 Synthesis of o-labelled undecaprenol using reductive amina-
tion. Conditions: (a) NBS, THF/H2O, 6 h, 0 1C; (b) K2CO3, THF/MeOH, 18 h,
RT; (c) Ac2O, DMAP, DIPEA, 16 h, RT, 42% over 3 steps; (d) HIO4, THF/H2O,
4 h, 0 1C to RT, 94%; (e) R-NH2, NaBH(OAc)3, AcOH, CH2Cl2 or ClCH2CH2Cl, 18
h, RT; (f) K2CO3, THF/MeOH, 18 h, RT, yields from 5: 46% (7), 68% (8), 39% (9),
38% (10), 42% (11), 24% (12), 35% (13) and 41% (14).
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identify enzymes that process them, as well as where they make
contact with those enzymes.24 Very little is known about the
location of the undecaprenyl chain during UCG-processing,
therefore diazirine-labelled derivative 10 is an excellent probe
for this purpose. Spin-labelled undecaprenol 11 could also
be used to study where the undecaprenyl tail interacts with
UCG-processing enzymes. Radicals quench the fluorescence of
tryptophan in proteins and electron-spin resonance (ESR) has
been used extensively to study lipid–protein interactions.25 Bio-
orthogonal tags, including azides (12) and alkynes (13–14) were
also introduced. Such tags will allow the in vivo labelling of
UCGs, as well as the attachment of UCGs to solid-supports for
applications such as solid-supported synthesis, determining
enzyme-UCG binding affinities and/or high-throughput screen-
ing assays.

Other labelling-methods that relied on the SN2 displacement
of an o-alcohol were also explored (Scheme 3). Starting from
o-epoxide 15, sequential oxidative cleavage of the epoxide,
followed by alcohol protection as a THP ether and reduction
of the o-aldehyde, yielded o-alcohol 16 in 51% yield over 3
steps. Mesylation of the o-alcohol and displacement with either
KSAc or NaN3, followed by removal of the THP protecting
group, yielded o-thioacetate 17 and o-azide 18 in moderate
yields. Although successful, this is a less robust method than
reductive amination as it requires extra steps and utilizes
moisture-sensitive reactions. In contrast, the reductive amina-
tion strategy requires just six steps and two purifications by
column chromatography.

We next proceeded to test if these synthetic modifications
were compatible with enzyme function (Table 1). Undecaprenol
kinase (UdpK) is an important enzyme in Gram-positive bac-
teria that converts undecaprenol to Und-P.26 Until now, the
simple structure of undecaprenol had hindered the develop-
ment of substrate-based probes for UdpK. Using a previously
described kinase assay,27 the activity of UdpK towards synthetic
undecaprenol derivatives was assessed (Table 1). UdpK pro-
cessed all synthetic analogues with comparable activity to its
natural substrate undecaprenol (1). These results corroborate
our hypothesis that modification of the o-isoprene unit is ideal
for introducing chemical labels as it is far removed from the

UCG head-group attachment point. Interestingly, bishomoallylic
o-alcohol 16, in which the order of the E- and Z-alkenes is
reversed, is processed by UdpK. The extra flexibility next to the
alcohol likely allows it to adopt the correct conformation in the
active site. This result also suggests that internal alkene configu-
ration may not be important for enzymatic processing.

Finally, to show that synthetic undecaprenol derivatives can
be easily converted into labelled UCGs, we prepared a novel
deuterated analogue of the peptidoglycan intermediate lipid II,
d1-lipid II (19) from d1-undecaprenol (4) (Scheme 4). Lipid II
intermediate 21 (Fig. S4, ESI†) was previously prepared for use
in other studies.28,29 d1-Undecaprenol was conveniently con-
verted to d1-Und-P (20) in 58% yield over 3 steps. d1-Und-P (20)
was then coupled to activated phosphate 21, followed by global
deprotection and HPLC purification, to yield d1-lipid II (19). It
is important to emphasize that the labelled undecaprenyl chain
is being added in the penultimate step, before global deprotec-
tion. Therefore, a single labelled undecaprenol analogue can be
used to make many different labelled-UCGs, all of which are
processed by potential antibiotic targets.

Scheme 3 Synthesis of o-labelled undecaprenol analogues using SN2 dis-
placement reactions. Conditions: (a) HIO4, THF/H2O, 3 h, 0 1C to RT; (b) DHP,
PPTS, CH2Cl2, 8 h, RT; (c) NaBH4, MeOH, Et2O, 2 h, RT, 51% over 3 steps;
(d) MsCl, NEt3, CH2Cl2, 2 h, 0 1C; (e) KSAc, DMF, 2 h, 60 1C; (f) p-TsOH, THF/
MeOH, 18 h, RT; (g) NaN3, DMF, 2 h, 60 1C, yields from 16: 50% (17) and 53%
(18). DHP = dihydropyran, PPTS = pyridinium para-toluenesulfonate.

Table 1 UdpK activity of synthetic undecaprenol analogues

Analogue Modification Activitya [mmol min�1 mg�1]

1 Unmodified 8.5 � 0.7
4 a-d1 9.4 � 0.5
7 o-(2-Aminobenzamide) 6.9 � 0.8
8 o-(4-Nitroaniline) 9.0 � 0.9
9 o-(1-Pyrenemethylamine) 6.2 � 0.1
10 o-Diazirine 5.1 � 0.3
11 o-(4-Amino-TEMPO) 5.1 � 0.3
12 o-(4-Azidoaniline) 9.4 � 0.2
13 o-(3-Ethynylaniline) 9.0 � 0.5
14 o-Propargylamine 7.1 � 0.5
15 o-Epoxide 8.1 � 0.7
16 a-THP ether, o-alcohol 3.4 � 0.3
17 o-Thioacetate 11.8 � 0.1
18 o-Azide 10.8 � 0.6

a UdpK activity determined colorimetrically using a pyruvate kinase/
lactate dehydrogenase coupled assay. See ESI for details.

Scheme 4 Synthesis of d1-lipid II. Conditions: (a) 5-ethylthio-1H-tetrazole,
(iPr)2NP(OCH2CH2CN)2, CH2Cl2, 3 h, RT; (b) H2O2, THF, 3 h, �78 1C to RT;
(c) NaOMe, MeOH, 18 h, RT, 53% over 3 steps; (d) 21, DMF, 4 d, RT; (e) NaOH,
1,4-dioxane/H2O, 22% over 4 steps.
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We have developed a novel strategy to prepare labelled analo-
gues of the important bacterial lipid undecaprenol, using a semi-
synthetic approach on undecaprenol extracted from bay leaves.
This method is concise, highly robust, gives improved yields with
less steps, and allows numerous flavours of label to be incorpo-
rated, including fluorophores, spin labels, photo-affinity labels
and bio-orthogonal tags. Labelled undecaprenol analogues can be
chemically or enzymatically phosphorylated and utilized in the
synthesis of labelled undecaprenol-containing glycolipids, which
are valuable probes used to study old and new antimicrobial
targets. This work will enable new mechanistic studies and
inhibitor screens to be performed on UCG-processing enzymes,
which before now were limited by the availability of suitable
chemical probes.
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and E. Breukink, EMBO J., 2011, 30, 1425–1432.

10 S. T. Islam and J. S. Lam, Environ. Microbiol., 2013, 15, 1001–1015.
11 C. Perez, S. Gerber, J. Boilevin, M. Bucher, T. Darbre, M. Aebi,

J. L. Reymond and K. P. Locher, Nature, 2015, 524, 433–438.
12 S. H. Huang, W. S. Wu, L. Y. Huang, W. F. Huang, W. C. Fu, P. T. Chen,

J. M. Fang, W. C. Cheng, T. J. Cheng and C. H. Wong, J. Am. Chem. Soc.,
2013, 135, 17078–17089.

13 E. Breukink, H. E. van Heusden, P. J. Vollmerhaus, E. Swiezewska,
L. Brunner, S. Walker, A. J. Heck and B. de Kruijff, J. Biol. Chem.,
2003, 278, 19898–19903.

14 D. K. Lujan, J. A. Stanziale, A. Z. Mostafavi, S. Sharma and J. M.
Troutman, Carbohydr. Res., 2012, 359, 44–53.

15 A. Z. Mostafavi, D. K. Lujan, K. M. Erickson, C. D. Martinez and
J. M. Troutman, Bioorg. Med. Chem., 2013, 21, 5428–5435.

16 S. Dodbele, C. D. Martinez and J. M. Troutman, Biochemistry, 2014,
53, 5042–5050.

17 J. M. Troutman, K. M. Erickson, P. M. Scott, J. M. Hazel, C. D. Martinez
and S. Dodbele, Biochemistry, 2015, 54, 2817–2827.
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