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Polyprenyl quinones, such as ubiquinone and menaquinone, are essential membrane-embedded redox
cofactors that are involved in electron transport and found across all domains of life. However, their
highly hydrophobic structure, which includes a quinone head-group and long polyprenyl tail, has limited
their chemical derivatization for biological studies. Here, we report a versatile synthetic approach for the
chemical diversification of natural polyprenyl quinones, enabling the introduction of various reporter
groups including fluorophores, quenchers, NMR-active nuclei, and photoaffinity and bioaffinity tags.
These functionalized analogues retain their membrane-associating properties and enable new
applications in antibiotic discovery. We show that fluorescently labelled menaquinone analogues retain

their strong binding affinity to the menaquinone-binding peptide antibiotics lysocin E and lysomeb
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interaction, revealing their effects on membrane integrity and quinone aggregation. This study expands
the chemical toolbox for polyprenyl quinones, enabling targeted functionalization of these essential
biomolecules and facilitating further exploration of their roles in biological systems.
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8294A2), a cyclic lipopeptide, was recently in phase II clinical
trials for treatment of methicillin-resistant Staphylococcus
aureus.” Additionally, bicyclic MenA inhibitors are being devel-
oped by Otsuka Pharmaceuticals to target Mycobacterium

Introduction

Polyprenyl quinones (PPQs), such as ubiquinone/coenzyme Q
(UQ/CoQ) and menaquinone (MK), are essential membrane-
bound redox cofactors that function as electron carriers in
cellular respiration and photosynthesis."* Their role in energy
production is critical across all domains of life, with CoQ A
serving as a key component of the eukaryotic respiratory chain,
while MK is required for anaerobic respiration in bacteria (but
not found in humans).** Structurally, PPQs consist of a redox-
active quinone head group linked to a hydrophobic polyprenyl OH
tail, which anchors them to the cell membrane and allows
efficient electron transfer between protein complexes (Fig. 1A).
Enzymes that synthesize PPQs or use them as cofactors, and
even PPQs themselves, are emerging as attractive therapeutic
targets, particularly in antibiotic development.® Atovaquone is
an antimalarial drug that inhibits the cytochrome bc1 complex
of Plasmodium falciparum by mimicking CoQ.° Lotilibcin (WAP-
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Fig. 1 (A) Redox process of PPQs. (B) Previous approaches to
attaching reporter groups. Hexagon = head group, wiggly line =
polyprenyl tail and purple star = reporter group. (C) This study.
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tuberculosis.® PPQs also play roles in oxidative stress regulation,
making them potential targets for anti-cancer and neuro-
protective therapies.” Despite their biological significance,
installation of reporter groups such as fluorophores, isotopic
labels, or affinity tags onto PPQs has remained challenging.
Such chemical probes would open new possibilities in bioen-
ergetics, drug development, and mechanism-of-action studies.
The challenge in the chemical labelling of PPQs is that there are
few exploitable attachment points. Their quinone head groups
are highly specific to their function. For example, the redox
potentials of PPQs are fine-tuned, with MK and rhodoquinone
(RQ) facilitating anaerobic respiration, whereas CoQ is opti-
mized for aerobic electron transport.* Furthermore, the peptide
antibiotics lotilibcin,” lysocin E' and lysomeb (MBA2)" kill
bacteria by binding to MK, but do not interact with CoQ.
Therefore, small headgroup modifications can severely impair
function. The polyprenyl lipid tail is extremely hydrophobic,
offering few site-selective modification points. As a conse-
quence, previous chemical labelling approaches for PPQs have
been mostly limited to separate head/tail labelling, followed by
fragment coupling (Fig. 1B),”*™° or direct reduction or isotopic
labelling of the polyprenyl tail."”** In previous work, we devel-
oped a concise approach that allowed installation of reporter
groups on to the w-terminus of undecaprenol, an essential
bacterial lipid involved in cell wall assembly." Here, we describe
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a streamlined approach to the chemical diversification of PPQs,
enabling the synthesis of a wide array of labelled analogues
(Fig. 1C), and use fluorescently labelled menaquinone to
provide new insights into how lysocin E and lysomeb (MBA2)
interact with menaquinone in membranes.

Results and discussion
Direct PPQ labelling via oxidation and reductive amination

For direct labelling of PPQs, we envisaged w-epoxidation and
oxidative cleavage to an aldehyde, which could then undergo
reductive amination with functionalized amines (Scheme 1).
However, this proved more complicated than simply translating
our previously reported methodology,' due to the sensitivities
of the quinone head group. Attempts to perform direct w-
oxidation (via NBS, then K,CO3;/MeOH) on CoQ10 (1), MK4 (2)
or MK9 (3) were unsuccessful due to decomposition under these
conditions. Therefore, PPQs needed to be reduced to their
quinol form and protected as either Me (CoQ) or Boc groups
(CoQ and MK). Two-pot reduction/protection reactions pro-
ceeded in good yields to provide protected quinols 4-7. Subse-
quent treatment with NBS in THF/H,O0, followed by K,CO; in
THF/MeOH, gave w-epoxides 8-11 in moderate yields. These
yields are in line with other polyprenyl systems we have worked
with, and the two-pot reaction yields only desired product and

Conditions A:
a) NaBH,, MeOH
t, 15 min; OR ¢) NBS, THF/
b) NaOH, Me;SO4, H0 .. | e H,0, 0 °C - rt Me
n-65°C,20h Y 18 h
Conditions B: T d) K2CO QAR
S S " AN S S 2003 . - S
C a') Na,S,0,, EtOACH,0 "' | ) THFE/MeOH = | n
ft, 5 min; OR i, 18 h OR
1:CoQ,n=9 b) B°:g°h- DMAP 4:CoQ, n = 9, R = Me, 89% 8: CoQ, n =9, R = Me, 26%
22MK,n=3 r, 5:CoQ, n=9, R =Boc, 80% 9:CoQ, n=9, R =Boc, 29%
3MK,n=8 6: MK, n = 3, R = Boc, 93% 10: MK, n = 3, R = Boc, 35%
7: MK, n = 8, R = Boc, 78% 11: MK, n = 8, R = Boc, 29%
OR h) MgBI’z. Elzo
e) HIO4, THF/H;0, i, 2 h & _Me 35°C, 20 h;
f) 2-AB, Na(OAc);BH, DCE, 18 “T7 | FeCly, rt, 30 min
K D A 12 16 (\/\'/i?/\
OR
12: CoQ, n =9, R = Me, 40% 16: CoQ,n =9, 65%
13: CoQ, n=9, R = Boc, 27% 17: MK, n = 3, 44%
14: MK, n = 3, R=Boc, 13% 18: MK, n = 8, 50%
15: MK, n = 8, R = Boc, 18%
{ N
vical Labels
d /
¢ s \
CoQ MK 19 20 21 22 23
L (19 - 23: CoQ, n = 9) )

Scheme 1 Direct labelling of polyprenyl quinones via w-oxidation and reductive amination. DCE = dichloroethane, DMAP = 4-dimethylami-

nopyridine, NBS = N-bromosuccinimide, THF = tetrahydrofuran.
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unreacted starting material. Quite remarkable selectivity given
that there are ten alkenes in CoQ10, and nine in MK9. Oxidative
cleavage with HIO, proceeded smoothly to yield w-aldehydes,
which were directly used in a test reductive amination with
fluorophore 2-aminobenzamide (2-AB) yielding polyprenyls 12—
15. 2-AB is frequently used along with dinitro-benzene (DNB) in
FRET pairings.”>* A problematic side reaction encountered
during this step was double reduction amination, resulting in
lower yields and we were unable to significantly suppress this
reaction. We also encountered problems with the use of Me-
ether protecting groups, as standard deprotection conditions*
resulted in cleavage of 2-AB from polyprenyl 12 (see Fig. S17).
Gratifyingly, Boc protecting groups could be removed by
refluxing with MgBr, in Et,0,* followed by addition of FeCl; to
oxidize back to the quinone form, yielding 2-AB-PPQs 16-18.
The strategy was extended to label CoQ10 with an alkyne click
tag (19), '°F (20), pyrene (21) and 2-nitrophenyl (22) fluo-
rophores, and a photoaffinity tag (23), highlighting the versa-
tility of this method for ubiquinone modifications.

Azido-PPQs allow diverse chemical label attachment

The reductive amination strategy has two limitations - yields of
reductive amination reactions were particularly low for mena-
quinone derivatives, and the Lewis acid conditions used to
remove Boc protecting groups would not be compatible with
many reporter groups (e.g., acid-labile moieties). To overcome
these limitations, we envisaged synthesis of w-azides, which
could be used as functional tags for attachment of virtually any
reporter group through Cu-catalyzed azide-alkyne cycloaddi-
tions (CuAAC) (Scheme 2).2*2* Starting from w-epoxides 9 and
11, oxidative cleavage was performed by treatment with HIO,,
followed by NaBH,-mediated aldehyde reductions to provide w-
alcohols. These alcohol intermediates were used directly in the
next step, providing w-tosylates 24 and 25 in good yields over
three steps. As well as w-tosylates, we trialled w-mesylates but
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found yields of subsequent nucleophilic displacement reactions
to be highly variable. In contrast, w-tosylates can be purified by
column chromatography and fully characterized. The azido
group was then installed by nucleophilic displacement with
NaNj, yielding w-azides 26 and 27, which were subsequently
deprotected and oxidized to give azido-PPQs 28 and 29. With
azido-CoQ10 (30) and azido-MK?9 (31) in hand, we then explored
CuAAC conditions for attachment of a quenchable nitro-
benzodiazole (NBD) fluorophore (30 and 31), DNB quencher (32
and 33), BODIPY fluorophore (34 and 35) and biotin affinity tag
(36). At first some reactions were sluggish and/or low yielding
but upon addition of 60 mol% BTTAA, a ligand known to
improve the efficiency of CuAAC reactions,* good yields were
obtained for all reactions, highlighting the power of this
approach to provide a variety of different labelled PPQs. Having
established a robust method to chemically label PPQs, we next
proceeded to check that these modifications do not impair their
function.

Synthesis of menaquinone-binding antimicrobial peptides

The first menaquinone-binding peptide antibiotic lysocin E was
reported in 2015." Since then, additional classes have been
characterized including the natural product lotilibcin (WAP-
8294A2)” and synthetic peptides like lysomeb (MBA2)."* Little is
known about their mechanism of action beyond their binding
to menaquinone and disruption of cell membranes.”* We
postulated that some of the labelled PPQs described above
could be used as mechanistic probes. To investigate this, we
synthesized novel analogues Hex-LysE (37) and Hex-MBA2 (38)
(Scheme 3). We chose analogues with achiral hexanoyl N-
terminal lipids as this removed the need for a multistep
synthesis of the chiral lipid tails found in natural LysE and
MBA2. Substitution of chiral lipid tails in non-ribosomal
peptide antibiotics is commonly performed and does not
impair activity.””* Starting from 2-CT resin, Fmoc-SPPS was

e) MgBr,
OBoc a) HIO, OBoc d) NaN; OBoc Et,0
o L m THF/HO . | DMF, rt ” 35°C
S 2N Me S - .Me g Me
¢ m,1h § 18h Y7 20 h;
N b) NaBH, 3 _D R N FeClj X
n Et,0 n | n n n
OBoc MeOH OBoc OBoc 30 min
9:CoQ,n=9 n,18h 24: CoQ, n = 9, 43% (3 steps) 26:CoQ,n=9,71% 28:CoQ, n =9, 95%
1M:MK,n=8 ¢) TsCl, NEt; 25: MK, n = 8, 53% (3 steps) 27: MK, n =8, 79% 29: MK, n =8, 79%

DMAP, rt
DCM, 18 h

f)

30: CoQ, n=9, 90%
31: MK, n =8, 74%

"

32:CoQ,n=9,68%

33: MK, n =8, 94% 35: MK, n = 8, 54%

34:CoQ,n=9,91%

CuS04.H20 (10 mol%)
NaAsc (20 mol%)
BTTAA (60 mol%)
DMF/H,0, 60 °C,24 h

ok

36:CoQ,n=9,67%

J

Scheme 2 Copper-catalyzed azide—alkyne cycloaddition (CUAAC) approach for chemically labelling polyprenyl quinones. Asc = ascorbate,
DCM = dichloromethane, DMAP = 4-dimethylaminopyridine, DMF = dimethylformamide, THF = tetrahydrofuran, Ts = tosyl.
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Scheme 3 Synthesis of menaquinone-binding peptide antibiotics. AA = amino acid, Bz = benzoyl, CT = chlorotrityl, DCM = dichloromethane,
DIPEA = diisopropylethylamine, DMAP = 4-dimethylaminopyridine, HFIP = hexafluoroisopropanol, SPPS = solid-phase peptide synthesis, TFA =

trifluoroacetic acid, TIPS = triisopropylsilane.

used to build out linear peptides up to the acylated N-terminal
threonine. A Yamaguchi esterification was then used to install
the ester motif,"** before further Fmoc-SPPS completed the
peptide chain. Cleavage of protected peptides from resin was
performed using HFIP in DCM, followed by a macro-
lactamization with PyBOP as the activating agent. Finally, global
deprotection and purification by preparative reversed-phase
HPLC yielded Hex-LysE (37) and Hex-MBA2 (38) in 12% and
16% overall yields respectively. These analogues retained full
activity displaying MICs of 1.56-3.13 pg mL ™" against S. aureus.

Antagonization assays with labelled PPQs

To confirm that w-modifications to MK9 do not affect binding to
LysE or MBA2, we performed antagonization assays, wherein
peptides were mixed with increasing quantities of PPQ (up to
two-fold excess), and their MICs against S. aureus tested (Table
1).** This pre-mixing of peptide and target results in complex-
ation if target binding occurs, sequestering antimicrobial
activity. Only NBD-PPQs 30 and 31, and BODIPY-PPQs 32 and

Table 1 Antagonization assays with menaquinone-binding peptides
and PPQs. Peptides premixed with PPQ and activity then tested against
S. aureus. Green = MIC change within margin of error (+two-fold),
amber = four-fold change, and red = eight-fold or greater

MIC (ug/mL) of peptide

Equiv.PPQ | 2.0 [ 1.0 | 05 [ 025 | ©

CoQ10 156 156 156 156  1.56

Hex- MK4 >50 50 25 125  1.56
LysE MK9 >50 50 25 3.13 1.56
NBD-MK >50 50 125 625 156
BODIPY-MK | 50 50 25 125  1.56

CoQ10 313 313 313 313 3.3

Hex- MK4 >50 50 125 125 313
MBA2 MK9 25 25 125 125 3.3
NBD-MK >50 50 50 50 3.13
BODIPY-MK | 50 25 25 125  3.13

13632 | Chem. Sci,, 2025, 16, 13629-13635

33, were used in these (and subsequent) assays as we intended
to use them for fluorescence microscopy. However, it is
reasonable to assume that the other w-modifications do not
impact binding or activity, as we have found with other w-
modified polyprenyl systems.**** When peptides were premixed
with increasing concentrations of CoQ10, no effect on antimi-
crobial activity was observed. In contrast, premixing peptides
with menaquinone analogues MK4 or MK9, as well as labelled
menaquinone derivatives NBD-MK9 or BODIPY-MKOY, resulted
in a dose-dependent loss in antimicrobial activity, with activity
abolished (50 g mL " or greater) in the presence of one or more
equivalents of PPQ. These results were qualitative confirmation
that labelled MK-analogues still retain peptide-binding, but we
next sought to measure this binding strength quantitatively.

Isothermal titration calorimetry with labelled PPQs

To quantify the strength of these binding interactions, we used
isothermal titration calorimetry (ITC) (Fig. 2 and Tables S1, S2
and Fig. S2-S16f). Given that PPQs are found naturally
embedded in cell membranes, we incorporated them into large
unilamellar vesicles (LUVs, 100 nm) for these studies. LUVs
composed of dioleoylphosphatidylglycerol (DOPG) and dio-
leoylphosphatidyl choline (DOPC) in a 1:1 ratio, and with
1.25% PPQ, were titrated into peptide solution, as has previ-
ously been performed for other antimicrobial peptides that
bind to polyprenyl membrane targets (e.g., lipid I1).>*** The 1: 1
ratio of DOPG : DOPC was previously used for ITC with MBA-2.™*
Extensive optimization was performed and the peptide
concentrations that give the best signal/noise ratios were
determined to be 20 pM for Hex-LysE and 160 pM for Hex-
MBA2. As expected, no binding was detected between
peptides and LUVs containing CoQ10. In contrast, strong
binding affinities (kp) were found between Hex-LysE and MK4
(59 + 10 nM), Hex-LysE and MK9 (80 £+ 8 nM), Hex-MBA2 and
MK4 (57 = 9 nM) and Hex-MBA2 and MK9 (61 + 7 nM). These
binding affinities are consistent with previous work on MBA2
(ref. 11) but cannot be compared to previous LysE ITC data,
which were determined in a non-membrane environment

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Fig. 2 Representative binding thermogram and thermodynamic
parameters generated by ITC experiments. BODIPY-MK9 DOPC/
DOPG LUVs titrated into a solution of Hex-MBA2. Experiments were
conducted in 20 mM HEPES and 50 mM NaCl at pH 7.5 at 25 °C. Top
panel: raw signal as a function of time; bottom panel: normalized heat
as a function of target : peptide molar ratio and fitted curve in the one
set of sites model. Plots are representative of three experiments and
results are presented as the average with the standard deviation. See
Tables S1 and S2+ for all thermodynamic parameters, Fig. S2—-S16+ for
all other thermograms.

(DMSO).* The strong binding affinity of these peptides for MK
vs. CoQ is remarkable and may in part be due to an interaction
between the essential p-Trp10 residue,” and the MK benzene
ring. We next looked at the binding affinities of peptides to
NBD-MK9 and BODIPY-MK9. Consistent with the antago-
nization assays, peptides retained strong binding affinities (84-
106 nM) to labelled PPQs, confirming that w-modification does
not disrupt headgroup binding. Analysis of the binding
isotherms of both peptides to menaquinone derivatives sug-
gested that rapid aggregation of peptide was occurring in the
presence of menaquinone-containing LUVs. The saturation
point, the point at which the isotherm levels out, indicating all
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available binding sites are occupied, was reached very quickly in
these experiments. For Hex-LysE, this occurred at ~0.2 : 1 MK9 :
peptide, and at ~0.04 : 1 MK9 : peptide for Hex-MBA2, suggest-
ing that rapid peptide aggregation occurs in the presence of just
a small amount of menaquinone. With fluorescently labelled
CoQ10 and MK9 analogues in hand, we next sought to visualize
this aggregation using fluorescence microscopy and giant uni-
lamellar vesicles (GUVs).>®

Fluorescence microscopy with labelled PPQs

GUVs constructed of 98% DOPC, 2% unlabelled target, and
0.1% labelled target were prepared to visualize how
menaquinone-binding peptides interact with membranes. The
20:1 ratio of unlabelled : labelled PPQ was selected based on
previous work with peptide antibiotic plectasin.*® Higher
concentrations of labelled PPQs can result in image saturation,
self-quenching and/or photobleaching, therefore unlabelled
PPQs are added so the antibiotic target is present in sufficient
concentration to visualize peptide effects on membranes.
Imaging showed uniform distribution of NBD (Fig. S171) and
BODIPY (Fig. 3) PPQs in GUVs. BODIPY-PPQs proved superior
for imaging, as for NBD-PPQs, trying to minimize the fluo-
rophore's exposure to the laser to avoid photobleaching some-
times made it difficult to find and record quality images of
GUVs. Therefore, BODIPY-PPQs were taken forward for mech-
anism of action studies on peptide antibiotics. First, to
demonstrate selective peptide binding of MK9 over CoQ10, and
to show that the effects observed are not because of a non-
specific binding interaction to the polyprenyl chain, or the flu-
orophore unit of the probes, peptides were added to BODIPY-
CoQ10 GUVs. No effect was observed upon addition of either
Hex-LysE or Hex-MBA2, even after 60 min. Upon addition of
Hex-LysE or Hex-MBA2 to BODIPY-MK9 GUVs, effects were seen
almost instantly. Within five min, accumulation and localiza-
tion of BODIPY-MK9 is observed. As time progresses, the
accumulation of BODIPY-MKY led to distortion of membrane
curvature and vesiculation. As the vesiculation continues, the
end result is whole membrane collapse. By 60 min, significant

BODIPY-CoQ;,

10 min

60 min

No peptide

No p

BODIPY-MK-9

5 min

eptide 10 min 60 min

Fig. 3 Fluorescence microscopy of GUVs containing BODIPY—-PPQs. Row (A) shows effects of Hex-MBA2 addition and row (B) shows effects of
Hex-LysE addition. Laser excitation wavelength = 488 nm, emission detection wavelength = 496-669 nm. Scale bar 10 um in all panels.

© 2025 The Author(s). Published by the Royal Society of Chemistry
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aggregation and membrane rupture was observed. These results
are consistent with the antagonization assays and ITC
measurements and without labelled PPQs, this experiment
would not have been possible. Placement of a fluorophore on
LysE or MBA2 would likely disrupt quinone-binding and would
not reliably show quinone aggregation in membranes as
peptide will still be fluorescent even when unbound. Alterna-
tively, fluorescent phospholipids would provide no information
on PPQ position within membranes. This work therefore
highlights the utility of our labelled PPQs in mechanism of
action studies of menaquinone-binding peptide antibiotics.

Conclusions

In summary, we here report a concise and versatile synthetic
strategy for the direct labelling of native polyprenyl quinones
(PPQs), enabling the installation of a wide array of reporter
groups at the w-terminus of the polyprenyl tail. The method
proceeds through w-epoxidation and oxidative cleavage and can
be applied to both menaquinone and ubiquinone scaffolds.
Two routes were developed to introduce functionality: reductive
amination, and Cu-catalyzed alkyne-azide cycloaddition
(CuAAC). The reductive amination approach required seven
steps, with overall yields 2-6%. Comparable overall yields were
found for the CuAAC process, which required ten steps in total.
The CuAAC approach proved superior for late-stage modifica-
tion as azido-quinones can be synthesized first, with CuAAC the
final step for label attachment. These analogues also open the
possibility of strain-promoted azide-alkyne cycloaddition in
native bacterial membranes. Using these strategies, we
prepared a panel of PPQ analogues bearing fluorophores,
quenchers, '’F nuclei, and affinity tags. The resulting
compounds retain their native redox headgroups, and hydro-
phobic tail, and are compatible with incorporation into model
membranes. Fluorescently labelled menaquinone analogues
NBD-MK9 and BODIPY-MK9 were prepared in good yields and
used as probes to investigate how menaquinone-binding anti-
microbial peptides interact with their target. Two novel peptide
analogues, Hex-LysE and Hex-MBA2, were synthesized for this
purpose and retained full antimicrobial activity against S.
aureus.

To confirm that w-modification did not disrupt PPQ func-
tion, we performed antagonization assays, wherein labelled and
unlabelled PPQs were pre-mixed with peptide prior to MIC
testing. While ubiquinone analogues showed no effect, both
natural and labelled menaquinones abolished antimicrobial
activity, consistent with strong and specific target binding.
These findings were supported by isothermal titration calo-
rimetry, which revealed nanomolar binding affinities between
MKO (labelled and unlabelled) and both peptides. Furthermore,
the binding isotherms indicated peptide aggregation occurred
at low PPQ: peptide ratios, suggesting a clustering-type inter-
action. To visualize these interactions, we incorporated labelled
PPQs into giant unilamellar vesicles (GUVs) and performed
fluorescence microscopy. In the presence of BODIPY-CoQ10, no
changes in vesicle morphology were observed following peptide
addition. In contrast, BODIPY-MK9 was rapidly recruited to
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specific membrane regions, followed by membrane curvature,
budding, and eventual rupture. These observations were
consistent for both Hex-LysE and Hex-MBA2 and provide new
insights into how these peptide antibiotics kill bacteria at
a macromolecular level.

Our approach offers a direct, modular route to labelled PPQs
that is broadly applicable across different redox quinone
systems. The resulting probes retain their biological function
and enable mechanistic studies that would otherwise be inac-
cessible. We demonstrate how fluorescently labelled menaqui-
nones can be used to track quinone behaviour in membranes
and reveal the dynamic effects of quinone-targeting antibiotics.
Further applications of these probes are expected to include
live-cell imaging, mechanistic dissection of antibiotic mecha-
nism, and identification of novel quinone-binding partners.
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