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A two-step bioconjugation of S. aureus
lipoteichoic acid (LTA) affords fluorescent probes
that illuminate the interaction between
Gram-positive glycolipids and mammalian

cell membranes

’ '.) Check for updates ‘

Cite this: DOI: 10.1039/d6cb00113k

Jake Henry,?® Joe Nabarro, (2 Harriet Chidwick,® Georgia Conrich-Wilks,®
Emily G. Morton-West,? Alice Crook,” Dave Boucher,”® Nathalie Signoret
Martin A. Fascione () *2°

*“d and

Lipoteichoic acid (LTA), a major constituent of Gram-positive bacteria cell wall, is an amphiphilic
glycolipid and well-established stimulator of immune cells through activation of Toll-Like Receptor 2
(TLR2) complexes. LTA binding to TLR2 is essential for this process but not the only step required,
meaning that new tools are needed to visualize and track LTA interactions with host cells. Here we
present a simple aldehyde-based bioconjugation approach to label native LTA purified from S. aureus,
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generating fluorescent LTA derivatives with minimal functional impairment by targeting modification
distal to the diacylglycerol lipid anchor that is essential for host cell interactions. We demonstrate that
DOI: 10.1039/d6cb00113k this approach not only facilitates the study of fluorescent LTA binding to established host TLRs, but also

reveals an underappreciated propensity of LTA lipids to interact with mammalian membranes
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Introduction

Lipoteichoic acid (LTA) is an amphiphilic glycolipid and patho-
gen associated molecular pattern (PAMP) presented on the
surface of Gram-positive bacteria through membrane anchor-
ing of its diacylglycerol lipids. Currently, there are five identi-
fied types of LTA, with Type 1 LTA from S. aureus being the best
characterized.’ Whilst, the exact roles of LTA in bacteria remain
incompletely elucidated, it is well established that LTA is
essential for bacterial growth and survival, as mutants lacking
LTA become very vulnerable to changes to their environment
and are more susceptible to antibiotics.'™ With regards to
human health, LTA is considered as a virulence factor triggering
inflammatory responses and a molecular driver of sepsis, a life
threatening condition with more than 48 million cases across
the globe, of which 43% are attributable to Gram-positive
bacterial infections.*”> LTA mediates bacterial adherence to host
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tissues for colonisation, but once released from bacteria it
activates host defence processes. Mechanistically, stimulation
of neutrophils, monocytes and macrophages occurs through LTA
loading onto Toll-Like Receptor 2 (TLR2) complexes, to initiate
the host response. Importantly accessory host molecules bind
and aid in the delivery of LTA to TLR2,° while TLR2-independent
effects of LTA have also been reported on immune cells.” There-
fore to better understand how LTA exerts its effects on host
mammalian cells, reliable tools enabling detection, tracking and
functional analysis of this microbial component are required.
Fluorescent labelling of biomolecules is an often used
chemical biology approach for this application, with electro-
philic activated esters and isothiocyanates previously used to
label nucleophilic sites on native LTA.*™® However, these
approaches can lack region- and site-selectivity, with potentially
deleterious effects on the functional activity of the biomolecule.
Whilst elegant fully synthetic approaches to LTA have resolved
these selectivity issues'*'® and delineated the contribution of
component parts to biological activity,'®*® the formidable multi-
step synthesis required'® can often limit the length of LTA
accessible and these approaches to only a few specialised labs.
Therefore, herein we bridge these two approaches and use mild
and selective aldehyde chemistry to label readily accessible
native LTA purified from S. aureus 1, with the aim of generating
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Fig. 1 Proposed two-step method for bioconjugation of commercial S.
aureus lipoteichoic acid (LTA) 1 via aldehyde 2 to afford fluorescent oxime
bioconjugates 3, using a Malaprade oxidation followed by oxime ligation
using fluorescent aminoxy reagents.

fluorescent LTA derivatives with minimal functional impairment
by targeting modification distal to the diacylglycerol lipid
anchor, which is the key mediator of interaction of LTA host
cell receptors, including TLR2, CD14 and CD36.*>" Specifically
we describe the application of a simple two-step native LTA
bioconjugation protocol consisting of Malaprade periodate vic-
inal diol oxidation to an aldehyde 2 followed by aniline organo-
catalysed oxime ligation® of the resulting aldehyde using Alexa
Fluor 647 or Alexa Fluor 488 nucleophiles to afford fluorescent
bioconjugates 3 (Fig. 1). We demonstrate that as well as being
operationally simple enough for labs lacking synthetic chemistry
expertise, our approach not only facilitates the study of fluor-
escent LTA binding to established host TLRs, but also reveals an
underappreciated propensity of LTA lipids to interact with
mammalian membranes independently of TLRs, with potential
ramifications for our understanding of the role of bacterial
glycolipids in human infection.

Results and discussion

S. aureus LTA 1 is a negatively charged glycolipid consisting of a
lipid anchor bearing two fatty acid chains (Fig. 1) attached to a
gentiobiose disaccharide core (Gle(B1-6)Glc) that is modified at
the O6 with a backbone of glycerol phosphate (GroP) repeating
units which can be substituted with either p-GlcNAc glycoside,
or p-Ala esters. Both fatty acids are essential for TLR binding
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and subsequent release of immunostimulatory cytokines, with
the length of the backbone'” and p-Ala substitution also con-
tributing to immunostimulatory potency of LTA.'®>* Although
LTA was first purified from Gram-positive bacteria using hot
phenol-water extraction for biological studies,>” its activity as a
bacterial ‘endotoxin’ remained controversial for decades due to
the presence of contaminants, and the subsequently proven
propensity for chemical degradation during purification. Milder
extraction with n-butanol revealed that this hot phenol degrada-
tion often results in the reduction of the GroP backbone length
and p-Ala substitution and loss of immunostimulatory activity.”?
LTA can be synthesised, however this requires specialist labora-
tory equipment and chemistry expertise, making it inaccessible
to many laboratories.'* Therefore, commercially available active
LTA extracted from S. aureus with n-butanol, as available from
Invivogen, has thus become the gold standard reagent for
biological study of LTA signalling. We therefore opted to use
this supply as a starting point for chemical bioconjugation of
the LTA backbone. Initial 700 MHz diffusion-ordered spectro-
scopy (DOSY) '"H-NMR analysis of the commercial S. aureus LTA
in our hands revealed an average length of ~ 18 GroP repeats,
using the average number of protons in the lipid anchor as a
reference,”® (with ~22% p-Ala ester substitution and ~7%
p-GlcNAc glycoside substitution of the GroP backbone (Fig. 2).
Interestingly DOSY NMR, which separates NMR peaks based on
their diffusion coefficient and therefore molecular weight>®
revealed contamination of the commercial sample with faster
diffusing small p-Ala not attached to the slower diffusing larger
molecular weight LTA, suggesting some cleavage of the p-Ala
ester on the backbone (loss of ~ 5% substitution, SI Fig. S1) had
occurred during purification or handling, as also occurs at pH
8.5 or above.'® Considering the calculated level of GroP sub-
stitution we determined on average that ~71% of the hetero-
genous samples backbone would be unsubstituted (R = H).
Therefore, on average the majority of the terminal LTA GroP
unit in this sample could be a considered as a vicinal diol
bearing a primary alcohol, a functionality potentially suscepti-
ble to relatively rapid Malaprade periodate oxidation (Fig. 1,
step 1) compared to other diols in the glycolipid.>”*® Mild
periodate oxidation of this terminal diol would afford oxidised
LTA 2 bearing an electrophilic aldehyde moiety which could then
be derivatised via oxime ligation using reactive a-effect nucleo-
philes under mild conditions, using aniline as an accelerating
water soluble organocatalyst.>® To realise this bioconjugation,
we therefore subjected LTA 1 (2 mg mL™') to 5 mM NalO, in
200 mM NaOAc buffer at pH 5.5 for two hours on ice, before
dialysis into pH 4.5 buffer and incubation for two hours follow-
ing addition of 10 mM aniline and either hydroxylamine-Alexa
Flour 488 or hydroxylamine-Alexa Flour 647 fluorophores, in a
fivefold excess over LTA. Following further dialysis into water
and lyophilisation, the resultant 488 and 647 fluorescent oxime-
LTA bioconjugates 4 and 5 were then characterised by 700 MHz
DOSY 'H-NMR to determine the efficiency of labelling (Fig. 2,
inset). "H-NMR signals associated with the fluorophores in the
bioconjugates were easily identifiable in the aromatic region
through comparison to the unconjugated starting materials

© 2026 The Author(s). Published by the Royal Society of Chemistry
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Fig. 2 Comparative 700 MHZ DOSY *H-NMR analysis of unmodified LTA 1 (main) and fluorescently modified LTA 4 and 5 (inset, only aromatic region for
clarity), highlighting signals for GroP backbone (grey), lipids (brown), gentiobiose core (blue), b-GlcNAc (cyan), p-Ala (red), AF488 (green) and AF647
(purple). Note 'half-moon’ glucose symbol depiction in 5 denotes a putative ring-opened acyclic dialdehyde species resulting from periodate mediated

glucose ring opening.

(SI Fig. S2 and S3), with the DOSY NMR experiments also
confirming that the fluorophores in the sample diffused simi-
larly to the higher molecular weight LTA, indicative of covalently
attachment. Using the lipid anchor as a reference again, the
labelling efficiency for AF488-LTA 4 was calculated as ~75%
fluorophore per LTA molecule, approximately consistent with
the previously determined ~ 71% unsubstituted GroP backbone.
Although the heterogeneity of the starting material precludes
unequivocal characterisation of the site of fluorophore attach-
ment, considering the rate of Malaprade oxidation is governed
by the steric accessibility, type and stereochemical configuration
of the reactive diols, we would expect the terminal vicinal diol of
LTA to be the primary site of oxidation and also the least
sterically hindered for subsequent oxime ligation, and thus the
likely site of mono-modification in AF488-LTA 4. However, NMR
analysis revealed AF647-LTA 5 is labelled with ~187% fluoro-
phore per LTA molecule, indicating at least another site of
attachment, with the only other diols available for Malaprade
oxidation in the glucose containing gentiobiose (Glc(p1-6) dis-
accharide core (discounting the low level of ~7% GlcNAc glyco-
side GroP substitution). Although the ¢rans orientation of C2-C3
and C3-C4 diols in glucose are among the slowest sites for
oxidation among carbohydrates,>***' due to the unfavourable
distortion of the glucose *C; chair conformation required for
formation of the planar cyclic ester intermediate in the Mala-
prade reaction, oxidation of glucose to di-aldehydes can occur in
the presence of periodate with a rate constant of ~4 Xx
10~ > mol ' s '.*? Therefore, the likely second site of fluorophore

© 2026 The Author(s). Published by the Royal Society of Chemistry
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Fig. 3 TSDS-PAGE analysis of fluorescent-LTA 4 and 5 compared to an
AF-488 labelled lipopolysaccharide (LPS) standard from E. coli O111:B4.
Composite image analysis following direct in gel detection of two different
fluorescent signals.

attachment in AF647-LTA 5 is within this gentiobiose core, but
notably both the terminal diol and this disaccharide core are
distal to the lipid anchor which mediates cell surface TLR
interactions. To further characterise bioconjugates 4 and 5 we
subsequently performed polyacrylamide gel electrophoresis
(PAGE) analysis using Tricine-SDS PAGE gel (Fig. 3), including
AF488 labelled lipopolysaccharide from E. coli O111:B4 as a
ladder®® to aid analysis of the size of our modified LTA using
fluorescent visualisation. Notably we observed a smeared
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banding with our fluorescent LTA consistent with previous LTA
analysis,”* and a migration through the gel for AF488-LTA 4
consistent with a molecular weight of ~5-6 kDa. This molecu-
lar weight is consistent with the ~4.8 kDa calculated based on
the average LTA length (~ 18 GroP repeats) determined by NMR
analysis (Fig. 2). Although AF647-LTA 5 appears to migrate more
slowly, this could be considered a consequence of that attach-
ment of the additional negatively charged (AF647) fluorophore.

Although combined "H-NMR and PAGE analyses of the mod-
ifed LTA indicated bioconjugation had successfully resulted in
fluorophore attachment whilst maintaining the structural integ-
rity of the glycolipid, it remained to assess the functional activity
of the fluorescent LTA bioconjugates in mammalian cells stimula-
tion. This activation is governed by initial binding to cell surface
TLR2 complexes (TLR2/6 or TLR1/2), which then triggers intracel-
lular signalling pathways leading to the secretion of proinflam-
matory cytokines.*>™”

To validate the biological activity of the bioconjugates we
therefore used HEK-293 reporter cell lines expressing murine
TLR1/TLR2 or TLR2/TLR6 pairs, which secrete the cytokine IL-8
upon TLR activation, with non expressing HEK-293 LacZ (HEK-
293) cells for negative control.>® Flow cytometry analysis initially
confirmed the high TLR-2 expression on reporter cells using an

A
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anti-TLR2 antibody (Fig. 4A), and following treatment with
10 ug mL~" AF488-LTA 4 also demonstrated binding of the
fluorescent green LTA to TLR2/6 and TLR1/2 expressing cells,
evidenced by the significant increase in AF488 mean intensity
fluorescence (MFI) values compared to non-expressing HEK-293
cells (Fig. 4B). To further demonstrate the functionality of AF488-
LTA 4 we tested its ability to induce TLR2 dependent cytokine
secretion compared to unmodified LTA 1 (Fig. 4C). HEK-293
expressing the mTLR2/6 pair were stimulated with increasing
dose of LTA 1 or AF488-LTA 4 in medium at 37 °C for 24 hours
before measuring IL-8 production by performing an ELISA on
collected cell supernatants.*® The ELISA revealed a similar dose
response for AF488-LTA 4 and unmodified LTA 1, with minimal
signal for control HEK-293 cells with either form of LTA (back-
ground line on graph), indicating the bioconjugation had not
impaired the functional activity of the LTA. Additionally, we
tested the ability of AF488-LTA 4 to bind TLR2 on cells endo-
genously expressing receptor complexes by seeding human
monocyte-derived macrophages (MDMs) on coverslips before
staining for TLR2 surface localisation, exposure to 10 pg mL ™"
AF488-LTA 4 and analysis by confocal microscopy (Fig. 4D).
Notably, although we observed cell surface coincidence
(vellow) of AF488-LTA (green) and TLR2 staining (red), we also
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Fig. 4 Biological characterization of AF488-LTA compared to unmodified LTA. (A) Flow cytometry detection of TLR2 on HEK-293 control and reporter
cells expressing either of the functional mouse TLR2 receptor pairs. Gray peak represents cells stained with secondary antibody only, while white peak
represents cells labelled with anti-TLR2 antibody prior to secondary antibody staining. (B) Binding of AF488-LTA (10 pg mL™Y) following a 90 min cell
incubation at 4 °C; The graph reports the Mean Fluorescent Intensity (MFI) signal of cell-bound AF488-LTA, with mean £ sd from two independent
triplicate experiments, one way ANOVA statistical analysis and adjusted g values. This experiment was performed using a Cytoflex S flow cytometer. (C)
Comparative analysis of dose-dependent TLR-2 mediated IL-8 secretion by unmodified and AF488-LTA on HEK-mTLR2/6; IL-8 ELISA performed at
highest LTA dose on HEK-293 cells set background level (dotted line). (D) Single confocal section images of an MDM exposed to 10 ug mL~* AF488-LTA
(green) for 2 h at 4 °C and stained for surface TLR2 (red) with DAPI nuclear stain (blue)- scale bar = 5 pm.
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Fig. 5 TLR2-dependent and -independent cells interactions. (A) Flow cytometry histogram overlays of HEK-293, HEK-mTLR-2/6 or HEK-mTLR1/2 cells
unlabelled (grey filled traces) or exposed to 3.3 ug mL~* AF488-LTA (black open traces) for 90 minutes on ice, showing a more pronounced shift in AF488
signal intensity for TLR2 expressing cells. (B) comparative binding titration of AF488-LTA on the different cell lines, triplicate experiment with two way
ANOVA mean comparison to HEK-293 control plus Dunnett’s secondary test, **** < 0.0001 ** < 0.005. (C) Comparative binding titration of unmodified
LTA and AF488-LTA by indirect fluorescent detection using an anti-LTA antibody. (D) Epifluorescence images with DAPI Fluorescent DNA stain (blue)
from HEK-293 cells treated for 2h at room temperature with 5 ug mL™ of AF488-LTA revealing cell membrane staining (green) not seen when AF488-
LTA is pre-exposed to 10 pg mL™! sCD14 (+ sCD14); scale bars = 25 um. (E) sCD14 dose-dependent inhibition of AF647-LTA binding to HEK-293 cells,
results expressed as percent of LTA binding with no sCD14 pre-treatment for a representatitve triplicate experiment. (F) comparative cells binding
titration of intact (black lines) and hydrolysed (blue lines) AF488-LTA; graph reports mean =+ sd values from a triplicate experiment. All flow cytometry data

presented in this figure were acquired on a LSRFortessa X20 instrument.

observed cell surface binding of AF488-LTA 4 (green) at the
membrane where no TLR2 was detected, suggestive of a TLR2-
independent interaction of the glycolipid with mammalian cells.
To explore this potential TLR2-independent mechanism, flow
cytometry experiments were revisited using a titration of AF488-
LTA 4 on HEK-mTLR2/6 or HEK-mTLR1/2 to HEK-293 control
cells (Fig. 5A) to dissect dose-dependent binding. Supporting
TLR2-independent binding of LTA, titration experiments using
the green fluorescent probe consistently showed a lower but
dose-dependent increase in cell-associated fluorescent signal on
HEK-293 control cells lacking TLR2, compared to TLR2 expres-
sing cells (Fig. 5B). Furthermore a comparable dose-dependant
increase in binding to HEK-293 control cells was also observed
using AF647-LTA 5 demonstrating the binding was also fluor-
ophore independent (SI Fig. S4) and also not impacted by
modification of the gentiobiose core. Whilst an anti-LTA mono-
clonal antibody, recognising the glycerophosphate backbone of
LTA,* also detected HEK-293 cell-surface associated unmodified
LTA 1, as well as AF488-LTA 4 (Fig. 5C). We also used the AF488-
LTA 4 to probe interaction with control HEK-293 cells by con-
focal microscopy, demonstrating that fluorescent LTA clearly
interacts with the plasma membrane in the absence of TLR2
(Fig. 5D). An LTA mediated TLR-independent paralysis of T-cells
was previously reported with observation of membrane-LTA
interactions, which were speculatively attributed to an unknown
receptor.® However classical early studies, prior to the discovery

© 2026 The Author(s). Published by the Royal Society of Chemistry

of TLRs, suggested that LTA was able to reversibly insert into
erythrocyte membranes by virtue of its lipid anchor,*"** a
conclusion supported by the more recent demonstration that
Gram-negative lipopolysaccharide (LPS) glycolipids can sponta-
neously insert into model membranes.**** Therefore to dissect if
interaction of our AF488-LTA 4 with the plasma membrane was
mediated by the lipid anchor we pre-treated probe 4 with a
soluble form of CD14 (sCD14), a host binding partner for LTA,*>
which like TLR2 is known to engage through binding to the lipid
anchor.*®*” We observed that sCD14 pre-treatment prevented
AF488-LTA interaction with HEK-293 cell-surface by microscopy
(Fig. 5D), and had a dose-dependant inhibitory effect on AF647-
LTA cell binding by flow cytometry (Fig. 5E). Furthermore, we
assessed the impact of hydrolysis of the ester linked lipid chains
of both AF488-LTA 4 and AF647-LTA 5, and unequivocally
demonstrated abrogation of TLR2-dependant and TLR2-
independent binding following lipid cleavage (Fig. 5F and SI
Fig. S5), reinforcing the hypothesis that LTA is likely able to
interact and insert into mammalian cell membranes in a
receptor-independent thermodynamically driven process.

Conclusion

In this study we have leveraged an understanding of the
Malaprade oxidation of glycoconjugates to develop a simple
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bioconjugation of native LTA that can be completed within a few
hours by a non-specialist, enabling us to fluorescently tag the
glycolipid using oxime chemistry and commercially available
hydroxylamine probes. We demonstrated that this mild two-step
bioconjugation had a minimal effect on the structure of the native
LTA and no significant effect on biological activity of LTA, with
probes still able to bind TLR2 receptors on host cells, and activate
receptors to trigger cytokine release. Although some reduction in
substitution of the GroP backbone and changes to the gentiobiose
core occurred during bioconjugations (SI Fig. S2 and S3), this
structural modulation did not impact on the ability of the
fluorescent LTA to induce cytokine release, compared to unmo-
dified LTA, which is unsurprising considering previous structure—
function studies using synthetic LTA derivatives deemed the
gentiobiose core to be unnecessary for immunostimulation.'®
Furthermore the new fluorescent LTA bioconjugates also facili-
tated the observation of TLR2-independent binding to the plasma
membrane. This predilection of LTA was shown to be dependant
on its lipid anchor, suggestive of a membrane insertion mecha-
nism, an underappreciated property of amphiphilic PAMPs.*87°
Notably, the biological significance of this process for the host
remains to be established and can be now be dissected in future
studies using this bioconjugation approach to expand the LTA
chemical biology toolkit.
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