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ARTICLE INFO ABSTRACT

Keywords: Gram-negative bacteria possess an asymmetric outer membrane (OM) primarily composed of lipopolysaccharides

Lipopolysaccharide (LPS) on the outer leaflet and phospholipids on the inner leaflet. The outer membrane functions as an effective

gulter membrane permeability barrier to compounds such as antibiotics. Studying LPS biosynthesis is therefore helpful to explore
alactose

novel strategies for new antibiotic development. Metabolic glycan labeling of the bacterial surface has emerged
as a powerful method to investigate LPS biosynthesis. However, the previously reported methods of labeling LPS
are based on radioactivity or difficult-to-produce analogs of bacterial sugars. In this study, we report on the
incorporation of azido galactose into the LPS of the Gram-negative bacteria Escherichia coli and Salmonella typhi
via metabolic labeling. As a common sugar analog, azido galactose successfully labeled both O-antigen and core
of Salmonella LPS, but not E. coli LPS. This labeling of Salmonella LPS, as shown by SDS-PAGE analysis and
fluorescence microscopy, differs from the previously reported labeling of either O-antigen or core of LPS. Our
findings are useful for studying LPS biogenesis pathways in Gram-negative bacteria like Salmonella. In addition,
our approach is helpful for screening for agents that target LPS biosynthesis as it allows for the detection of newly
synthesized LPS that appears in the OM. Furthermore, this approach may also aid in isolating chemically
modified LPS for vaccine development or immunotherapy.

Fluorescent labeling
Click-chemistry
Bacteria

1. Introduction biological molecules and related cellular structures by, for instance,
fluorescence microscopy or in-gel fluorescence imaging. Metabolic la-
beling of glycans has been widely used for studying eukaryotic systems

[3-11]. In contrast, only a few of these approaches have been reported

Metabolic glycoengineering (MGE) has been developed as a powerful
approach to insert non-natural monosaccharide into glycan structures

on the cell surface [1] or secreted glycoproteins [2]. The strategy de-
pends on a modified monosaccharide analog containing a bioorthogonal
chemical reporter that hijacks the glycan biosynthetic pathways such
that it is installed into the glycans of cells, in place of the natural
monosaccharide. Following the incorporation, these reporters can be
tagged with a fluorescent probe through a bioorthogonal (click chem-
istry) reaction, enabling visualization or analysis of the labeled

for bacteria [12-19].

Gram-negative bacteria are covered by an asymmetric outer mem-
brane that consists of a dense lipopolysaccharide (LPS) layer as its outer
leaflet (Fig. 1A). In most cases, LPS is essential for bacterial viability as is
also the case for Escherichia coli (E. coli) [22]. The special structure of
LPS functions as a permeability barrier for hindering small, hydrophobic
molecules that can otherwise cross phospholipid bilayers, which renders
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Gram-negative bacteria innately resistant to many antimicrobial com-
pounds. LPS is made up of several types of different sugars and fatty
acids and its structure can be divided into three regions: a glyco-
phospholipid moiety called lipid A, a core oligosaccharide, and an O-
antigen. The lipid A structure corresponds to a bis-phosphorylated p-1-6
glucosamine disaccharide, to which depending on the bacterium up to
seven acyl chains are attached via ester or amide linkages. The inner
core is typically composed of 3-deoxy-a-D-manno-oct-2-ulopyranosonic
acid (KDO) and heptose sugars. KDO is a near-universal component of
LPS, forming an o-linkage with the glucosamine disaccharide of lipid A
in nearly all instances. The outer core is characterized by common
hexose sugars such as glucose, galactose, N-acetyl galactosamine, and N-
acetyl glucosamine. The O-antigen is only exposed on the surface of
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bacteria with a smooth phenotype and the LPS is called S-LPS. Some
bacteria have a rough morphology and their LPS is called R-LPS, which
is deprived of O-antigen, e.g., in the E. coli K12 strain. While the O-an-
tigen region is extremely variable, the lipid A and core oligosaccharide
regions are much more limited in variation. In E. coli, the inner core is
composed of a conserved structural element of KDO and L-glycero-a-D-
manno-heptopyranose (Hep), which also can contain phosphoethanol-
amine and phosphate residues. Five unique outer core structures have so
far been determined in E. coli (R1-R4 and K12) [23]. The different
sugars in LPS are linked uniquely when comparing different bacteria.
For example, in some Salmonella strains, galactose is present in the LPS
core as an o-1,3-linked backbone sugar and an «-1,6-linked branch
substituent (Fig. 1B) [20,24]. Galactose is only present as the a-1,6-
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Fig. 1. Schematic of biosynthesis of LPS in serovar Typhi and LPS structure of E.coli K12 and serovar Typhi [20]. A) Lipopolysaccharide (LPS) biogenesis in Sal-
monella enterica serovar Typhi. In brief, the O-antigen repeating unit and core domains of LPS are assembled and synthesized at the cytoplasmic interface of the inner
membrane. Core domains are flipped by MsbA, and O-antigen precursors are flipped by O-antigen flippases across the inner membrane, then the O-antigen is
attached to the core domain (LOS) at the periplasmic side of the inner membrane. Finally, the Lpt complex transports LPS from the inner membrane to the surface of
the outer membrane. UDP-galactose is the galactose donor in both the O-antigen repeat unit and core domain synthesis processes. For gal E mutants, UDP-galactose
cannot be obtained by converting UDP-glucose due to a lack of the Gal E enzyme. Therefore, in the case of S. typhi, coupling of the O-antigen to the core domain is
dependent on the presence of externally provided galactose. B) The reported structures of the core domains and O antigen repeat unit of E. coli K12 and S. typhi. In
Salmonella, galactose is present in the LPS core as an a-1, 3-linked backbone sugar and an -1, 6-linked branch substituent, while galactose is only as the a-1, 6-linked
branch substituent in LPS core of E. coli K-12. The number represents the positions of linkage on sugars. (Figure adapted from Simpson and Trent) [21].
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linked branch substituent in the LPS core of E. coli K-12 [24,25], while in
E. coli with the R3 core type, galactose is linked as a-1,3-linked backbone
sugar in the LPS core [24]. Metabolic glycoengineering may provide a
useful tool to i) decipher the process of LPS biogenesis in bacteria and ii)
specifically detect bacteria [26-29]. However, the labeling of lipopoly-
saccharide (LPS) of Gram-negative bacteria was so far limited to special
monosaccharides, i.e. KDO [14,16] in the core of the LPS or rare
oligosaccharide analogs [15,17-19] in the O-antigen part.

Galactose, one of the common monosaccharides that is present in
both the core and O-antigen of LPS, is a very attractive candidate for
labeling LPS. The main pathway of galactose metabolism in bacteria is
the Leloir pathway (Fig. 1) [30]. In this pathway, galactose is converted
to galactose-1-phosphate, which is subsequently transformed to uridine
diphosphate galactose (UDP-galactose). UDP-galactose is a universal
donor for galactosyltransferases (GalTs) that mediate the addition of
galactose to LPS in bacteria. Another important metabolic route to UDP-
galactose is its synthesis from UDP-glucose by UDP-galactose-4-
epimerase (GalE), an enzyme that usually works in both directions.
Deletion of the GalE gene in bacteria (AgalE mutant) blocks this con-
version between UDP-glucose and UDP-galactose. In these bacteria, the
one possible metabolic flux for UDP-galactose is as a donor to LPS.
Consequently, the LPS of AgalE S. typhi strains is truncated when grown
in the absence of galactose, resembling deep rough phenotypes with
only lipid A, an inner core, and an incomplete outer core (Fig. 1). Upon
the addition of galactose to the growth medium, the synthesis of com-
plete LPS is restored. This phenomenon allowed the utilization of radi-
olabeled galactose to follow newly synthesized LPS in galE-deficient
bacteria [25]. Here, we first explored the possibility of azido galactose
incorporation into the LPS of galE-deficient E. coli strains. However,
apparent substrate specificities within the metabolic pathway of galac-
tose in this bacterium hindered this approach. Nonetheless, we could
demonstrate the incorporation of azido galactose in both the core and O-
antigen of newly synthesized LPS of the galE-deficient strains of Salmo-
nella enterica serovar Typhi (Ty21a). The newly synthesized LPS could be
fluorescently labeled in live bacteria, and the resulting images provided
evidence that the newly synthesized LPS is also inserted into the poles of
the bacteria. This is an interesting finding that differs from the previous
results that could only show labeled LPS insertion mid-cell [31-34].

2. Experimental procedures
2.1. General information

All reagents employed were of American Chemical Society (ACS)
grade or finer and were used without further purification unless other-
wise stated. All non-aqueous reactions were performed in dry glassware
under a slight positive pressure of nitrogen unless otherwise noted.

All NMR spectra were recorded at 400 MHz on an Agilent NMR
machine (400-MR spectrometer) with chemical shifts reported in parts
per million (ppm) downfield relative to tetramethylsilane (TMS). H
NMR data are reported in the following order: multiplicity (s, singlet; d,
doublet; t, triplet; q, quartet; and m, multiplet), number of protons, and
coupling constants (J) in Hertz (Hz). Mass spectrometry (MS) analysis
was performed using an ESI-MS (Thermo Finnigan, LCQDECA XP) in-
strument. The fluorescent scanning SDS-PAGE gels were performed on a
GE Amersham™* Imager 600 series.

The avirulent Salmonella typhimurium strain SF1195 is identical to
LT2 SL 848 [35] and the galE deficient strain Ty 21a of Salmonella typhi is
constructed from strain Ty 2 [36], which both were generous gifts from
Dr. J.P. van Ulsen of Amsterdam Institute of Molecular and Life Sciences
and Dr. B. Appelmelk of the Department of Medical Microbiology and
Infection Control at Amsterdam University Medical Center. E. coli K12
strains included wild types (W3110), a galE-deficient strain from the
Keio collection of E. coli (JW0742), and the galE-deficient strain of E. coli
CWG1170, which was generously provided by the Whitfield lab [37].
The plasmid of GalK from Streptococcus pneumoniae TIGR4 (GalKSpe4)
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was a gift from Prof. Min Chen from the State Key Laboratory of Mi-
crobial Technology, National Glycoengineering Research Center, Shan-
dong University, China. All the strains were grown in lysogeny broth
(LB) or M9 minimal medium while shaking (250 rpm) at 37 °C unless
otherwise stated.

2.2. Synthesis of azido galactose

OH OH OH OH
O  TfNs, CuSO,5H,0 o
HO ~ HoO
1

2.2.1. 2-Azido-2-deoxy-D-galactose (1)

2-azido-2-deoxy-D-galactose was prepared from D-galactosamine
hydrochloride according to the previously reported paper with some
modifications [38,39]. In detail, 2-amino-2-deoxy galactose hydro-
chloride (0.65 g, 3 mmol) was suspended in CH,Cly (2 mL) in a 50 mL
round-bottomed flask. To the mixture were added Et3N (0.90 g, 1.25 mL,
9 mmol) and a solution of CuSO4 (24 mg, 0.15 mmol, in 0.5 mL water).
Subsequently, a freshly prepared solution of trifluoromethanesulfonic
anhydride (TfN3, 9 mmol) in CH,Cl, (6 mL) was added to the above
reaction mixture and the solution was brought to homogeneity by
adding MeOH (2 mL). The reaction solution was stirred at room tem-
perature for 17 h. Then, the reaction mixture was poured into saturated
aqueous NaHCO3 (30 mL) and stirred for 15 min, and the mixture was
extracted with CHCl, three times (3 x 30 mL). The combined organic
phases were filtered through Celite, washed with brine (30 mL), dried
with anhydrous MgSOy, filtered, and concentrated. The residue was
purified with flash silica gel chromatography (ethyl acetate: MeOH = 9:
1), yielding a light off-white solid (485 mg, 79 %).

'H NMR (400 MHz, D50) 6 5.22 (d, J = 3.9 Hz, 0.4H), 4.57 (d, J =
7.9 Hz, 0.6H), 4.22-3.88 (m, 2.6H), 3.76 (m, 3H), 3.48 (dd, J =9.7, 8.0
Hz, 0.4H).

ESI-MS m/z calcd for [CgH11N3OsNa] © ([M + Na] ™) 228.06, found
228.43.

OBz OBz
. N3

1) Pyridine,
HO O  Tf,0, DCM O
BzO > BzO

2) NaN3, DMF

BZO OMe ) 3 BZO OMe
2

2.2.2. 4-Azido-2, 3, 6-tri-O-benzoyl-4-deoxy-D-galactopyranoside (2)
Methyl 2, 3, 6-tri-O-benzoyl-D-glucopyranoside (2.04 g, 4 mmol),
and pyridine (1.03 mL, 12.8 mmol) were dissolved in DCM (50 mL). The
reaction mixture was cooled to —10 °C in a calcium chloride-ice bath.
Subsequently, triflic anhydride (0.89 mL, 5.3 mmol) was added to the
reaction solution and the solution became light pink after being stirred
for 30 min in an ice bath and then for 2 h at room temperature. The
reaction solution was diluted with ethyl acetate (EtOAc, 150 mL) and
washed with water (150 mL). The aqueous phase was extracted with
EtOAc (150 mL) once again. The combined organic phases were washed
with water (2 x 150 mL), a saturated NaCl solution (100 mL), dried with
MgSOy4, and then filtered and concentrated. The resulting residue was
dissolved in DMF (15 mL) and stirred with NaN3 (1.3 g, 20 mmol) at
60 °C overnight. The reaction solution was diluted with EtOAc (50 mL)
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and washed with water (50 mL). The aqueous phase was extracted with
EtOAc (50 mL) once again. The combined organic phases were washed
with water twice (2 x 50 mL), a saturated NaCl solution (50 mL), dried
with MgSO0g, filtered, and concentrated. The residue was purified by
silica gel column chromatography (hexane: EtOAc = 3:1), giving 1.21 g
of a foam-like product (yield, 57 %).

'H NMR (400 MHz, CDCls) 6 8.05 (dd, J = 10.9, 4.1 Hz, 4H),
8.01-7.95 (m, 2H), 7.62-7.34 (m, 9H), 5.96 (dd, J = 10.6, 3.7 Hz, 1H),
5.61 (dd, J = 10.6, 3.7 Hz, 1H), 5.19 (d, J = 3.7 Hz, 1H), 4.62-4.49 (m,
2H), 4.44-4.33 (m, 2H), 3.43 (s, 3H).

OBz
N3 N3 OAc
O 1) MeONa, MeOH _ o)
B9 B2 2)98% H,S0,,  AcO
20 OMe  acetic acid, AcO  Aac
acetic anhydride
2 3

2.2.3. Tetra-acetate 4-azido galactose (3) 2

(1.03 g, 1.9 mmol) was dissolved in 15 mL methanol, treated with
MeONa (1.2 mL, 25 %, 5.4 mmol) solution and stirred overnight at room
temperature. The mixture was subsequently neutralized with DOWEX
50WX8-400 ion-exchange resin and the filtrate was concentrated. The
residue was dissolved in 4 mL of glacial acetic acid and 4 mL of acetic
anhydride. Then, 0.8 mL of concentrated sulfuric acid was added. The
mixture was stirred at room temperature overnight. Sodium acetate was
added to neutralize the pH to 7. Subsequently, the mixture was poured
into ice water (40 mL) and extracted with dichloromethane (3 x 40 mL).
The organic layers were combined and washed with aqueous saturated
NaHCOs3 (3 x 40 mL), aqueous saturated NaCl (40 mL), dried with
magnesium sulfate, and evaporated to dryness under vacuum. The res-
idue (brown oil) was purified by silica gel column chromatography
(EtOAc: hexane = 1: 1) to obtain a colorless oil product (383 mg, 54 %).

'H NMR (400 MHz, CDCl3) § 6.28 (s, 1H), 5.39-5.34 (m, 2H),
4.22-4.12 (m, 4H), 2.11 (d, J = 2.3 Hz, 6H), 2.06 (s, 3H), 1.99 (s, 3H).

N, O N, OH
o MeONa, MeOH= o
AcO HO
AcO oac OHoH
3 4

2.2.4. 4-Azido-4-deoxy-D-galactose (4) 3

(383 mg, 1.02 mmol) was dissolved in 10 mL anhydrous MeOH,
treated with MeONa (1.2 mL, 25 %, 5.4 mmol) solution, and the mixture
was stirred overnight at room temperature. The mixture was subse-
quently neutralized with DOWEX 50 x 8-400 ion exchange resin until
the pH reached 7. The mixture was filtered, concentrated, and purified
by silica gel column chromatography (using CHCl3: MeOH = 5:1 as the
eluent), giving 56 mg of the product (yield, 27 %).

'H NMR (400 MHz, D,0) 6 4.65 (d, J = 8.1 Hz, 1H), 3.93 (d, J = 3.2
Hz, 1H), 3.77 (d, J = 4.2 Hz, 2H), 3.72-3.66 (m, 2H), 3.48 (dd, J = 10.4,
8.2 Hz, 1H).

ESI-MS m/z caled for [CgH;1N30sNa] * ([M + Na] *) 228.06, found
228.50.
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2.2.5. 1, 2: 3, 4-Di-O-isopropylidene-6-O-p-toluenesulfonyl-a-p-
galactopyranose (5)

To a solution of diacetone-D-galactose (10.5 g, 40 mmol) and pyri-
dine (13 mL, 161 mmol) in a 100 mL branch flask bottle with 12 mL
acetone in an ice-water bath was added 4-toluenesulfonyl chloride (9.4
g, 49 mmol) in portions. Then, the reaction was kept stirring at room
temperature for 17 h under nitrogen flow. To the solution was added 40
mL of water, which led to a yellow precipitate. The precipitate was
filtered and washed with water twice (2 x 80 mL). The sticky and yellow
solid was recrystallized in 30 mL isopropanol (heating the suspension
until the solid totally dissolved in the isopropanol, and then cooling
down the system to room temperature) yielding a white solid (10.2 g, 62
%).

'H NMR (400 MHz, CDCl3) 6 7.80-7.78 (m, 2H), 7.32-7.30 (m, 2H),
5.43 (d, J=5.0 Hz, 1H), 4.57 (dd, J = 7.9, 2.5 Hz, 1H), 4.27 (dd, J = 5.0,
2.5 Hz, 1H), 4.21-4.16 (m, 2H), 4.10-4.00 (m, 2H), 2.42 (s, 3H), 1.48 (s,
3H), 1.33 (s, 3H), 1.29 (s, 3H), 1.26 (s, 3H).

CHs

NaN;  Oo\>L-o
DMF, 120 °C o

\_O o502
o) o)

X
5 6

2.2.6. 6-Azido-6-deoxy-1, 2: 3, 4-di-O-isopropylidene-a-p-galactopyranose
(6

To a 250 mL flask was added 5 (4.4 g, 10.6 mmol), sodium azide
(10.3 g, 0.158 mol), and DMF (100 mL). The reaction mixture was
heated up to 135 °C and stirred for 48 h. The reaction mixture was
cooled to room temperature, diluted with water (150 mL), and extracted
with ethyl acetate three times (3 x 150 mL). The combined organic
phases were washed with water three times (3 x 200 mL), a saturated
NaHCOs solution (200 mL), again washed with water three times (3 x
200 mL), dried with MgSO4, and concentrated, giving a clear syrup. The
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syrup was purified with silica column chromatography (hexane: EtOAc
= 7: 1), giving a clear sticky syrup (2.6 g, 87 %).

'H NMR (400 MHz, CDCl3) 6 5.54 (d, J = 5.0 Hz, 1H), 4.62 (dd, J =
7.9, 2.5Hz, 1H), 4.33 (dd, J = 5.0, 2.5 Hz, 1H), 4.19 (dd, J = 7.9, 2.0 Hz,
1H), 3.91 (ddd, J = 7.5, 5.4, 1.9 Hz, 1H), 3.50 (dd, J = 12.7, 7.8 Hz, 1H),
3.35(dd, J = 12.7, 5.3 Hz, 1H), 1.54 (s, 3H), 1.45 (s, 3H), 1.33 (d, J =
2.4 Hz, 6H).

\%O Ns OH N3
o}
O 80% TFA 5 o
j;o Ho OH
6 7

2.2.7. 6-Azido-6-deoxy-D-galactose (7)

To a 100 mL round-bottomed flask was added 6 (2.28 g, 8 mmol),
and trifluoracetic acid (80 %, 64 mL). The reaction was stirred at room
temperature for 2 h and evaporated using a toluene azeotrope, yielding a
white powder (1.6 g, 98 %).

'HNMR (400 MHz, D20) §5.19 (d, J = 3.7 Hz, 1H), 4.11 (dd, J = 8.4,
4.6 Hz, 1H), 3.90-3.85 (m, 1H), 3.75 (ddd, J = 25.3, 10.3, 3.5 Hz, 2H),
3.42 (m, J = 13.0, 6.6 Hz, 2H).

ESI-MS m/z calcd for [CgH11N3OsNa] ™ ([M + Na] ™) 228.06, found
228.00.

2.3. SDS-PAGE analysis and silver staining of LPS

A total of 200 pL bacteria suspension (ODggonm = 1) was pelleted and
resuspended in 10 pL 2 x Laemmli sample buffer, then the samples were
boiled for 10 min and allowed to cool to room temperature. Subse-
quently, 4 pL of Tris-HCI buffer (0.25 M, pH 6.8), 4 pL of 10 % EDTA
solution (in Milli-Q water), and 2 pL of Proteinase K (2.5 mg mL™ D) in
Laemmli buffer were added and samples were incubated with shaking at
37 °C for 3 h. Finally, the samples (4 pL) were loaded on an 18 % SDS-
PAGE gel, which was run for 1 h at a constant voltage of 80 V and then
for 2h at 120 V.

The LPS was visualized by silver staining as described [40] with some
modifications. In detail, the gels were fixed in fresh Milli-Q water con-
taining 30 % ethanol and 10 % acetic acid (100 mL) and then washed
with fresh Milli-Q water three times (3 x 100 mL) for 30 min. Subse-
quently, the gels were incubated in 0.1 % silver-nitrate solution (100
mL) for 30 min, washed with Milli-Q water (200 mL) once for 10 s, and
reduced by formaldehyde (0.2 %) in sodium carbonate (3 %) solution
(100 mL) to visualize LPS bands. The visualization process was stopped
after 5 min by adding a 1 % acetic acid solution (100 mL), replacing the
reduction buffer. The gels were then kept in a 1 % acetic acid solution
until imaging.

2.4. LPS remodeling in bacteria

For bacterial cell wall remodeling and labelling, overnight precul-
tured bacteria were inoculated to an ODgygnm of 0.05 into fresh LB (2
mL) or M9 medium (2 mL) containing azido-galactose and incubated at
37 °C for 8 h or according to the specific experimental requirements. The
azido-galactose variants employed comprised 2-deoxy-2-azido galac-
tose, 4-deoxy-4-azido galactose, and 6-deoxy-6-azido galactose at con-
centrations of 0.2 %, 2 % or adjusted as necessary based on experimental
objectives. A concentration of 0.2 % of unmodified galactose was used as
a control. The bacteria cells were then harvested by centrifugation at
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4000 xg for 2 min and subsequently washed three times with 1 mL of
PBS. After washing, the bacterial suspension was adapted to an ODggonm
of 2 in PBS and 1 mL was then used for the click reaction.

2.5. LPS labeling in bacteria

To perform the copper-catalyzed click reaction, 0.5 mL of a washed
bacterial suspension at ODgponm = 2 was centrifuged at 4000 xg for 2
min. The resulting pellet was then mixed with 25 pL of PBS (pH 7.4), 5
pL  of CuSO4 solution (10 mM), 5 pL of  tris-
hydroxypropyltriazolylmethylamine (THPTA, 10 mM), 5 pL of freshly
prepared ascorbate sodium solution (25 mM), and 10 pL either Alexa
Fluor 488 alkyne (100 pM) or Atto-550 alkyne (100 pM). This suspen-
sion was then incubated at room temperature in the dark for 30 min.
Subsequently, the bacteria were washed with 50 pL of PBS six times and
resuspended in 50 pL of PBS, and stored at 4 °C until further analysis.

To perform the copper-free catalyzed click reaction, 0.5 mL of the
previously washed bacterial suspension (ODgponm = 2) was centrifuged
at 4000 x g for 2 min. The resulting pellet was then mixed with 50 pL PBS
containing 250 pM DBCO-Cy5. This suspension was incubated in the
dark at room temperature for 1 h, washed as described above and
resuspended in 50 pL PBS before being prepared for in-gel fluorescence
visualization.

2.6. Fluorescence microscopy of the azido-galactose labeled bacteria

First, 200 pL of the remodeled bacteria suspension (ODgoonm = 1)
(see above in the remodeling section) was harvested and incubated with
the labeling buffer of click chemistry at a total volume of 50 pL as above.
After labeling the bacteria via the copper-catalyzed click chemistry with
the Alexa Fluor 488-dye, washing, and resuspension in 100 pL PBS, a
sample of the bacterial suspension (50 pL) was taken and applied onto a
glass slide covered with a flat and thin 1 % agarose pad mixed with PBS
buffer (pH 7.4). The glass slide loaded with bacterial cells was imme-
diately transferred to a Leica Fluorescence Inverted Microscope Solution
DMi8 equipped with a 100x objective. ZEN software was used to collect
the data, and the images were analyzed using Image J.

2.7. Time-course of 2-azido-2-deoxy galactose incorporation into LPS

The Ty21la strain was cultured overnight, and a 100-fold diluted
sample was prepared in 20 mL of LB medium. The culture was then
placed in a shaker at 37 °C and 250 rpm until it reached an ODggopm, of
0.5. At this point, 2-azido-2-deoxy galactose was added to the LB me-
dium, making it 0.5 % of the final concentration. Samples were collected
at specific time intervals (0 min, 1 min, 15 min, 30 min, 1h, 2h, 4h, 8 h,
and 16 h). Each sample was centrifuged at 4000 xg for 2 min, and the
resulting bacterial pellets were washed three times with PBS buffer. The
pellets were then suspended in PBS buffer to achieve a final ODgognm of
0.5. For each time interval, 0.5 mL of the bacterial suspension was
centrifuged at 4000 xg for 2 min. To the pellets, 50 pL of PBS containing
DBCO-sulfo-Cy5 (250 pM) was added and incubated in the dark at 37 °C
for 1 h. The bacteria were washed six times with 200 pL of PBS and
suspended in 200 pL of PBS. The bacteria were then prepared for SDS-
PAGE analysis as described above. The SDS-PAGE gel was washed
once with water and scanned for 3 min using a GE Amersham™* Imager
600 series at the red channel. The resulting images were analyzed using
Image J.

2.8. Metabolomics of galactose in E. coli

To overcome the apparent narrow substrate specificity of E. coli
GalK, the first enzyme of the Leloir pathway [41], we expressed GalK
from Streptococcus pneumoniae TIGR4 (GalKSpe4) in bacteria [42,43].
For this, wild-type E. coli strain W3110 and mutant E. coli strains
CWG1170 (AgalE) or JW0742 (AgalE), all transformed with the GalK
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from Streptococcus pneumoniae TIGR4 (GalKSpe4), were cultured in LB or
M9 medium supplemented with 100 pg mL™! ampicillin and 100 pM
IPTG (for induction of GalK expression) until an ODgponm of 0.6 was
reached in the presence or absence of various azido-galactose variants.
Subsequently, 1 mL of bacteria was centrifuged at 3000 xg for 2 min,
and the pellet was washed twice with 1 mL of Tris-HCI (50 mM, pH 8.0).
The washed bacteria were lysed in 0.4 mL of lysis solution (acetonitrile:
methanol: water = 2: 2: 1) while vortexing and the lysed cells were
cooled on ice for 10 mins. The samples were centrifuged at 16,000 xg for
15 min at 4 °C, and the supernatants were collected for LC-MS analysis.
LC-MS analysis was performed on an Exactive mass spectrometer
(Thermo Scientific) equipped with a Dionex Ultimate 3000 autosampler
and pump (Thermo Scientific). Metabolites were identified and quanti-
fied using LCquan (Thermo Scientific) and validated by retention time
concordance with standards.

3. Results and discussion

3.1. The exploration of galactose and azido-galactose incorporation into
LPS of E. coli

We initially tested whether the gal E deficient strain from the Keio
collection of E. coli single-gene deletions (JW0742) could incorporate 2-
azido-2-deoxy or 6-azido-6-deoxy galactose into its LPS. Although we
were able to demonstrate that bacteria incorporated regular galactose
into their LPS based on the shift of staining bands on SDS-PAGE
(Fig. S1A), we were unable to detect any incorporation of 2-azido-2-
deoxy or 6-azido-6-deoxy galactose into LPS, even at a high concentra-
tion of 2 %. This may be due to a narrow substrate specificity of E. coli
GalkK, the first enzyme of the Leloir pathway (Fig. 1) [41]. To overcome
this possible limitation, we expressed GalK from Streptococcus pneumo-
niae TIGR4 (GalKSpe4) in the JW0742 strain. GalKSpe4 was shown to
have a broader substrate specificity for galactose derivatives with
modifications on the C6-position [43]. However, we could not prove the
incorporation of 2-azido-2-deoxy nor 6-azido-6-deoxy galactose into LPS
of JW0742 expressing GalkSpe4 even though there seemed to be a slight
increase in one of the LPS bands with respect to the control without
galactose (Fig. S1B). The bands on the SDS-PAGE were always repro-
ducible, but the signals varied somewhat in intensity between samples.
To gauge why these cells failed to incorporate azido-galactose into LPS,
we analyzed the metabolism of 6-azido-6-deoxy galactose in JW0742
compared to another Gal E mutant strain E. coli CWG1170 (AgalE) and a
wild-type E. coli strain (W3110), all expressing GalKSpe4 (Fig. S2).
Through metabolomics studies with mass spectrometry, we observed
that azido-galactose could be detected in the metabolites of all tested
strains, suggesting that all strains were capable of importing the azido-
galactose inside the cells in a concentration-dependent way. While
minor amounts of azido-galactose 1-phosphate could be observed in all
of the strains at the highest azido-galactose concentration (2 %), UDP-
azido-galactose could only be observed in the metabolites of JW0742.
Based on the Leloir pathway of galactose metabolism, this suggests that
i) The galactokinase GalKSpe4 can use 6-azido-6-deoxy galactose as a
substrate, ii) it is important to use bacteria with a GalE deletion for this
approach (Fig. S2) and iii) that apparently also the substrate specificity
of galactose-1-phosphate uridyltransferase (GalT) varies between
different strains. In addition, these results also show that failure to
incorporate azido-galactose into the LPS of E. coli cells is likely caused by
the narrow substrate specificity of the enzymes responsible for the
incorporation of 6-azido-6-deoxy galactose into their LPS. In E. coli K-12,
galactose is present in LPS only as the a-1,6-linked branch substituent,
making it difficult to detect the incorporation of galactose (Fig. 1) as
only a small mass difference is expected to occur upon incorporation of
galactose in the LPS. Therefore, we shifted our focus to Salmonella
strains.
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3.2. Metabolic labeling of newly synthesized LPS from Salmonella

In Salmonella, galactose is present in the LPS core as an o 1,3-linked
backbone sugar and o 1,6-linked branch substituent [44,45]. As a result,
galE-deficient Salmonella produces a truncated LPS when grown in the
absence of galactose. However, the addition of galactose to the culture
medium of galE-deficient Salmonella can restore the synthesis of the full-
length backbone core and O-antigen of LPS, making it relatively easy to
detect successful incorporation of azido-galactose variants. Fig. 2 ex-
emplifies this by comparing the LPS composition from two galE-deficient
strains of Salmonella (SF1195 and Ty2la) grown in the absence and
presence of galactose. LPS from these two bacteria showed higher
migrating bands and clear O-antigen ladders on SDS-PAGE only in the
presence of galactose in both rich and minimal media (Fig. 2). There was
no obvious advantage in growing the bacteria in a minimal medium. On
the contrary, the overall amount and the amount of O-antigen con-
taining LPS was significantly lower when the cells were grown in min-
imal media (compare 2B lanes 9 and 12). We think the varying
production of LPS across different media can be attributed to the diverse
nutrient compositions [46,47]. Thus, we only used LB from here on.
Interestingly, a difference in O-antigen composition/length distribution
could be observed between the two different Salmonella strains when
grown in LB with galactose (compare Fig. 2A lane 5 and 2B lane 9). We
reason that the chemical structure of the O-antigen, e.g. variation in the
amount of repeating units, is highly variable among different strains
[48]. Next, we tested if strain SF1195 could incorporate a galactose
variant with an azido group at the 2, 4, and 6 positions into its LPS. We
did not detect clear incorporation of the three azido-galactose variants
into the LPS of SF1195 (Fig. 2B) even at increased concentrations of
azido galactose and growth time (Fig. 2B).

Ty21a gave similar negative results when grown with 4- and 6-azido
galactose, yet, a faint but readily detectable new band could be detected
when we analyzed the LPS of this strain grown in the presence of 0.2 %
2-azido-2-deoxy-D-galactose (Fig. 3A, lane 3). Over-staining of the LPS
in the gel made this LPS band a bit clear (Fig. 2C). Increasing the con-
centration of 2-azido-2-deoxy-D-galactose to 2 % and prolongation of
the growth time from 8 to 18 h (Fig. 3B, lane 7) rendered this new band
much more pronounced next to the appearance of other bands with
lower mobility and even an O-antigen ladder similar to the 0.2 %
galactose control. This indicated the successful incorporation of 2-azido-
galactose into LPS by the cells. The 2-position is occupied by the azido
group in 2-azido-2-deoxy galactose that is present in LPS of Salmonella
enterica serovar Typhimurium, so other monosaccharides within the LPS
structure cannot bond with 2-azido-2-deoxy galactose at its 2-position.
Previous studies argued that the galactose in LPS of Salmonella enterica
serovar Typhimurium is bonded through o —1,2 linkages or a-1,3 link-
ages [49-52]. Therefore, in conjunction with the previous reports, our
results furthermore revealed that the AgalE Ty21a strain’s LPS contains
galactoses that are connected via a-1,3 linkages as were suggested pre-
viously for Salmonella enterica serovar Typhimurium [52].

3.3. Time dependency of the incorporation of 2-azido-2-deoxy-galactose
into LPS

Next, we examined the time dependency of the incorporation of
azido galactose by labeling bacteria grown in the presence of 0.5 % 2-
azido-2-deoxy galactose at different time points with a fluorescent
probe using copper-free click chemistry with DBCO-Cy5. Analysis of the
LPS with SDS-PAGE followed by in-gel fluorescence imaging revealed
that, a half-hour after the addition of 2-azido-2-deoxy galactose, a
fluorescent ladder of bands appeared from the top to bottom of the gel
(Fig. 3C). The intensity of the fluorescent bands increased over time and
seemed to reach a maximum level after about 8 h, where the most
fluorescence was present in the lower 3 bands. We observed a difference
in the patterns of LPS bands between silver-staining SDS-PAGE and in-
gel fluorescent SDS-PAGE, which is likely caused by a difference in
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Fig. 2. Silver-staining SDS-PAGE of LPS isolated from SF1195 or Ty21a grown with galactose or azido-galactose. All of the LPS samples were prepared by removing
protein with proteinase K. A) Silver-staining SDS-PAGE of LPS samples prepared from Ty21a. The bacteria were grown in LB with or without (denoted by the symbol
«.”) galactose or 6-azido-6-deoxy galactose at different concentrations (0.2 % or 2 %) at 37 °C for 8 h in a shaker. B) Silver-staining SDS-PAGE of LPS samples
prepared from SF1195. The bacteria were grown in LB or M9 (containing 0.2 % glucose) with or without different kinds of azido galactose (0.2 % or 2 %) at 37 °C for
18 h in a shaker. C) Time course analysis of galactose incorporation into Ty21a. LPS samples were prepared from the bacteria after they were incubated in LB with
0.2 % galactose at different time points and analyzed using silver-staining SDS-PAGE.

sensitivity of detection. Additionally, we found that there is less fluo-
rescence in the O-antigen region. Apparently, the synthesis of the O-
antigen and its coupling to the LPS core is more affected by the presence
of the azide group than the synthesis of the LPS core (see also Fig. 3A).
This is likely due to the differences in substrate specificity of the en-
zymes involved in the synthesis pathways. To elaborate, in the O-antigen
of Salmonella enterica serovar Typhi LPS, galactose is linked with three
other sugars through chemical bonds. Conversely, in the core of the LPS,
galactose is only linked with one or two other galactose molecules
(Fig. 1). As aresult, incorporating galactose into the O-antigen of the LPS
is more challenging than incorporating it into the LPS core. This diffi-
culty arises because the incorporation of galactose into the O-antigen
involves the participation of more enzymes compared to the incorpo-
ration into the LPS core. Consequently, the substrate specificity of these
enzymes may lead to more hindrances in the incorporation of galactose
into the O-antigen than in the core, resulting in fewer O-antigens being

labeled with azide.

3.4. Visualization of newly synthesized LPS in live bacteria

Since Ty2la can incorporate 2-azido-2-deoxy galactose into their
LPS upon the addition of the azido-galactose to the medium, this method
can in principle be used to track the appearance of newly synthesized
LPS on the surface of bacteria. We first screened several clickable probes
for fluorescent labeling of LPS and analyzed the labeled LPS with SDS-
PAGE, which showed that copper-catalyzed probes gave the best re-
sults (Fig. 4). Next, we grew cells on 2-azido-2-deoxy galactose for 8 h,
labeled them with Alexa Fluor 488-alkyne followed by fluorescence
microscopy. While LPS labeling was not observed in the absence of a
‘clickable’ galactose, those grown in the presence of azido-galactose
were clearly fluorescently stained (Figs. 5, S3). The fluorescence was
most evident around the bacterial periphery, indicating components
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Fig. 3. Azido-galactose incorporation into LPS of Ty21a. A) SDS-PAGE gel analysis of LPS from Ty21a grown with different types of azido-galactoses visualized by
silver-staining. The bacteria were grown in LB with or without 0.2 % galactose, 2-azido-2-deoxy galactose, or 4-azido-4-deoxy galactose at 37 °C for 8 h. Lanes:
bacteria grown in LB only (1); or supplemented with 0.2 % galactose (2); with 0.2 % 2-azido-2-deoxy galactose (3); or with 0.2 % 4-azido galactose (4). The red arrow
highlights the faint band that is visible only in lane 3. B) SDS-PAGE gel analysis of LPS from Ty21a grown in LB with or without 2 % 2-azido-2-deoxy galactose for 18
h visualized by silver-staining. Lanes: bacteria grown in LB only (5); in LB with 0.2 % galactose (6); in LB with 2 % 2-azido-2-deoxy galactose (7). C) Time-course
analysis of 2-azido-2-deoxy galactose incorporation into the LPS of Ty21a. The LPS samples were incubated with DBCO-Cy5 and then imaged on a GE imager after
being separated on an SDS-PAGE gel. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)

Copper-free click chemistry probes

DBCO-PEG4-5/6-
Sulforhodamine B

Copper-catalyzed click chemistry probes

DBCO-sulfo-cy3 DBCO-sulfo-cys Att0550 propanylamide Propanyl NBD Alexa Fluor 488
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Fig. 4. Screening fluorescent copper-free click reagents and copper-catalyzed
reagents for azido galactose labeling of Ty2la. Ty2la was grown in the me-
dium with 2-azido-2-deoxy galactose (0.5 %), and LPS preparations from the
bacterial cell were subsequently incubated with either copper-catalyzed click
chemistry reagents (CuSOy4, 0.2 mM; THPTA, 1 mM; sodium ascorbic, 10 mM;
probes, 25 pM) or copper-free click chemistry reagents (0.25 mM). The LPS
samples were then analyzed by fluorescence scanning SDS-PAGE gels.
medium without 2-azido-2-deoxy galactose, while “A”: medium with 2-azido-2-
deoxy galactose (0.5 %).

.

that contain galactose on the bacterial cell surface were labeled. These
labeled components are most likely azido galactose containing LPS. In

principle, the labeled components could also include capsular

polysaccharides and bacterial glycoproteins in Salmonella Typhi. How-
ever, it’s worth noting that the capsular polysaccharides of S. typhi
consist of a linear polymer of a-(1 — 4) linked N-acetylgalactosami-
nuronic acid (GalNAcA) [53-55], making it improbable for azido
galactose to be incorporated into these polysaccharides. Regarding
glycoprotein labeling on bacterial surface, it’s important to realize that
most post-translational protein modifications occur in a relatively low
number of bacterial proteins in comparison with eukaryotic proteins,
and most of the modified proteins carry low, substoichiometric levels of
modification [56]. Moreover, in Salmonella enterica, protein glycosyla-
tion typically occurs during bacterial infection, with the modification
predominantly being GlcNAcylation [57,58]. Consequently, the possi-
bility of protein modification and labeling with 2-azido-2-deoxy-galac-
tose is minimal. All in all, the experimental results provide direct
proof that the labeling on the surface of bacteria is attributed to LPS
labeling.

Another interesting aspect that should be paid attention to is the
location where the newly synthesized LPS was inserted. Previous studies
have reported that the newly synthesized LPS is inserted into the OM in a
stochastic manner, as observed in their labeling experiments [31-34].
During cell growth, insertion of newly synthesized LPS was proposed to
primarily occur near the mid-cell rather than at the poles [31-34]. In
label-and-chase experiments that were performed by these authors as
well, newly inserted LPS near mid-cell pushes older clusters toward the
poles, resulting in relatively intense fluorescence in the “old” poles due
to the absence of growth in these regions after initial labeling. In our
results, we observed denser fluorescence of newly synthesized LPS at the
poles of certain bacteria compared to that near the mid-cell. These re-
sults are somewhat inconsistent with previously reported data and
indicate that the insertion of newly synthesized LPS, at least in Salmo-
nella, also occurs at the poles.
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Fig. 5. Confocal microscopy image of Alexa Fluor 488-alkyne-labeled Ty21a grown with or without 2 % 2-azido-2-deoxy galactose. To prepare the sample, the Ty21a
culture was allowed to grow overnight and then diluted 100-fold with fresh LB medium that contained 2-azido-2-deoxy galactose. The bacterial culture was grown in
a shaker and incubated at 37 °C for 8 h. The metabolic incorporation of 2-azido-2-deoxy galactose in Ty21a was detected through a copper-catalyzed click reaction
with the Alexa Fluor 488-alkyne. The middle panels of the figure present phase-contrast and fluorescence images of the bacteria grown in the presence of azido-
galactose, while the left panels show the same for bacteria grown in its absence. The right panels show magnified images. The scale bar in the image is 2 pm.

4. Conclusion

In our study, we have demonstrated that azido-galactose can be used
as a chemical reporter for labeling newly synthesized lipopolysaccha-
rides in actively growing bacteria, providing a novel approach for
investigating the biosynthesis of lipopolysaccharide. The substrate
specificity of enzymes involved in galactose metabolism and LPS
biogenesis was a main determinant for the labeling efficiency of bacteria
with different azido-functionalized galactoses. The tested bacterial
strains showed varying capabilities for incorporating unnatural azido-
galactoses. Moreover, the labeling method is also easily adaptable to
other bacteria strains, provided that the substrate specificities of those
strains allow the incorporation into LPS. This labeling strategy holds
great potential for screening antibiotics that act at the level of the LPS
biosynthesis pathway. By labeling bacteria with azido-galactose, it is
possible to monitor the effects of antibiotics that target LPS in real time,
as it allows the detection of newly synthesized LPS that appears on the
OM surface. This approach can assist in the profiling and deconvolution
of the mode of action of antibiotics.
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