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ABSTRACT Oritavancin is a lipoglycopeptide antibiotic that exhibits potent activi-
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vestigated by measuring the changes in the peptidoglycan composition of Staphylo- Staphylococcus aureus cell wall biosynthesis by
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peptidoglycan composition analysis by mass

tration using liquid chromatography-mass spectrometry (LC-MS). Desleucyl-oritavancin is spectrometry. J Bacteriol 199:000278-17,

an Edman degradation product of oritavancin that exhibits potent antibacterial ac- https//doi.org/10.1128/JB.00278-17.
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muropeptide ions determined that cell walls of S. aureus grown in the presence of = <

desleucyl-oritavancin showed a reduction of peptidoglycan cross-linking, increased mu-
ropeptides with a tetrapeptide-stem structure, decreased O-acetylation of MurNAc, and
increased N-deacetylation of GIcNAc. The changes in peptidoglycan composition suggest
that desleucyl-oritavancin targets the peptidoglycan template to induce cell wall disor-
der and interferes with cell wall maturation.
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IMPORTANCE Oritavancin is a lipoglycopeptide antibiotic with a secondary binding
site that targets the cross-linked peptidoglycan bridge structure in the cell wall. Even
after the loss of its primary p-Ala-p-Ala binding site through Edman degradation,
desleucyl-oritavancin exhibits potent antimicrobial activities through its still-functioning
secondary binding site. In this study, we characterized the mode of action for
desleucyl-oritavancin’s secondary binding site using LC-MS. Peptidoglycan composi-
tion analysis of desleucyl-oritavancin-treated S. aureus was performed by determin-
ing the relative abundances of 83 muropeptide ions matched from a precalculated
library through integrating extracted ion chromatograms. Our work highlights the
use of quantitative peptidoglycan composition analysis by LC-MS to provide insights
into the mode of action of glycopeptide antibiotics.

KEYWORDS Staphylococcus aureus, peptidoglycan, oritavancin, LC-MS, cell wall,
cross-link, glycopeptide antibiotics, vancomycin

ritavancin is a potent lipoglycopeptide antibiotic active against multidrug-
resistant Gram-positive pathogens, including vancomycin-resistant enterococci
(VRE), methicillin-resistant Staphylococcus aureus, vancomycin-intermediate S. aureus,
and vancomycin-resistant S. aureus (VRSA) (1-3). Like vancomycin, oritavancin binds to
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FIG 1 Peptidoglycan structure and biosynthesis. (a) Chemical structure of an S. aureus peptidoglycan (PG) repeat unit. A single repeat unit consists of a
disaccharide (GIcNAc and MurNAc), a pentapeptide stem (L-Ala-D-iso-GIn-L-Lys-D-Ala-D-Ala), and a pentaglycine bridge structure. Mutanolysin cleaves the
B(1-4) glycosidic linkage between MurNAc and GIcNAc. The p-Ala-p-Ala terminus of the PG repeat unit (red box) is the primary binding site for vancomycin.
The inset shows a schematic representation of a PG repeat unit, with the disaccharide as gray-filled circles, amino acids in the pentapeptide stem as open
triangles, and the pentaglycine bridge as filled circles. (b) PG polymerization through two distinct steps with different enzymes. First, transglycosylase elongates
the disaccharide glycan chain. Transpeptidase then interconnects the resulting glycan chains by forming cross-links between the N terminus of the pentaglycine
bridge from one PG unit and the penultimate p-Ala of the PG stem from a neighboring glycan chain. The terminal p-Ala (blue triangle) is removed by the
transpeptidase during cross-linking. (c) Chemical structures and space-filling models of vancomycin (left) and desleucyl-vancomycin (right) bound to PG. In the
space-filling models, the p-Ala-p-Ala dipeptide is shown as a stick in light blue, p-iso-GIn and L-Lys are in dark blue, and pentaglycine is in magenta. Edman
degradation of vancomycin cleaves the N-methylleucine (highlighted circle) and results in desleucyl-vancomycin with a damaged p-Ala-p-Ala binding site,
which abolishes the antibacterial activity. (d) Chemical structures and space-filling models of oritavancin (left) and desleucyl-oritavancin (des-Ori) (right) bound
to PG. Edman degradation of oritavancin results in des-Ori, which still exhibits potent antibacterial activity despite the damaged p-Ala-p-Ala binding site (red
circle) due to its secondary binding site (yellow circle). The secondary binding site targeting the PG pentaglycine bridge structure is formed by the hydrophobic
side chain of oritavancin and the aglycon structure.

the p-Ala-p-Ala of the peptidoglycan (PG) stem (Fig. 1a) in lipid Il to inhibit the
transglycosylation step of PG biosynthesis (Fig. 1b). By binding to lipid II, oritavancin
prevents the transfer of PG repeat units from lipid Il to the growing nascent PG and
results in cytoplasmic accumulation of Park’s nucleotide (4, 5). In VRE and VRSA, the
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p-Ala-p-Ala terminus of the PG stem is replaced by a depsipeptide, p-Ala-p-Lac. This
depsipeptide substitution reduces the vancomycin binding affinity by replacing one of
the five hydrogen bonds with an electrostatic repulsion (6). While vancomycin is
ineffective against VRE and VRSA (4, 7), oritavancin exhibits potent bactericidal activities
against these vancomycin-resistant pathogens (1-3).

The chemical structure of oritavancin differs from that of vancomycin (Fig. 1c and d)
by an alkylation of a chlorobenzylphenyl side chain (green) at the 4-epi-vancomsamine
on the fourth amino acid and an additional 4-epi-vancomsamine (purple) at the sixth
amino acid of the aglycon. Since oritavancin readily forms dimers in solution and binds
to membrane vesicles (8), drug dimerization and membrane anchoring mediated by the
hydrophobic side chain of oritavancin are thought to increase its binding to the
p-Ala-p-Lac-terminated PG stem structure to overcome the vancomycin resistance in
VRE (9). However, in situ characterizations of oritavancin (10) and oritavancin-like
glycopeptide (4, 11, 12) binding sites in intact whole cells of S. aureus by solid-state
nuclear magnetic resonance (NMR) have shown that lipoglycopeptides do not bind to
the cell wall as dimers or partition to the bacterial membrane. The only instance of
oritavancin’s hydrophobic side chain being found inserted into the lipid bilayer was
when it was complexed to an isolated protoplast membrane of S. aureus. In isolated
protoplast membrane, nascent PG strands that surround the cytoplasmic mem-
brane are disrupted and extend away from the membrane. The perturbed PG
organization exposes the lipid bilayer and permits oritavancin binding to the
membrane (13).

A model structure of oritavancin bound to a PG repeat unit based on solid-state
NMR distance constraints (4, 14) is shown in Fig. 1d. The model provides structural
insights into the role of oritavancin’s hydrophobic side chain. Two distinct binding sites
are visible in the model: (i) the primary binding site, which is the aglycon structure
identical to that of vancomycin for the binding of b-Ala-p-Ala (15), and (ii) the
secondary binding site, which is a cleft formed between the hydrophobic side chain
and the aglycon structure that targets the PG bridge structure (4). To investigate the
mode of action of the secondary binding site, the primary-binding site in oritavancin
was damaged through Edman degradation by cleaving N-methlylleucine from the
aglycon structure. Unlike the Edman degradation product of vancomycin, des-N-
methylleucyl-vancomycin (Fig. 1c), which is devoid of any antimicrobial activities, des-N-
methylleucyl-oritavancin (referred to as des-Ori here) retains potent antimicrobial activ-
ities against both vancomycin-susceptible and -resistant pathogens (4). Thus, the
secondary binding site in des-Ori is responsible for enhanced activities against
vancomycin-resistant pathogens by compensating for the damaged p-Ala-p-Ala bind-
ing site, enabling it to bind to PG in intact whole cells of S. aureus (4, 7). In this study,
we investigated the mode of action of the secondary binding site by analyzing changes
to the PG composition of S. aureus grown in the presence of des-Ori at a sub-MIC using
liquid chromatography-mass spectrometry (LC-MS).

RESULTS

Inhibition of S. aureus growth by desleucyl-oritavancin. des-Ori was added to S.
aureus (ATCC 6538P) during mid-exponential growth (optical density at 600 nm [ODg,]
of 0.6) to final drug concentrations of 0, 1, 5, 10, 15, and 20 ug/ml (Fig. 2a, dashed lines).
Despite the damaged p-Ala-p-Ala binding site, des-Ori inhibited the growth of S. aureus.
Concentration-dependent inhibition of S. aureus growth measured by plotting the
ODg, of cultures at 100 min after des-Ori addition as a function of des-Ori concentra-
tion (Fig. 2b). Growth recovery was determined by plotting the time required for the
resumption of growth by measuring the interval between des-Ori addition and the
inflection point of the growth curve as a function of des-Ori concentration (Fig. 2c).

Identification and quantification of muropeptide species. LC-MS analysis was
performed on mutanolysin-digested muropeptide fragments from isolated cell walls of
S. aureus grown in the presence of des-Ori at 10 ug/ml for 100 min (Fig. 2, arrow).
Mutanolysin is a N-acetylmuramidase that cleaves the B(1-4) glycosidic bond between
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FIG 2 S. aureus growth in the presence of desleucyl-oritavancin. (a) Growth curve of S. aureus (ATCC
6538P) in the presence of des-Ori, monitored by measuring the optical density at 600 nm (ODg,). des-Ori
was added to S. aureus at an ODg, of 0.6, and the cells were harvested after 100 min of growth in the
presence of des-Ori. Cell walls of S. aureus were synthesized in the presence of des-Ori at concentrations
of 0, 1, 5, 10, 15, and 20 ug/ml during mid-exponential growth (dashed lines). (b and c) Following the
des-Ori addition, S. aureus exhibited concentration-dependent growth inhibition as determined by (i)
ODy,, measurements after 100 min of growth in the presence of des-Ori (b) and (ii) the time delay to the
point of inflection, which indicates the recovery of growth (Fig. 2c).

MurNAc and GIcNAc of PG with the PG modifications intact. The muropeptide frag-
ments then were identified by matching the observed m/z values to the library of
calculated m/z values that were generated in silico for muropeptide fragments from
known chemical modifications (16). The abundance of each muropeptide species was
measured by integrating the extracted ion chromatogram (XIC) for the selected ion. The
relative abundance for each muropeptide was then calculated by dividing the inte-
grated XIC of the selected ion by the total integral sum for all ion species. This approach
differs from earlier approaches that relied on the integration of the UV absorption of
chromatographically resolved peaks, where each peak was assumed to consist of a
single muropeptide type. However, in our LC-MS, we found that every elution peak
during the chromatographic separation contained multiple muropeptide species due
to the extraordinary chemical diversity that resulted from various PG modifications. The
use of XIC overcomes this limitation by integration of the selected ion from the total ion
chromatogram to provide accurate quantification of muropeptide species despite the
overlapping elution times. Of 960 unique muropeptide-derived ions generated for the
in silico library, 83 muropeptide ions with masses ranging from 937 Da (monomer) to
4,870 Da (tetramer) were identified. Figure 3a shows all identified muropeptide species
with the associated PG modifications and their relative abundances as measured by
percent composition in isolated cell walls of S. aureus grown in the absence or presence
of des-Ori. The PG modifications that were considered for the analysis were numbers of
cross-links (Fig. 3c), O-acetylation and N-deacetylation (Fig. 3d), PG stem alanylation
(Fig. 3e), and PG bridge attachment (Fig. 3f).

Effects of des-Ori on PG cross-links. The PG cross-linking efficiency (pc,) and
average cross-linking per muropeptide (p,) were calculated for mutanolysin-digested
isolated cell walls of S. aureus based on the equations shown in Fig. 3b. The cross-
linking efficiency is the percentage of cross-links per PG subunit as defined by Driehuis
et al. (17), while the average cross-linking per muropeptide is the average number of
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FIG 3 The S. aureus peptidoglycan fragment ions examined and their relative abundances. (a) Each row shows a unique ion and its properties by column:
i (green), number of PG repeat units in the muropeptide; / (yellow), number of p-Alas in the terminal peptide stem; j (blue), acetylation state of the
fragment; n (pink), presence of a cross-linking pentaglycine bridge at the terminal subunit; and m (teal), charge state of the ion. The columns “% —Drug”
and “% +Drug” list the average relative abundances of each ion with respect to all the ions being examined for S. aureus in the absence and presence
of des-Ori (n = 3). The column “Diff" shows the difference between average relative abundances with and without the antibiotic. (b) Calculated PG
cross-linking efficiency (pc) and average cross-linking per muropeptide (p. ). The summation element k;;, ., represents the integrals of the ion’s
abundance of a muropeptide as listed in panel a. (c to f) Schematic representations of muropeptide fragments based on the number of PG repeat units
(c), acetylation (d), p-alanylation (e), and bridge link attachment (f). The index of summation i is the number of PG repeat units found in a muropeptide
(d), j is the PG acetylation state (d), / is the p-alanylation of the PG stem (e), m is the charge state of muropeptide ions, and n is the pentaglycine bridge
attachment (f).
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cross-links found per muropeptide fragment. The summation element k;;,,, , in the
equations represents the abundance integral of the muropeptides listed in Fig. 3a.
The first index of summation, i, is the number of PG repeat units found per muropep-
tide fragment (Fig. 3c). The summation was truncated after i = 4 due to the low
abundance of oligomeric species greater than tetramers. The index of summation j
represents the PG acetylation, ranging from —1 to 3 (Fig. 3d). The index of summation
I'is the number of p-Alas in the PG stem of the terminal PG subunit, which was from 0
(tripeptide stem), 1 (tetrapeptide stem), or 2 (pentapeptide stem) (Fig. 3e). The index of
summation m is the charge state of muropeptide ions from +1 to +5. The index of
summation n represents muropeptides with (0) or without (—1) a pentaglycine bridge
structure on the terminal PG subunit (Fig. 3f).

Figure 4a shows the mass spectra of the unmodified PG monomer, dimer, trimer,
and tetramer and their associated extracted ion chromatograms (insets) from the
mutanolysin-digested cell walls of untreated S. aureus. The calculated cross-linking
efficiency (pc) for S. aureus grown in the absence of antibiotic was 63.32% * 0.51%,
which was reduced to 62.99% = 0.23% when grown in the presence of des-Ori at a
sub-MIC (Fig. 4b). The calculated average cross-linking per muropeptide (p.,) for S.
aureus grown in the absence of antibiotic was 1.987 + 0.031 and was reduced to
1.938 * 0.005 (mean * 95% confidence interval; P = 0.078) when grown in the
presence of des-Ori. The overall change in the cross-linking efficiency of des-Ori-treated
S. aureus is small, because the effect corresponds to the mode of action of des-Ori at
a sub-MIC. As shown in Fig. 2, addition of des-Ori (10 wg/ml) to S. aureus during
mid-exponential growth (OD, of 0.6) is not lethal, as the growth recovers within 40
min following the addition of antibiotic. The full extent of des-Ori inhibition of
transpeptidase activity at a sub-MIC is apparent when the PG compositions of the
observed muropeptides are plotted as a function of PG oligomerization (Fig. 4c). S.
aureus treated with des-Ori show increases in peptidoglycan monomers and dimers
accompanied by simultaneous decreases in trimers and tetramers (Fig. 4d).

Effects of des-Ori on PG bridge link. More pronounced transpeptidase inhibition
activity by des-Ori is observed when cross-linking efficiencies are calculated for the
muropeptide fragments based on the bridge link attachment at the donor PG stem.
Figure 4e shows the calculated cross-linking efficiencies for muropeptides with or
without the terminal pentaglycine bridge structure from isolated cell walls of S. aureus
grown in the absence (red) or in the presence (blue) of des-Ori. Schematic represen-
tations of PG dimers are shown as insets. For S. aureus grown in the absence of des-Ori,
the cross-linking efficiency for muropeptides without the terminal bridge structure
(69%) is higher than that of muropeptides with the bridge (63%). Higher degrees of
cross-linking for the muropeptides without the bridge indicate that these muropep-
tides are associated with highly cross-linked regions of the cell wall. With the addition
of des-Ori, cross-linking efficiencies are reduced for both muropeptides with and
without the terminal pentaglycine bridge structure. However, a greater degree of
reduction in cross-linking is observed for the muropeptides without the bridge, which
is reduced from 69% to 67% for S. aureus grown in the presence of des-Ori (see Table
S1 in the supplemental material).

Effects of des-Ori on PG stem length. The change in cross-linking efficiency was
further characterized in relation to the PG stem length, which is modified by sequential
cleavage of p-Ala-p-Ala by pp-, and Lb-carboxypeptidases (Table S1). For untreated S.
aureus, the cross-linking efficiency for muropeptides with a tripeptide stem was 65%,
which is higher than that of muropeptides with a tetrapeptide stem (59%) (Fig. 4f). This
indicates high Lpb-carboxypeptidase activity associated with the cross-linked PG in
mature cell wall (18). However, when S. aureus is grown in the presence of des-Ori, the
cross-linking efficiency for the muropeptides with a tripeptide stem decreases, while
the efficiency for the muropeptides with a tetrapeptide PG stem increases. The reduc-
tion in pp-, and Lp-carboxypeptidase activities suggest accumulation of immature cell
wall in des-Ori-treated S. aureus.

August 2017 Volume 199 Issue 15 e00278-17

Journal of Bacteriology

jb.asm.org 6


http://jb.asm.org

LC-MS Analysis of Oritavancin-Treated S. aureus Journal of Bacteriology

[M+HP>*
627.3314

[M+HJ>*
1209.1312

Time “\M_,W
8

(sec)
9 10

a Monomer (0 cross-link) Dimer (1 cross-link)

% Time

(sec)
12

14 16

m/z m/z

623 625 627 629 631 1205 1207 1209 1211 1213

. . 3+ . M+H]4*
Trimer (2 cross-links [M+H] Tetramer (3 cross-links [
( ) 1194.2834 ( ) 1186.8563
Time J]\/L Time _,/A,L
(sec) 8 9 10 (sec) ; 9 1
m/z m/z
1190 1192 1194 1196 1198 1183 1185 1187 1189 1191
b 704 [ - des-Ori C 50 . I - des-Ori d
& [ + des-Ori B + des-Ori 10 0 1 2 3
g <40 8
L 654 * e ;\? 3 5
2 c 30 ~ =
= o o c
[\T] = g D 0
(723
g Q 20 o |
= Q. [ORe]
€ 60 g = % 5
P © 10 ; o8
£
5 -10
554 L o o ' .-
- + 01 2 3 01 2 3 .
Cross-link Cross-link
€ f
70 - *% _ )
Q M - des-Ori — ) " m- des-Ori
< [l + des-Ori ' < I + des-Ori
§ g % ‘:" *k
2 65+ 2 65 A *k
= h=
L i}
()} ()]
£ <
£ 60- -:%..3 £ 60 -
- -
» &
[%2] [%]
e <)
O (@]
55 - 55 -
+Bridge -Bridge Tripeptide Tetrapeptide Pentapeptide

FIG 4 Inhibition of the transpeptidation step of peptidoglycan biosynthesis in S. aureus from desleucyl-oritavancin. (a) Mass spectra of PG monomers, dimers,
trimers, and tetramers from mutanolysin-digested cell walls of untreated S. aureus. Corresponding extracted ion chromatograms and schematic representations
of the muropeptide structure are shown as insets. Cross-links are highlighted by red circles. The extracted ion chromatogram (XIC) for the selected ion is shown
as insets. (b) Calculated PG cross-linking efficiencies (p¢,) for S. aureus grown in the absence (—) and presence (+) of desleucyl-oritavancin at 10 png/ml (*, P =
0.0238). (c) Normalized integral sum of ion chromatograms of the muropeptide species listed in Fig. 3a classified according to the number of cross-links. (d)
Percent difference in normalized integral sums of ion chromatograms of cross-linked muropeptide species, obtained by subtracting “—des-Ori” from “+des-Ori”
in panel c. S. aureus grown in the presence of desleucyl-oritavancin shows an increase in PG monomers and dimers and a decrease in trimers and tetramers.
(e) Cross-linking efficiencies and absence of pentaglycine cross-linking bridge. (f) Terminal PG stem lengths and cross-linking efficiency. All error bars represent
standard errors of the mean (n = 3). An unpaired Student t test was used to calculate P values (*, P < 0.05; **, P < 0.01).

Effects of des-Ori on PG acetylation. O-Acetylation of MurNAc and N-deacetylation of
GIcNAc are two major PG modifications that confer lysozyme resistance to facilitate the
evasion of host innate immunity (19) (Fig. 5a). Figure 5b shows the mass spectra and
their corresponding extracted ion chromatograms (insets) of PG dimers for the net
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FIG 5 Acetylation of S. aureus peptidoglycan. (a) The disaccharide of the PG repeat unit, MurNAc-GIcNAc, is chemically modified by

O-acetylation of MurNAc (+1 Ac) or N-deacetylation of GIcNAc (—

1). (b) Mass spectra and extracted ion chromatograms of PG dimers

terminating with a pentapeptide stem with acetylation states of —1, 0, 1, and 2 from mutanolysin-digested cell walls of untreated S.
aureus. A schematic representation of the proposed muropeptide structure for each acetylation state is shown as an inset. The extracted
ion chromatograms (XIC) for the selected ions are shown as insets. (c) Acetylation number and cross-linking efficiency. (d) Normalized
percent composition by acetylation number based on terminal PG stem lengths. All error bars represent standard errors of mean (n = 3).

acetylation states of —1, 0, 1, and 2 from mutanolysin-digested cell walls of untreated
S. aureus. An acetylation state of —1 represents N-deacetylation of a GIcNAc (Fig. 5b, red
circle), 0 represents unmodified PG dimer, +1 represents O-acetylation of one MurNAc,
and +2 represents O-acetylation of two MurNAcs (blue circles). Since each O-acetylation
and N-deacetylation changes the muropeptide mass by 42 Da, the effects of des-Ori on the
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PG acetylation state were determined by characterizing the mass shifts in muropeptide
fragments.

The calculated cross-linking efficiencies for muropeptides with the acetylation states
of —1, 0, and +1 are provided in Table S2 in the supplemental material and shown as
a bar graph in Fig. 5c. The calculated p, values for untreated S. aureus are comparable
for all acetylation states, except for slightly higher cross-linking observed for the
muropeptides with an acetylation state of +1 (64%). With the addition of des-Ori, the
cross-linking efficiencies for all acetylated muropeptide species in S. aureus are reduced.
In particular, we found that the cross-linking efficiency of the N-deacetylated muro-
peptides was disproportionally affected by des-Ori (gray arrow). The specific role of PG
N-deacetylation in S. aureus remains unclear, although N-deacetylation has been shown
to be associated with increased pathogenicity and evasion of the host innate immune
response by Enterococcus faecalis (20), Streptococcus pneumoniae (21), and Listeria
monocytogenes (22). As O-acetylation has been shown to increase in cultures that enter
the stationary growth phase (23), decreased cross-linking efficiencies for O-acetylated
and N-deacetylated muropeptides suggest that des-Ori interferes with the cell wall
maturation process.

PG acetylation and stem modifications. The muropeptide composition was bro-
ken down into PG stem lengths and glycan acetylation state, and the normalized
percentile compositions are provided in Table S3 in the supplemental material. Figure
5d shows bar graphs of percentile muropeptide composition by the PG stem structures,
with tripeptide (left), tetrapeptide (middle), and pentapeptide (right) colored according
to presence (blue) and absence (red) of des-Ori. The muropeptides with the tripeptide
PG stem are heavily O-acetylated (+1), at approximately four times the abundance of
unmodified muropeptides (0) and seven times that of the N-deacetylated muro-
peptides (—1). The difference in abundance between O-acetylated and unmodified
muropeptides, shown as gray arrows (Fig. 5d), lessens as the PG stem length
increases from tripeptide to pentapeptide. This result is consistent with preferential
O-acetylation of the muropeptides with a tripeptide PG stem that are highly
cross-linked (Fig. 4f). Hence, the cell walls of S. aureus grown in the absence of des-Ori
have PG that is highly cross-linked with O-acetylated disaccharides with a tripeptide stem
structure. In contrast, the cell walls of S. aureus grown in the presence of des-Ori resulted
in PG with reduced cross-linking, reduced O-acetylation and N-deacetylation of disaccha-
rides, and an increase in muropeptides with a tetrapeptide stem structure (Fig. 4f).

DISCUSSION

The interaction of glycopeptide antibiotics with the cell wall in vivo is complex and
involves more than p-Ala-p-Ala binding (24). For disaccharide-modified lipoglycopep-
tides, the drug’s hydrophobic side chain forms a secondary binding site that enables
targeting of the cross-linked bridge structure of PG (Fig. 1d) (25-27). Unlike the Edman
degradation product of vancomycin, which is devoid of any activity, des-Ori retains
potent antimicrobial activities against both vancomycin-susceptible and -resistant
pathogens despite the damaged p-Ala-p-Ala binding site (28, 29). This activity is
mediated by the secondary binding site, which allows des-Ori binding to cross-linked
PG in the cell wall (4, 7), as well as increased binding affinity to lipid Il that has a
pentaglycine bridge attached (30).

The PG composition analysis of S. aureus grown in the presence of des-Ori by LC-MS
has determined that des-Ori inhibits the transpeptidation step of PG biosynthesis,
which is in agreement with the reduced PG cross-linking in intact whole cells of S.
aureus determined by solid-state NMR (31). In addition, LC-MS analysis has revealed
that des-Ori preferentially reduces the cross-linking efficiencies of (i) muropeptides
without a PG bridge (Fig. 4e), (ii) muropeptides with a tripeptide stem structure (Fig. 4f),
and (iii) muropeptides that are N-deacetylated (Fig. 5¢). Interestingly, des-Ori-treated S.
aureus showed an overall increase in N-deacetylated muropeptides (Fig. 5d), but the
cross-linking efficiency for these muropeptides was significantly reduced (see Table S2
in the supplemental material). We attribute these changes to des-Ori binding to the PG
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template at the inner layer of mature cell wall close to the cell membrane where the
nascent PG is incorporated. This interaction with the PG template interferes with both
the alignment and orientation of nascent PG stem and bridge structures, which are
necessary for efficient incorporation of these new PGs into mature cell wall as mediated
by the transpeptidase (26, 32-34). Thus, subsequent PG biosynthesis based on these
defective templates results in the ensuing disorder of the cell wall, with reduced PG
cross-linking, altered PG acetylation, and immature PG (improper PG stem modifica-
tions), which leaves bacteria highly susceptible to lysis.

MATERIALS AND METHODS

S. aureus cell wall isolation. The procedure for the cell wall isolation is described elsewhere (10).
des-Ori was added to the final concentration of 10 ug/ml to S. aureus (ATCC 6538P) grown in 200 ml of
tryptic soy broth (TSB) at an ODg,, of 0.6. After 100 min of further growth, the cells were harvested,
resuspended in 2 ml of phosphate-buffered saline, and disrupted using a bead beater (Disruptor Genie;
Scientific Industries) with 0.5-mm-diameter glass beads at 24°C. Eight cycles of 1 min of disruption
separated by 1 min of rest to prevent overheating of the sample were used. Disrupted cells were
separated from glass beads using the Steriflip 20-um nylon net vacuum filtration system (EMD Millipore),
followed by centrifugation at 25,000 X g for 3 min at 24°C. The remains of the cells were boiled in 2%
sodium dodecyl sulfate solution for 30 min and then washed five times with deionized water through
centrifugation at 25,000 X g for 3 min. The pellet was resuspended in 2 ml of 20 mM Tris buffer (pH 8.0),
200 g of DNase was added to the suspension, and the sample was incubated for 24 h at 37°C. Three
hundred micrograms of trypsin was added to the mixture, and it was incubated for additional 24 h at
37°C. The isolated cell walls were pelleted by centrifugation at 100,000 X g for 5 min at 24°C and washed
with 20 mM Tris buffer, pH 8.0.

Mutanolysin digestion of S. aureus cell walls. The cell wall isolate of S. aureus suspended in 2 ml
of 20 mM Tris buffer (pH 8.0) was first digested using 500 U of mutanolysin (Sigma-Aldrich) at room
temperature for 24 h. Five hundred units of mutanolysin was then added to the mixture and left for
additional 24 h of incubation to ensure thorough digestion of the cell walls. Following the mutanolysin
digestion, insoluble cell wall fragments were removed by use of a 0.45-um centrifuge filter (Amicon), and
the solubilized PG fraction was collected through a 30,000-molecular-weight-cutoff (MWCO) filter
(Amicon) by centrifugation at 14,800 rpm (Thermo Scientific) for 5 min. Glycans in mutanolysin-digested
muropeptides were reduced by adding sodium borohydride stock solution to final concentration of 10
mg/mlin 1 ml of borate buffer at pH 9.0. The reduction was carried out at 24°C for 30 min and quenched
by addition of 120 ul of 85% phosphoric acid. The cell wall digest was frozen and lyophilized. Lyophilized
peptidoglycan samples were cleaned for mass spectrometry analysis using 100-ul Pierce C, 4 tips (Thermo
Scientific).

UPLC. Waters C,; nanoACQUITY ultraperformance liquid chromatography (UPLC) and a Waters
Synapt G2 high-definition mass spectrometer (HDMS) time-of-flight (TOF) mass analyzer were used to
analyze the mutanolysin-digested peptidoglycan of S. aureus. For the UPLC separation, 1 ul of the sample
in 50% acetonitrile-0.1% formic acid was injected into a 5-ul sample loop and loaded onto the column
under isocratic condition of 99% buffer A (0.1% formic acid in methanol) and 1% buffer B (100%
acetonitrile) for 1 min. The separation was carried out on a Waters nanoACQUITY reverse-phase C,, BEH
column (75 um by 100 mm; packed with 1.7-um beads with a 130-A pore size) with a nanoACQUITY
Symmetry C,, trap column (180 wm by 20 mm; 5-um beads with a 100-A pore size) by applying a linear
gradient to 50% buffer B for 60 min. After each separation, the column was regenerated under isocratic
conditions with 85% buffer B for 5 min, followed by a linear gradient to 98% buffer A for 1 min, and then
equilibrated at 98% buffer A for 23 min. The flow rate was constant at 0.450 ul/min throughout the
analysis.

MS. Eluents were analyzed with a Waters Synapt G2 HDMS-TOF mass analyzer operating under
positive-ion mode. Electrospray ionization (ESI) was performed on the sample with a spray voltage of 35
V and a capillary voltage of 3.5 kV. The mass analyzer was optimized for an m/z range of 100 to 2,000.
Fibrinopeptide B (Glu-Fib) was used as the calibration lock mass for the mass analyzer. Tandem mass
spectrometry (MS/MS) fragmentation was accomplished through collision-induced dissociation with
nitrogen gas at 120°C and 2.00 X 10° Pa. The transfer collision and the trap collision energies were 5 V
and 30 V, respectively.

LC-MS data analysis. Data analysis was carried out using MassLynx (Waters). MATLAB (MathWorks)
was used for the calculation of exact masses and isotopic distributions.

SUPPLEMENTAL MATERIAL

Supplemental material for this article may be found at https://doi.org/10.1128/JB
.00278-17.
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