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Abstract

Glycopeptide antibiotics inhibit the peptidoglycan biosynthesis in Gram-positive bacteria by
targeting lipid 1. This prevents the recycling of bactoprenol phosphate, the lipid transporter that is
shared by peptidoglycan and wall teichoic acid biosyntheses. In this study, we investigate the
effects of glycopeptide antibiotics on peptidoglycan and wall teichoic acid biosynthesis. The
incorporation of D-[1-13C]Jalanine, D-[1°N]alanine and L-[1-13C]lysine into peptidoglycan and
wall teichoic acid in intact whole cells of Staphylococcus aureus were measured using 13C{1°N}
and 1N{13C} rotational-echo double resonance NMR. S. aureus treated with oritavancin and
vancomycin at sub-minimal inhibitory concentrations exhibit a large reduction in D-Ala
incorporation into wall teichoic acid, but without changes to the peptidoglycan cross-links or the
stem-links. Thus, sequestration of bactoprenol phosphate by glycopeptide antibiotics resulted in
inhibition of D-Ala incorporation into the wall teichoic acid prior to the inhibition of
peptidoglycan biosynthesis. Our finding shows that S. aureus respond to glycopeptide-induced cell
wall stress by routing all available D-Ala to the peptidoglycan biosynthesis, at the cost of reducing
the wall teichoic acid biosynthesis.
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Introduction

Vancomycin is a glycopeptide antibiotic used for treating acute infections by Gram-positive
pathogens (Fig. 1). Vancomycin inhibits peptidoglycan (PG) biosynthesis by binding to the
D-Ala- D-Ala terminus of lipid 11, a PG precursor anchored to the cell membrane via the
lipid transporter bactoprenol-phosphate (Css-P). Vancomycin-bound lipid 11 is sequestered
from the transglycosylation step of the PG biosynthesis to prevent Css-P regeneration. As
Css is found in low concentration in bacteria,! sequestration of lipid Il by vancomycin
results in cytoplasmic accumulation of a cytoplasmic PG precursor called Park’s nucleotide.
2 |In vancomycin-resistant enterococci (VRE), vancomycin binding to the D-Ala-D-Ala
terminus of lipid Il is prevented by the replacement of the dipeptide with a depsipeptide D-
Ala-D-Lac, which renders vancomycin ineffective.3~4 To overcome vancomycin resistance, a
structure activity relationship study of chloroeremomycin led to the discovery of oritavancin
(Fig. 1).5-7 Oritavancin is a semi-synthetic lipoglycopeptide that exhibits potent activities
against vancomycin-resistant pathogens including VRE and vancomycin-resistant S. aureus
(VRSA).8 Oritavancin is currently a leading therapeutic agent for treating serious infections
caused by multi-drug resistant Gram-positive pathogens such as methicillin-resistant
Staphylococcus aureus. The chemical structure of oritavancin differs from that of
vancomycin with the addition of A-alkylated chlorobiphenyl side chain to the epi-
vancosamine of the drug sugar (Fig 1.). In general, the modification of the glycopeptide
disaccharide by the attachment of a hydrophobic side chain significantly improves the drugs’
overall efficacy and restores the activity against vancomycin-resistant pathogens. Structural
characterization of these disaccharide-modified glycopeptides’ binding site in intact whole
cells of S. aureus®11 and E. faecium'? by solid-state NMR revealed that the drug
hydrophobic side chain forms a secondary binding site. This secondary binding site enables
the lipoglycopeptides to target the cross-linked PG-bridge structure to facilitate the binding.
11 The oritavancin binding to the nascent PG interferes with the PG template recognition by
transpeptidase, which is essential for efficient PG crosslinking during cell wall synthesis.13
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All glycopeptide antibiotics share a common mode of action in binding to lipid Il that
prevents the recycling of Cgs-P, which is the central lipid transporter utilized by both PG and
wall teichoic acid (WTA) biosyntheses. PG and WTA are two major components of the cell
wall, with each contributing approximately 50% of the dry cell wall weight. WTA plays an
important role in microbial pathogenesis through host attachment, colonization, infection,
biofilm formation, and recruitment of penicillin binding proteins (PBPs) to the septum
during cell division.1* Thus, it represents an attractive target for novel antibiotic
development. Recent mode of action studies on cyclic lipopeptides that target PG
biosynthesis, including plusbacin Az, amphomycin, and MX-2401,16-17 have shown to
affect WTA biosyntheses in S. aureus. In this study, we investigate whether glycopeptide
antibiotics have a hidden mode of action of inhibiting the WTA biosynthesis. We describe
WTA inhibition as “hidden” because WTA is covalently attached to PG and co-integrated
into insoluble cell wall,2® thus making it difficult to characterize the changes in intact whole
cells using biochemical methods. Although extraction of WTA can be achieved by
incubating the isolated cell wall under alkaline conditions, D-Ala attached to the ribitol-
phosphate backbone of WTA via ester-links are lost during the treatment, thus making
accurate quantification and composition analysis of WTA difficult and unreliable.1® In this
report, we directly measured the changes to PG and WTA compositions in intact whole cells
of S. aureus using solid-state NMR. Glycopeptide antibiotics were added to S. aureus during
the growth at sub-minimal inhibitory concentrations (MIC). Simultaneous measure of PG
and WTA compositions /n vivo by solid-state NMR was crucial for determining the interplay
between PG and WTA biosyntheses through the shared lipid transporter in S. aureus, and
provided new insight into the potent antimicrobial activity of glycopeptide antibiotics.

Materials and methods

Bacterial growth conditions

Starter culture of S. aureus (ATCC 6538P) grown overnight in 5 mL of trypticase soy broth
(TSB) was added at 1% (final volume) to 500 mL of S. aureus standard media (SASM).2: 20
Natural-abundance amino acids in SASM were replaced by L,D-[13C]JAla, or L-[1-13C]Lys
and L,D-[15N]Ala, or L-[1-13C]Lys and D-[1-1°N]Ala to incorporate specific 13C and 1°N
labels to the bridging segment of intact cells’ PG. To determine the effects of different
glycopeptide antibiotics on WTA biosynthesis, vancomycin (5 pg/mL) or oritavancin (5
pg/mL) was added to the culture during mid-exponential growth phase at ODggg of 0.6. Each
drug concentration was chosen to elicit a comparable growth response from S. aureus. Cells
were harvested after one hour of growth with the antibiotic by centrifugation at 10,000 g for
10 min at 4 °C in Sorvall GS-3 rotor. Cell pellets were rinsed twice with 300 mL of ice-cold
deionized water. Rinsed pellets were first frozen, then lyophilized.

Solid-State NMR

Experiments were performed on intact cells at 7.0 T (300 MHz for 1H, 75 MHz for 13C, and
30 MHz for 1°N), and isolated cell walls at 4.7 T (200 MHz for 1H, 50 MHz for 13C, and 20
MHz for 1°N) provided by 89-mm bore Oxford (Cambridge, U.K.) superconducting
solenoids. The four-frequency transmission-line probe used in the 7.0-T spectrometer had a
14-mm long, 9-mm inner-diameter sample coil, while that used in the 4.7-T spectrometer
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had a 17-mm long, 8.6-mm inner-diameter sample coil. Both probes were equipped with a
Chemagnetics/Varian magic-angle spinning ceramic stator, and the samples were spun in
room temperature at 5 kHz (maintained within +2 Hz). Radio-frequency pulses were
produced by 1-kW Kalmus, ENI, and American Microwave Technology power amplifiers,
each under active control; r-pulse lengths were 10 ps for 13C and 15N. Proton-carbon and
proton-nitrogen matched cross-polarization transfers were at 50 kHz for 2 ms. Proton dipolar
decoupling during signal acquisition was 105 kHz (for 7.0-T spectrometer) and 98 kHz (for
4.7-T spectrometer).

ATP leakage assay

Results

ATP-leakage assay was performed on overnight cultures of S. aureus (ATCC 6538P) grown
in TSB that were harvested at ODggg of 1.5. Cells were pelleted then resuspended in
phosphate buffered saline supplemented with 20 mM Ca?*. Glycopeptide antibiotics
vancomycin, MV -(p-trifluoromethoxybenzyl)chloroeremomycin (LY309687),21 oritavancin,
N-(9-fluorononyl)chloroeremomycin (FNCE),® and A-(4-(4-
fluorobiphenyl)benzyl)chloroeremomycin (FBBCE)® were added to each bacterial
suspension to final drug concentrations of 0, 0.5, 1, 2, 5, 10, 50, and 100 pg/mL and the
mixture incubated for 20 min at 37 °C. After the incubation, bacteria were pelleted by
centrifuging and removed. Amount of leaked ATP in the supernatant was directly quantified
by adding 100 pL of CellTiter-Glo® 2.0 reagent (Promega, Madison WI) to the equal
volume of supernatant. After 10 min of equilibration, the luminescence given off by the
mixture was measured using Fluoroskan Ascent FL Luminometer (Thermo Scientific) with
the integration time of 200 ms.

Disaccharide-modified glycopeptides at sub-MICs do not target membrane

Potent bactericidal activity by oritavancin and oritavancin-like disaccharide-modified
glycopeptides such as telavancin has been attributed to the membrane depolarization and
leakage mediated by the drugs’ hydrophobic side chains. To investigate the effect of
glycopeptide antibiotics on WTA biosynthesis, it was necessary to avoid high levels of
glycopeptide antibiotic concentration at which the membrane was perturbed. This critical
concentration was determined by ATP leakage assay where disaccharide-modified
glycopeptides with the hydrophobic side chain length, ranging from 0, 7, 9, to 13 equivalent
carbon units (ECU) (Fig. 1a),% 13 were added to an overnight culture of S. aureus.

Vancomycin, which does not have a hydrophobic side chain, failed to induce ATP leakage
even at 100 pg/mL. In comparison, S. aureus treated with disaccharide modified
lipoglycopeptide antibiotics, LY309687, oritavancin, FNCE (telavancin analogue), and
FBBCE with the hydrophobic side chain length ranging from 7 to 13 ECU exhibited
concentration dependent ATP leakages. This is because unlike vancomycin, which has a
biostatic activity, lipoglycopeptides are bactericidal. Thus, during the 20 min incubation
period with lipoglycopeptides, concentration-dependent bactericidal activities would account
for the increased level of ATP leakage. Nevertheless, the amount of ATP leakages induced
by the lipoglycopeptides are relatively low, not to the extent of daptomycin (100 pg/mL), a
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known membrane disrupting cyclic decadepsipeptide.22 Therefore, lipoglycopeptides
including oritavancin, FNCE, and FBBCE are ineffective pore formers in comparison to the
membrane-targeting antibiotic, daptomycin. The result is consistent with the solid-state
NMR characterization of LY309687, oritavancin, FNCE, and FBBCE binding sites in intact
whole cells of S. aureus where lipoglycopeptides are found bound to PG without partitioning
to the bacterial membrane.®-11. 20. 23 For our investigation, we selected the antibiotic
concentration of 5 ug/mL to add to the culture during mid-exponential growth phase at
ODggo nm 0f 0.6. At 5 ug/mL, glycopeptide antibiotics do not target membrane, but retain
activities against cell wall biosynthesis in S. aureus (Fig. 2).

Glycopeptide antibiotics inhibit both PG and WTA biosyntheses in S. aureus

Bactoprenol phosphate is an importance of lipid transporter for the biosyntheses of both PG
and WTA. Since a small number of bactoprenol phosphate are found per bacterium,?
glycopeptide antibiotic sequestration will likely to have a profound impact on both PG and
WTA biosyntheses. To monitor the effects of glycopeptide antibiotics on both PG and WTA
compositions, S. aureuswere grown in SASM containing 13C-labeled L,D-[1-13C]Ala.
Incorporation of L,D-[1-13C]JAla into PG and WTA is illustrated in Fig. 2a. Glycopeptide
antibiotics vancomycin, oritavancin, or FBBCE were added to S. aureus during the mid-
exponential growth phase at ODggq of 0.6 to final concentration of 5 pg/mL. The cells were
harvested after 60 min growth in the presence of antibiotic for the analysis. Figure 2b (black
line) shows the 13C-CPMAS spectrum centered at 174 ppm for S. aureus grown in absence
of antibiotic. The 174-ppm peak is fitted to three deconvoluted peaks: the ester carbonyls of
D-[1-13C]Ala in WTA at 171 ppm (red), the peptide carbonyls at 174 ppm (green and dotted
blue), and the carboxyl carbons at 178 ppm (dotted blue).13 The chemical shift and the
linewidth for the peptide carbonyl carbon at 174 ppm (cross-link) was determined from the
13C{15N} REDOR difference (4S) spectrum of isolated cell walls of S. aureus labeled with
[1°N]Gly and D-[1-13C]Ala, and the carboxyl carbons at 178 ppm from the full-echo
spectrum after spectral subtraction of AS 174 ppm. Figure 2c (top) shows 13C-CPMAS
spectra of S. aureus treated with glycopeptide antibiotics. They show altered lineshapes due
to the changes in D-[1-13C]Ala distribution within the cell. The changes are clearly visible in
the difference spectra (Fig. 2c, bottom) obtained by subtracting 13C-CPMAS of untreated
sample (Fig. 2c, red) from the antibiotic treated spectrum (Fig. 2c, top). The difference
spectra of S. aureus treated with glycopeptide antibiotics all show an increase in the 178
ppm peak intensity (D-Ala carboxyl) while a decrease in the 171 ppm intensity (D-Ala
esters of WTA). The increase in 178-ppm intensity is due to cytoplasmic accumulation of
Park’s nucleotide, consistent with the glycopeptide inhibition of the transglycosylation step
of PG biosynthesis.13 The reduced D-Ala incorporation to WTA in antibiotic-treated S.
aureus suggests that all available D-Ala are routed to PG biosynthesis in effort to maintain
the cell wall structure.

Oritavancin is a potent WTA biosynthesis inhibitor

To determine which biosynthesis, PG or WTA, is more affected by glycopeptide antibiotics,
the double isotope-labeling scheme shown in Fig. 3a was used. This allowed a simultaneous
measurement of the L,D-[1*N]Ala incorporation into both PG and WTA (Fig. 3a). S. aureus
were grown in SASM containing L,D-[*5N]Ala and L-[1-13C]Lys in the presence of
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vancomycin (5 pg/mL) or oritavancin (5 ug/mL) to 13C-15N label the PG stem-link. In the S,
spectra of 13C{15N} REDOR of intact whole cells (Fig. 3b, bottom), the L-[1-13C]Lys
incorporated into PG is visible as a lysyl-carbonyl carbon peak at 175 ppm. In the AS spectra
at 1.6 ms dipolar evolution, the 13C of L-[1-13C]Lys covalently bonded to the 15N of D-
[15N]Ala (PG stem-link) is dephased at 175 ppm. The AS 175-ppm peak intensity, which is
directly proportional to the total number of stem-link in the cell wall of S. aureus, remains
unchanged for S. aureus treated with glycopeptide antibiotics. This indicates that the
addition of vancomycin and oritavancin at 5 ug/mL to S. aureus did not inhibit Park’s
nucleotide biosynthesis.

The L,D-[1°N]Ala labeling scheme allows a simultaneous measurement of the L,D-[1°N]Ala
incorporation into PG and WTA by ®°N{13C} REDOR (Fig. 3c). In the Spspectra, L,D-
[1-15N]Ala incorporations into proteins and PG are visible as an 1°N-amide at 93 ppm while
the D-[1°N]Ala into WTA appear as an °N-amine at 16 ppm. In the 15N{13C} REDOR 45
spectrum at 1.6 ms, only the covalently bonded 1°N-13C spins from the PG stem-link is
visible at the 93 ppm (Fig. 3c, top). The 4593-ppm peak intensity is directly measure of the
total number of PG stem-links, and thus it is proportional to the total number of PG stems
found in each bacterium. The addition of vancomycin or oritavancin to S. aureus did not
change the 45 93-ppm intensity. Therefore, the incorporation of L,D-[*®N]Ala and L-
[1-13C]Lys into PG biosynthesis is unaffected. In contrast, the D-[2°N]JAla incorporation into
WTA was inhibited by both vancomycin and oritavancin. The Sy spectra of glycopeptide-
treated S. aureus show reduced 1°N-alanyl amine intensity at 16 ppm, which corresponded to
the ester-linked D-[1°N]Ala found in WTA, while the 1°N-alanyl amide of D-[1°N]Ala (PG)
remained constant (Fig. 3c, bottom). The enlarged spectral overlay of 16-ppm peaks (Fig.
3d) show a visible reduction in D-[**N]Ala incorporation into the WTA of S. aureus, when
treated with glycopeptide antibiotics. Oritavancin exhibits potent inhibition of D-[1°N]Ala
incorporation into WTA that is approximately four times more effective than vancomycin.

Inhibition of WTA biosynthesis by glycopeptide antibiotics occurs before PG inhibition

To quantify the changes in D-[1°N]Ala incorporation into WTA, S. aureus were grown in
SASM containing D-[1°N]Ala and L-[1-13C]Lys in the presence of alaphosphin (5 pg/mL).
SASM was supplemented with the natural abundance L-Ala and alaphosphin, which is an
alanine racemase inhibitor that prevents racemic scrambling of D-[1°N]Ala. The addition of
alaphosphin ensured that the D-[1°N]Ala is incorporated into the D-Ala-D-Ala of PG stem
and ester-linked D-Ala of WTA, but not into proteins. Figure 4 shows the 15N{13C} REDOR
spectra of whole cell S. aureus at 1.6 ms dipolar evolution. The 45 93-ppm peak intensity,
which is directly proportional to the total number of PG bridge-linking density, does not
change with the increase in vancomycin concentration. Hence, the Sy 16-ppm intensity for
ester-linked D-[*®N]Ala in WTA decreases by more than half for S. aureus treated with
vancomycin (10 and 20 ug/mL). This indicates that vancomycin-treated S. aureus
maintained D-[1°N]Ala incorporation into the PG stem by routing all of the available D-
[1°N]Ala away from the WTA biosynthesis (Fig. 4b). Thus, vancomycin inhibition of the
WTA biosynthesis preceded the PG biosynthesis in S. aureus.
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The changes in the amounts of ester-linked D-Ala in WTA in comparison to D-Ala in PG are
calculated by integrating the 93-ppm (D-Ala in PG) and 16-ppm peaks (D-Ala in WTA) in
the Spspectra of 1SN{13C} REDOR (Fig. 4a). For S. aureus grown in the absence of
antibiotics, the amount of ester-linked D-Ala found in WTA is approximately 23% of all the
D-Ala found in PG. This reduces to 12% for S. aureus treated with vancomycin at 10 ug/mL.
Interestingly, increased vancomycin treatment of S. aureus at 20 pg/mL does not further
reduce the amount of ester-linked D-Ala in WTA, remaining unchanged at 12%. We believe
that this is the minimum amount of D-Ala in teichoic acid that is required for bacteria to
resume its normal cell wall biosynthesis and division. Complete removal of D-Ala from
WTA and lipoteichoic acids in S. aureus has been shown to be lethal.2* Therefore, we
propose that the amount of ester-linked D-Ala in WTA at of 12% (relative to all D-Ala found
in PG) is the minimum amount required for S. aureusto maintain normal cell wall growth.

Discussion

We show that oritavancin and other oritavancin-like glycopeptides at low concentrations can
readily inhibit cell wall biosynthesis in S. aureus without membrane perturbation (Fig. 1).
The potent bactericidal activity of oritavancin that was previously attributed to the
hydrophobic side chain targeting the bacterial membrane does not occur at low
concentrations near the MIC. Instead, we show using solid-state NMR, that vancomycin and
oritavancin readily inhibit the WTA biosynthesis in S. aureus. This is crucial as the antibiotic
binding to lipid Il prevents the regeneration of the shared lipid transporter Csg required for
the first committed step in biosyntheses of both PG and WTA (Fig. 4b). Oritavancin-treated
S. aureus show rapid inhibition of WTA biosynthesis without any detectable changes to PG
cross-links or stem-links, which indicates that the WTA inhibition precedes the PG
inhibition. Oritavancin was approximately 4 times more active than vancomycin in
inhibiting WTA biosynthesis (Fig. 3d). Although WTA itself is not required for the S. aureus
viability, WTA-deficient mutants exhibit large changes to their cell morphology with
increased antibiotic susceptibility, incapability to form biofilms, and diminished virulence
with inability to colonize the host.25-26 Inhibition of WTA can directly impact cell division
as it is required for the recruitment of PBP427 and regulation of the autolysin activity during
cell growth and division.28-2% We conclude that the combination of WTA and PG inhibitions
is responsible for the bactericidal activity of oritavancin. Our finding provides a new insight
into the mode of action of oritavancin, which will aid the future development of this vital
class of antibiotics.
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oritavancin N-4-[(4-chlorophenyl)benzyl)]chloroeremomycin
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Figure 1. S. aureustreated with disaccharide-modified glycopeptide antibiotics at sub-MI1Csdo
not readily induce ATP leakage

a, Chemical structures of disaccharide-modified glycopeptide antibiotics with increasing
aliphatic side chain lengths (from left to right): vancomycin (ho modification), LY 309687
(trifluoromethoxybenzyl side chain), oritavancin (chlorophenyl-benzyl side chain), FNCE
(N-9-fluorononyl side chain), and FBBCE (AN-9-fluorobiphenylbenzyl side chain). b, ATP
leakage was attempted in S. aureus harvested at ODggonm 1.5 by addition of glycopeptide
antibiotics to final concentrations of 0, 1, 2, 5, 10, 50, and 100 pg/mL, and daptomycin (D)
at 100 pg/mL. All glycopeptide antibiotics did not induce appreciable ATP leakage
attributable to membrane depolarization at the concentrations tested. In comparison,
daptomycin induced ATP leakage consistent with the membrane disruption. All error bars
represent 95% confidence interval.
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Figure 2. Glycopeptide antibioticsinhibit both PG transglycosylation and WTA biosynthesisin

S. aureus

a, PG and WTA labeling by L,D-[1-13C]Ala in S. aureus. b, Deconvolution of 13C-CPMAS
spectrum of intact whole cells of S. aureus with D-alanyl carboxyls at 178 ppm (blue), D-
alanyl peptide carbonyls at 174 ppm (green), and ester carbonyls of WTA at 171 ppm (red).
¢, 13C-CPMAS spectrum of untreated S. aureus (middle, red) is subtracted from the
spectrum of antibiotic treated whole cells (top, red). The difference spectra (bottom) show
all antibiotic-treated S. aureus have a negative 171 ppm peak which corresponds to
decreased ester-linked D-Ala incorporation to WTA. Park’s nucleotide accumulation
(positive 178 ppm peak) is observed for all glycopeptide-treated S. aureus.
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Figure 3. Oritavancin isa potent WTA inhibitor
a, L,D-[*5N]Ala and L-[1-13C]Lys labeling of S. aureus PG and WTA. Isotope labeled

13C-15N spin pair is predominantly found at the stem-link position of PG. 15N-CPMAS
spectrum from intact whole cells of S. aureus shows D-[1°N]Ala incorporated into WTA
appearing at 16 ppm, and L,D-[**N]Ala into proteins and PG at 93 ppm. b, 13C{1°N}
REDOR spectra from intact whole cells of S. aureus grown with and without antibiotics:
vancomycin (5 ug/mL), and oritavancin (5 pg/mL) following 1.6 ms dipolar evolution. The
L-[1-13C]Lys incorporation to S. aureus s visible as a lysyl-carbonyl carbon at 175 ppm in
the Spspectra (bottom). In the AS spectra (top), only the 13C-lysyl-carbonyl carbons of L-
[1-13C]Lys peptide bonded to the 1°N of L,D-[1°N]Ala are dephased at 1.6 ms dipolar
evolution. Hence the A4S 175-ppm intensity is directly proportional to the /n situ stem-link
density of the cell wall. The stem-link density of S. aureus is unaffected by glycopeptide
antibiotic treatments, which indicates that D-[1°N]Ala and L-[1-13C]Lys incorporations to
PG are unaffected at the glycopeptide antibiotic concentration of 5 pg/mL. ¢, 15’N{13C}
REDOR spectra of intact whole cells of S. aureusat 1.6 ms dipolar evolution. In the AS
spectra (top) 93-ppm intensity directly proportional to the stem-links in cell wall is
unaffected by the glycopeptide antibiotic treatment. However, the Sy spectra (bottom) of
vancomycin and oritavancin treated S. aureus show reductions in the alanyl-amine peak at
16 ppm. The 16-ppm intensity corresponds to ester-linked D-Ala in WTA, and therefore
glycopeptide antibiotics inhibited D-Ala incorporation into WTA in S. aureus suggesting
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inhibition of the WTA biosynthesis. d, The D-alanyl-amine peak at 16 ppm from the S
spectra are overlaid. Oritavancin shows maximum inhibition of D-Ala incorporation into
WTA. Each spectra were the result of 10,000 accumulated scans.
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Figure 4. Vancomycin-treated S. aureus show inhibition of WTA biosynthesis preceding PG
biosynthesis

a, D-[®N]Ala and L-[1-13C]Lys labeling of S. aureus PG and WTA in presence of alanine
racemase inhibitor alaphosphin (5 ug/ml). 93-ppm peak intensities in the AS spectra (top) of
15N{13C} REDOR at 1.6 ms show that alaphosphin improves D-[1°N]Ala incorporation into
PG. The addition of vancomycin did not affect the PG stem-link density; however, the S
spectra show a large reduction in the D-[1°N]Ala incorporation into WTA (16 ppm). b,
Schematic representation of WTA and PG biosyntheses with bactoprenol-phosphate (Cgs-P)
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as the central lipid transporter. Glycopeptide antibiotics prevent regeneration of the lipid
transporter and thereby inhibit both PG and WTA biosyntheses. However, as shown in Fig.
4a D-[1®N]Ala incorporation into WTA (red arrow) was inhibited in vancomycin-treated S.
aureus by rerouting all available D-[*°N]Ala into maintaining the PG biosynthesis (blue
arrow). Hence, the vancomycin inhibition of D-[1°N]Ala incorporation into the WTA
biosynthesis precedes interference of the PG biosynthesis.
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