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ABSTRACT Cytoplasmic peptidoglycan (PG) precursor levels were determined in
methicillin-resistant Staphylococcus aureus (MRSA) after exposure to several cell wall-
targeting antibiotics. Three experiments were performed: (i) exposure to 4� MIC lev-
els (acute); (ii) exposure to sub-MIC levels (subacute); (iii) a time course experiment
of the effect of vancomycin. In acute exposure experiments, fosfomycin increased
UDP-GlcNAc, as expected, and resulted in substantially lower levels of total UDP-
linked metabolite accumulation relative to other pathway inhibitors, indicating re-
duced entry into this pathway. Upstream inhibitors (fosfomycin, D-cycloserine, or
D-boroalanine) reduced UDP-MurNAc-pentapeptide levels by more than fourfold. Ala-
nine branch inhibitors (D-cycloserine and D-boroalanine) reduced D-Ala–D-Ala levels
only modestly (up to 4-fold) but increased UDP-MurNAc-tripeptide levels up to
3,000-fold. Downstream pathway inhibitors (vancomycin, bacitracin, moenomycin,
and oxacillin) increased UDP-MurNAc-pentapeptide levels up to 350-fold and UDP–
MurNAc–L-Ala levels up to 80-fold, suggesting reduced MurD activity by downstream
inhibitor action. Sub-MIC exposures demonstrated effects even at 1/8� MIC which
strongly paralleled acute exposure changes. Time course data demonstrated that
UDP-linked intermediate levels respond rapidly to vancomycin exposure, with sev-
eral intermediates increasing three- to sixfold within minutes. UDP-linked intermedi-
ate level changes were also multiphasic, with some increasing, some decreasing, and
some increasing and then decreasing. The total (summed) UDP-linked intermediate
pool increased by 1,475 �M/min during the first 10 min after vancomycin exposure,
providing a revised estimate of flux in this pathway during logarithmic growth.
These observations outline the complexity of PG precursor response to antibiotic ex-
posure in MRSA and indicate likely sites of regulation (entry and MurD).
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The synthesis of bacterial peptidoglycan (PG) is a complex process requiring a
number of steps (1–9) (Fig. 1). The cytoplasmic steps of the pathway culminate in

the synthesis of a UDP-MurNAc-pentapeptide intermediate. The peptidoglycan portion
of this intermediate is then transferred to a lipid carrier for further elaboration, exported
to the outer membrane leaflet, and assembled into mature cell wall peptidoglycan. The
core cytoplasmic intermediates are a series of UDP-linked species: UDP-GlcNAc (UDP-
NAG), UDP-NAG-enolpyruvate (UDP-EP), UDP-MurNAc (UDP-NAM), UDP–NAM–L-Ala
(UDP-Mono), UDP–NAM–L-Ala–D-Glu (UDP-Di), UDP–NAM–L-Ala–�-D-Glu–L-Lys (UDP-
Tri), and UDP–NAM–L-Ala–�-D-Glu–L-Lys–D-Ala–D-Ala (UDP-Penta). Synthesis of these
intermediates also requires several amines associated with this pathway: L-Ala, D-Ala,

Received 21 October 2016 Returned for
modification 20 November 2016 Accepted
10 March 2017

Accepted manuscript posted online 20
March 2017

Citation Vemula H, Ayon NJ, Burton A, Gutheil
WG. 2017. Antibiotic effects on methicillin-
resistant Staphylococcus aureus cytoplasmic
peptidoglycan intermediate levels and
evidence for potential metabolite level
regulatory loops. Antimicrob Agents
Chemother 61:e02253-16. https://doi.org/10
.1128/AAC.02253-16.

Copyright © 2017 American Society for
Microbiology. All Rights Reserved.

Address correspondence to William G. Gutheil,
gutheilw@umkc.edu.

MECHANISMS OF ACTION:
PHYSIOLOGICAL EFFECTS

crossm

June 2017 Volume 61 Issue 6 e02253-16 aac.asm.org 1Antimicrobial Agents and Chemotherapy

https://doi.org/10.1128/AAC.02253-16
https://doi.org/10.1128/AAC.02253-16
https://doi.org/10.1128/ASMCopyrightv1
mailto:gutheilw@umkc.edu
http://crossmark.crossref.org/dialog/?doi=10.1128/AAC.02253-16&domain=pdf&date_stamp=2017-3-20
http://aac.asm.org


D-Ala–D-Ala, L-Lys, L-Glu, and D-Glu. This pathway is the target of many antibacterial
agents (Fig. 1) and for efforts to develop new antibacterial agents (4, 12–16). The
identity of PG pathway intermediates, the enzymes catalyzing their synthesis, and the
structural and mechanistic details of these enzymes are well-established (4). However,
how this pathway acts as an integrated metabolic unit and how this pathway responds
to antibiotics targeting its key steps are areas that have so far received only modest
attention (17).

We recently developed liquid chromatography-tandem mass spectrometry (LC-
MS/MS) -based quantitative methods for the UDP-linked intermediates (18, 19) and
amine intermediates (19–22) in this pathway. In this study, these methods are used
to examine the effects of various antibiotics on cytoplasmic PG metabolite levels in
methicillin-resistant Staphylococcus aureus (MRSA). The cell wall-targeting antibiotics
selected for this study are well-known inhibitors of bacterial cell wall biosynthesis, with
well-established targets. These antibiotics can be divided into three groups: upstream UDP
branch inhibitors (fosfomycin), alanine branch inhibitors (D-cycloserine and D-boroalanine),
and downstream inhibitors (vancomycin, bacitracin, moenomycin, and oxacillin) (Fig. 1).
Fosfomycin inhibits the two UDP-N-acetylglucosamine (UDP-NAG) enolpyruvyl transferases
in S. aureus (MurA and MurZ) (23, 24). D-Cycloserine acts through inhibition of either
alanine racemase (Alr) or D-Ala–D-Ala ligase (Ddl) depending on the organism. In S.
aureus, the growth-inhibiting effects of D-cycloserine are due to inhibition of D-Ala–D-
Ala ligase (25), whereas in Escherichia coli, D-cycloserine exerts its effect by inhibition of
alanine racemase (20, 26, 27). D-Boroalanine is a synthetic antibacterial agent that acts
through inhibition of Ddl (21). Vancomycin, bacitracin, moenomycin, and oxacillin
target different late-stage postcytoplasmic steps in the S. aureus PG biosynthesis
pathway (Fig. 1). Vancomycin inhibits bacterial PG biosynthesis by complexing with the
D-Ala–D-Ala moiety of late PG intermediates (28, 29), bacitracin acts by complexing with the
pyrophosphate moiety of undecaprenyl pyrophosphate (C55-P-P in Fig. 1) (30, 31), moeno-
mycin acts by inhibition of peptidoglycan glycosyltransferases (2, 32), and oxacillin acts by
inhibition of penicillin-binding proteins (PBPs) (33). MRSA is resistant to oxacillin due to the
presence of PBP2a, which provides MRSA with its characteristic �-lactam resistance (34–36).
The experiments in this study were performed under both acute (supra-MIC) and subacute
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FIG 1 Basic bacterial peptidoglycan biosynthesis pathway. Most Gram-negative bacteria use meso-diaminopimelic acid in place of L-Lys
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(sub-MIC) antibiotic concentration conditions. Control studies were also performed under
acute conditions with several non-PG synthesis inhibitors. Finally, the time course for the
response of PG metabolite levels to vancomycin exposure was also determined. This study
reveals effects of these antibiotics on PG intermediate pool levels and provides an outline
of the response of this pathway to cell wall-targeting agents.

RESULTS AND DISCUSSION
Acute antibiotic level effects. Upon acute (supra-MIC) antibiotic exposure, MRSA

growth progressively slowed and completely stopped after �90 min (Fig. 2), at which
time samples for metabolite analysis were collected. Oxacillin was included as a
non-growth-stopping cell wall-targeted antibiotic for comparison, and growth slowed
but did not stop after oxacillin addition. The measured levels of both UDP-linked and
amine intermediates are summarized in Table 1 for PG biosynthesis-targeting agents
and in Table 2 for non-PG biosynthesis-targeting agents.

Acute 90-min fosfomycin exposure resulted in a 10-fold increase in UDP-NAG
and substantial decreases in downstream intermediates—particularly UDP-NAM
and UDP-Di (�25-fold and 5-fold, respectively), as expected given its known
mechanism of action. The effect on the level of UDP-Penta (the terminal cytoplasmic
intermediate) was modest at a fourfold decrease. These effects are similar to the effects
of fosfomycin in E. coli (37). The total amount of PG pathway UDP-linked intermediates
did not increase dramatically in fosfomycin-exposed cultures (2-fold increase) com-
pared to the other antibiotics included in this study (up to 50-fold), indicating that entry
into the UDP branch of this pathway is substantially decreased by blockade of the
MurA/Z-catalyzed step by fosfomycin.

D-Cycloserine or D-boroalanine exposure resulted in a 4-fold decrease in D-Ala–D-Ala,
a 4- to 6-fold decrease in UDP-Penta level, and a substantial increase (3,000- to
4,000-fold) in UDP-Tri levels (Table 1). The fact that a modest decrease in D-Ala–D-Ala
results in relatively large effects on UDP-linked intermediate levels is consistent with
MurF being unable to keep up with the flux along the UDP branch of this pathway at
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FIG 2 Semilog plots of growth curves (OD600) for control and antibiotic-treated MRSA cultures. (Top) Cell
wall-targeted inhibitors. (Bottom) Non-cell wall-targeted inhibitors. Abbreviations: CNTL, control; FOS,
fosfomycin; DCS, D-cycloserine; DBA, D-boroalanine; VAN, vancomycin; BAC, bacitracin; MOE, moenomy-
cin; OXA, oxacillin; SUL, sulfamethoxazole; RIF, rifampin; CHL, chloramphenicol; CIP, ciprofloxacin.
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these modestly reduced D-Ala–D-Ala levels. Both D-cycloserine and D-boroalanine re-
sulted in �15-fold increases in total PG pathway UDP-linked intermediate levels,
indicating that entry into the UDP branch of this pathway is not substantially blocked
by these inhibitors. The observed effects of D-cycloserine on UDP-Tri and UDP-Penta
levels are consistent with the previously observed effects of D-cycloserine in S. aureus
of a �100-fold increase and 3-fold decrease in UDP-Tri and UDP-Penta levels, respectively
(38). A common feature of all three upstream inhibitors (fosfomycin, D-cycloserine, and
D-boroalanine) is that cessation of cell growth is associated with a reduction of UDP-Penta
levels to 15 to 20% of its uninhibited level.

TABLE 1 Cytoplasmic peptidoglycan biosynthesis intermediate levels in MRSA (ATCC 43300) in
control and antibiotic-treated samplesa

CNT   FOS DCS DBA VAN BAC MOE OXA

UDP-Linked Intermediates ( M)

UDP-NAG 740 
(60)

6900 
(500)

710 
(130)

640 
(40)

77 
(10)

380 
(80)

180 
(10)

550 
(80)

UDP-EP 1.4 
(0.3)

0.73 
(0.06)

1.4 
(0.2)

1.17 
(0.2)

0.79 
(0.4)

1.2 
(0.4)

2.4 
(1.2)

1.3 
(0.3)

UDP-NAM 1250 
(60)

48 
(14)

4900 
(700)

5000 
(800)

5200 
(900)

2000 
(200)

12800 
(1800)

1700 
(200)

UDP-Mono 81 
(7)

27  
(4)

1500 
(400)

1600 
(300)

2900 
(500)

1200 
(200)

4900 
(1100)

1140 
(60)

UDP-Di 32 
(6)

6.4 
(1.0)

1300 
(200)

1711 
(200)

110 
(50)

77 
(7)

71 
(17)

120 
(70)

UDP-Tri 10 
(2)

6.9 
(1.4)

26000 
(7000)

37000 
(3000)

35 
(8)

48 
(7)

57 
(12)

75 
(6)

UDP-Penta 260 
(30)

61 
(12)

80 
(40)

41 
(4)

62000 
(2000)

23100 
(1100)

92900 
(900)

14600 
(1500)

UDP-Sum 2380 
(90)

7000 
(500)

35000 
(7000)

46000 
(3000)

71000 
(1900)

26800 
(1100)

111000 
(2000)

18200 
(1500)

Amino Acid and D-Ala-D-Ala Intermediates (mM)

L-Ala 67 
(7)

59.5 
(0.9)

74 
(14)

57 
(2)

64 
(7)

87 
(8)

91 
(19)

62 
(9)

D-Ala 48 
(8)

27.2 
(1.6)

31 
(7)

26 
(7)

46 
(16)

80 
(13)

90 
(20)

44 
(16)

D-Ala-D-Ala 0.9 
(0.3)

3 
(2)

0.20 
(0.04)

0.20 
(0.10)

17 
(2)

11 
(2)

15 
(2)

5 
(2)

L-Glu 250 
(30)

304 
(14)

354 
(11)

260 
(60)

210 
(30)

210 
(80)

280 
(40)

210 
(30)

D-Glu 200 
(40)

52 
(6)

228 
(13)

236 
(10)

230 
(50)

170 
(60)

220 
(120)

240 
(20)

L-Lys 64 
(5)

80 
(6)

90 
(20)

90 
(30)

79 
(3)

74 
(5)

82 
(9)

57 
(5)

— — — —

aAntibiotic treatments were for 90 min at 4� MIC, except for oxacillin which was sub-MIC. The values in parentheses are
standard errors (n � 3). Red values denote substantially (3-fold) increased values, blue values denote substantially (3-
fold) decreased values, bold values denote strongly (10-fold) affected values, and underlined values denote very
strongly (100-fold) affected values. Black arrows denote the primary step targeted by an agent, purple arrows denote
a secondary metabolite level effect, and the red arrow denotes a possible negative regulatory effect of accumulating
metabolites. Other inferred sites of negative regulation are denoted with a red circled minus symbol. Antibiotic
treatment abbreviations: CNT, control; FOS, fosfomycin; DCS, D-cycloserine; DBA, D-boroalanine; VAN, vancomycin;
BAC, bacitracin; MOE, moenomycin; OXA, oxacillin.
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Vancomycin, bacitracin, moenomycin, and oxacillin all target different late PG
biosynthesis steps. Examination of the data in Table 1 indicates that all four inhibitors
exert similar, but possibly not identical, effects on the levels of PG intermediates.
Vancomycin and moenomycin resulted in large increases in UDP-Penta of 200- to
400-fold, bacitracin resulted in a 90-fold increase, and oxacillin resulted in a 50-fold
increase. The observation of dramatically increased UDP-Penta is consistent with the
known targets of these agents and with prior studies of vancomycin and moenomycin
in E. coli (39). Treatment with the continued growth-permitting oxacillin (MIC of �128
�g/ml) reduced the bacterial growth rate by about one-half after initial exposure and
resulted in nearly as large an increase in UDP-Penta as did bacitracin. All four of these
antibiotics also substantially increased D-Ala–D-Ala levels (6- to 16-fold) and total
(summed) UDP-linked intermediate levels (8- to 46-fold). Vancomycin and moenomycin
demonstrated higher UDP-Penta accumulations and greater decreases of UDP-NAG
levels than bacitracin and oxacillin did.

A recent study by Dorries and coworkers examined global metabolite changes in
methicillin-sensitive S. aureus (MSSA) associated with supra-MIC exposure to several
antibiotics, including fosfomycin, vancomycin, ciprofloxacin, and ampicillin (17). This
study observed relative changes in UDP-linked intermediates upon vancomycin and
fosfomycin treatment, generally consistent with the changes observed here (Table 1).
However, the study of Dorries and coworkers also observed a substantial increase of
UDP-linked intermediates after exposure to ciprofloxacin, a non-cell wall-targeting
agent. Another non-cell wall-targeting agent, the protein biosynthesis inhibitor chlor-
amphenicol, has also previously been found to increase the levels of UDP-NAG (6-fold)
and UDP-Penta (13-fold) in E. coli (40). The effects of several non-cell wall-targeted
inhibitors against MRSA were therefore also assessed in this study (Table 2). These
non-cell wall-targeted antibiotics had no significant effects on PG intermediate levels in
MRSA, in contrast to the effect noted above for ciprofloxacin in MSSA (17). This
difference seems likely due to the difference in S. aureus strains used in the two studies,
since this study used an MRSA strain with fairly high resistance to ciprofloxacin (16
�g/ml MIC), whereas the study by Dorries and coworkers used an MSSA strain sensitive
to ciprofloxacin (MIC of �1 �g/ml).

TABLE 2 Effects of non-cell wall-targeted antibiotics on cytoplasmic PG biosynthesis
intermediate levels in MRSAa

Intermediate

Effect of antibiotic on intermediateb:

CNT CHL SUL CIP

UDP-linked intermediates (�M)
UDP-NAG 430 (30) 570 (30) 650 (100) 660 (80)
UDP-EP 1.08 (0.13) 1.30 (0.18) 1.32 (0.11) 1.28 (0.09)
UDP-NAM 1,312 (11) 1,760 (130) 1,170 (50) 1,450 (130)
UDP-Mono 100 (20) 101 (8) 110 (20) 174 (14)
UDP-Di 52 (9) 56 (9) 62 (8) 70 (20)
UDP-Tri 4.4 (0.4) 7.23 (0.03) 7.0 (1.8) 6.5 (0.3)
UDP-Penta 407 (6) 600 (50) 380 (70) 510 (90)
UDP-Sum 2,310 (60) 3,110 (50) 2,400 (200) 2,880 (140)

Amino acid and D-Ala–D-Ala
intermediates (mM)

L-Ala 66 (11) 60 (30) 38 (4) 68 (14)
D-Ala 71 (7) 60 (20) 42 (4) 80 (20)
D-Ala–D-Ala 1.14 (0.02) 0.89 (0.04) 0.93 (0.01) 1.2 (0.2)
L-Glu 230 (20) 220 (60) 250 (50) 180 (20)
D-Glu 230 (40) 132 (10) 150 (40) 160 (30)
L-Lys 61 (9) 49 (4) 51 (3) 62 (11)

aAntibiotic treatments were at 4� MIC.
bThe values for UPD-linked intermediates are in micromolar concentrations, while the value for the amino
acids and D-Ala–D-Ala intermediates are in millimolar concentrations. Antibiotic treatment abbreviations:
CNT, control; CHL, chloramphenicol; SUL, sulfamethoxazole; CIP, ciprofloxacin. Values in parentheses are
standard errors (n � 2).
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Subacute (sub-MIC) effects of antibiotics on PG intermediate levels. The effect
of continuous growth in the presence of subacute (sub-MIC) antibiotic levels was also
assessed (Fig. 3). Growth curves for cultures in the presence of sub-MIC antibiotic levels
were essentially indistinguishable from uninhibited cultures prior to sample collection
(data not shown). Under these conditions, intermediates will progress through this
pathway at or close to the same rate (flux) as in uninhibited cells but with key steps
partially incapacitated by the presence of antibiotic. Values from the acute (supra-MIC)
exposure experiment (Table 1) are also incorporated into Fig. 3. Sub-MIC exposures
even at 1/8� MIC showed significant effects for the tested agents. Increasing concen-
trations further affected intermediate levels toward that observed in the acute expo-
sure experiments. The pattern of PG intermediate level changes observed in the
sub-MIC experiments parallel the supra-MIC results summarized in Table 1. While there
are strong similarities between vancomycin, bacitracin, and oxacillin in the sub-MIC
experiment (Fig. 3), sub-MIC vancomycin exposure is associated with a substantial
decrease in UDP-NAG and increase in UDP-Penta, whereas bacitracin and oxacillin had
much less effect on these intermediates. Moenomycin is similar to vancomycin in this
difference (Table 1), which makes sense since vancomycin and moenomycin target the
same PG biosynthesis step (Fig. 1). The supra-MIC and sub-MIC data together indicate
a difference in pathway response between vancomycin/moenomycin and bacitracin/
oxacillin exposure.

Time-dependent effect of vancomycin on PG metabolite levels in MRSA. To
provide some information on the rate at which PG intermediate levels change in
response to antibiotic exposure, a 2-h time course experiment for the effect of
vancomycin on these intermediates was obtained (Fig. 4 and 5). The PG intermediate
levels at 90 min in this time course experiment closely match the data in Table 1 for
90-min vancomycin treatment. PG metabolite levels change rapidly in response to
vancomycin exposure, with severalfold changes occurring in several species in the 1- to
3-min time frame. These changes follow several patterns, with UDP-Mono and UDP-
Penta levels increasing constantly, UDP-NAG decreasing monotonically to a new
steady-state level after a short lag, UDP-NAM increasing monotonically to a new
steady-state level, and UDP-Di and UDP-Tri initially increasing, peaking at 10 min, and
then decreasing to new steady-state levels. UDP-EP levels are challenging to quantify
given their low levels, but generally the levels are constant after vancomycin treatment
in all three experiments (Table 1 and Fig. 3 and 5). The total UDP-linked intermediate
pool increased continuously, with some decrease in rate over time, consistent with
entry into this pathway being approximately constant over this period. Amine inter-
mediate levels were also generally constant except for D-Ala–D-Ala, which increased at
a constant rate after an initial lag. Detailed analysis and interpretation of time course
data such as that shown in Fig. 5 will require additional data and the construction of
a systems biology model of this pathway. However, it is clear that this pathway exhibits
previously unrecognized complexity in its dynamic response to antibiotic exposure.

Pathway flux revisited. The slow apparent onset of complete growth inhibition by
these antibiotics (excluding oxacillin) as measured by turbidity (Fig. 2) indicates that
their action is not immediate or that other processes are continuing which allow
growth/turbidity to increase for a period after antibiotic addition. However, the effects
of added vancomycin on metabolite levels (Fig. 5) are clearly immediate, consistent
with the latter explanation for increasing turbidity after antibiotic addition. A metabolic
flux rate through this pathway of 690 �M/min was previously estimated based on total
PG in S. aureus under uninhibited growth conditions (19). A flux of 690 �M/min over
90 min would provide for an unimpeded accumulation of UDP-linked intermediates
of �62,000 �M. The total accumulations for acute vancomycin, bacitracin, and
moenomycin exposures are higher than this value (Table 1). The time dependence
of the accumulation of all UDP-linked intermediates (UDP-Sum) after vancomycin
exposure (Fig. 5) demonstrates a rate of UDP-linked metabolite accumulation of
1,475 �M/min over the first 10 min, which is more consistent with the total 90-min
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accumulations for late-stage PG biosynthesis inhibitors observed in Table 1 than our
prior estimate of 690 �M/min (19).

Summary. The key observations made in this study follow. (i) In contrast to other
cell wall-targeted antibiotics, fosfomycin treatment did not result in a substantial
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FIG 3 Dependence of key MRSA PG intermediate levels on sub-MIC antibiotic exposure and comparison
with their acute (Table 1) exposure values. MICs are shown on a semilog y axis with a fractional number
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“Short” refers to acute (sub-MIC) exposure.
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accumulation of UDP-linked intermediates (UDP-NAG) that would be expected if entry
into the UDP branch of this pathway was uninhibited. This observation indicates that
UDP-NAG accumulation directly or indirectly reduces entry into this pathway. (ii)
Increased levels of UDP-Penta associated with late-stage inhibitors (vancomycin,
moenomycin, bacitracin, and oxacillin) are correlated with an increased level of UDP-
Mono and UDP-NAM accumulation without corresponding changes in the levels of
UDP-Di and UDP-Tri, suggesting that increased UDP-Penta levels directly or indirectly

0.1
40 90 140 190 240

O
D

60
0

min

4x MIC
VAN

Antibiotic
Added

0.2

0.3
0.4
0.5
0.6
0.8

0.2

0.3
0.4
0.5

1.0

0.6
0.8

0.1

FIG 4 Semilog plot of growth curve for time-dependent effect of vancomycin on MRSA.

— t (min) —

—
Fo

ld
 C

ha
ng

e 
vs

 C
on

tr
ol

 (x
/x

0)
 —

0.0

0.5

1.0

1.5

0 25 50 75 100

UDP-NAG

0.0

0.5

1.0

1.5

0 25 50 75 100

UDP-EP

0

5

10

15

0 25 50 75 100

UDP-NAM

0

50

100

150

0 25 50 75 100

UDP-Mono

0

2

4

6

8

0 25 50 75 100

UDP-Di

0
2
4
6
8

0 25 50 75 100

UDP-Tri

0

50

100

0 25 50 75 100

UDP-Penta

0

15

30

45

0 25 50 75 100

UDP-Sum

0.0

0.5

1.0

1.5

0 25 50 75 100

L-Ala

0.0

0.5

1.0

1.5

0 25 50 75 100

D-Ala

0

5

10

0 25 50 75 100

DADA

0.0
0.5
1.0
1.5
2.0

0 25 50 75 100

L-Glu

0.0

1.0

2.0

3.0

0 25 50 75 100

D-Glu

0.0
0.5
1.0
1.5
2.0

0 25 50 75 100

L-Lys

0.0

1.0

2.0

3.0

0 25 50 75 100

Gly

FIG 5 Time dependence of the effect of vancomycin on MRSA PG intermediates plotted as fold changes versus the time
zero values. UDP-Sum is the sum of all UDP-linked intermediates.

Vemula et al. Antimicrobial Agents and Chemotherapy

June 2017 Volume 61 Issue 6 e02253-16 aac.asm.org 8

http://aac.asm.org


affect conversion of UDP-Mono to UDP-Di (MurD). This effect was also apparent in the
vancomycin time course data (Fig. 5). (iii) While the effects of all four late-stage
inhibitors are similar, acute (Table 1) and subacute (Fig. 3) vancomycin and moenomy-
cin exposures caused decreases in UDP-NAG and increases in UDP-Penta that were not
apparent with bacitracin and oxacillin exposures. These differences indicate a differ-
ence in response to these two groups (vancomycin/moenomycin versus bacitracin/
oxacillin) of antibiotics. (iv) Sub-MIC exposure data (Fig. 3) demonstrate that cell
wall-targeting agents manifest their effects even at levels well below their MICs without
affecting the overall growth rate, and by inference, the PG pathway metabolite flux. (v)
The vancomycin exposure time course revealed rapid changes in metabolite levels in
response to antibiotic exposure on the 1- to 3-min time scale. The initial increase and
then decrease of UDP-Di and UDP-Tri levels is also consistent with some impediment
to MurD after inhibition sets in, as inferred also from acute (Table 1) and subacute (Fig.
3) vancomycin exposure. The time course data also provide a revised PG biosynthesis
flux estimate of 1,475 �M/min.

MATERIALS AND METHODS
General. The materials and methods used in this study are the same as described recently for the

determination of the baseline levels of cytoplasmic PG intermediates in S. aureus (18, 19). Additional
reagents used in this study were moenomycin from Waterstone Tech, ciprofloxacin from Alfa Aesar, and
bacitracin, chloramphenicol, and sulfamethoxazole from Sigma-Aldrich. The ATCC 43300 (F-182) strain of
methicillin-resistant S. aureus (MRSA) was from the American Type Culture Collection.

Acute (supra-MIC) effects of antibiotics on MRSA. A 20-ml saturated (stationary-phase) overnight
culture of methicillin-resistant S. aureus (ATCC 43300), grown in Mueller-Hinton broth (MH), was used to
inoculate 450 ml of MH in a baffled flask. The culture was grown with good agitation at 35°C with a
doubling time of 40 min (Fig. 2). When the culture reached an optical density at 600 nm (OD600) of 0.4,
50-ml portions were transferred into 250-ml baffled flasks. Antibiotics were added to these individual
flasks at 4� their MICs—with MICs of 4 �g/ml for fosfomycin, 8 �g/ml for D-cycloserine and
D-boroalanine, 2 �g/ml for vancomycin, 4 �g/ml for bacitracin, and 1 �g/ml for moenomycin. For
oxacillin, which does not stop growth against MRSA (MIC of �128 �g/ml), 16 �g/ml was added to the
treatment flask. The non-cell wall-targeting antibiotics ciprofloxacin (DNA gyrase), chloramphenicol
(protein biosynthesis), and sulfamethoxazole (folate biosynthesis) were similarly tested for their effects
on PG intermediate levels at 4� their MICs (MICs of 16, 8, and 8 �g/ml, respectively) (90-min exposure).
Antibiotic-treated cultures were incubated with shaking for approximately two pretreatment doubling
times (90 min) until the increase in OD600 was arrested (Fig. 2). Samples (15 ml) from individual
experiments were collected in triplicate and prepared for analysis as described below. Experiments were
fully replicated to provide standard errors for reported metabolite level values.

Subacute (sub-MIC) effects of antibiotics. Cultures were grown for an extended period at sub-MIC
levels of the tested antibiotic at various concentrations. For each antibiotic, small (5-ml) saturated overnight
MRSA cultures containing 0�, 1/16�, 1/8�, 1/4�, and 1/2� MICs of individual antibiotics (fosfomycin,
D-cycloserine, vancomycin, bacitracin, and oxacillin) were used to inoculate 50-ml portions of MH into baffled
flasks containing the same level of test antibiotic. The cultures were grown until they reached an OD600 of
0.65, and samples (15 ml) were collected in triplicate and prepared for analysis as described below.

Time-dependent effect of vancomycin on PG metabolite levels in MRSA. A 20-ml saturated
overnight bacterial culture of MRSA was used to inoculate 500 ml of MH into a baffled flask. The culture
was grown with good agitation and incubation at 35°C with a doubling time before antibiotic addition
of 40 min. When the culture reached an OD600 of 0.35, vancomycin (4� MIC) was added. At regular time
intervals (0, 1, 2, 3, 4, 5, 10, 20, 40, 60, 90, and 120 min), duplicate 15-ml samples were collected and
prepared for analysis as described below.

Preparation of bacterial extracts and quantification of cytoplasmic PG cell wall intermediates.
Bacterial extracts were prepared using filtration-based cell isolation and methanol-based metabolite extrac-
tion procedures, and cell wall intermediates were quantified as described previously (18–20, 41). The
UDP-glucuronic acid internal standard concentration was reduced to 1 �M in this study. Intracellular analyte
concentrations were calculated using a culture-to-cell dry weight (CDW) conversion factor of 250 mg cell (dry
weight) (liter of culture)�1 OD600

�1 (19, 42) and an internal cell volume of 2 �l/mg cell (dry weight) (43).
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