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Genetic Basis for Activity 

Differences Between 


Vancomycin and Glycolipid 

Derivatives of Vancomycin 

Ulrike S. ~ggert,' Natividad ~ u i z , ~  Brian V. Falcone,' 

Arthur A. ~ranstrom,~ Thomas J. ~ilhavy,'Robert C. G~ldman,~  
Daniel Kahnel* 

Small molecules that affect specific protein functions can be valuable tools for 
dissecting complex cellular processes. Peptidoglycan synthesis and degradation 
is a process in bacteria that involves multiple enzymes under strict temporal 
and spatial regulation. We used a set of small molecules that inhibit the 
transglycosylation step of peptidoglycan synthesis to discover genes that help 
to regulate this process. We identified a gene responsible for the susceptibility 
of Escherichia coli cells to killing by glycolipid derivatives of vancomycin, thus 
establishing a genetic basis for activity differences between these compounds 
and vancomycin. 

Vancomycin (Fig. 1A) is the drug of last 
resort for treating resistant Gram-positive 
bacterial infections, and the emergence of 
vancomycin resistance presents a serious 
threat to public health. Vancomycin inhibits 
the maturation of the peptidoglycan layer sur- 
rounding bacterial cells by binding to D-Ala- 
D-Ala, a dipeptide found in peptidoglycan 
precursors (Fig. 1B) ( I ) .  Resistance to van- 
comycin arises when microorganisms acquire 
genes that lead to the substitution of D-Ala- 
D-Ala by D-Ala-D-Lac (4,which vancomy- 
cin does not bind. Remarkably, vancomycin 
derivatives with a hydrophobic substituent on 
the carbohydrate moiety are active against 
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vancomycin-resistant strains (3) even though 
they contain the same peptide binding pocket 
as vancomycin. The mechanism of action of 
these derivatives may be fundamentally dif- 
ferent from that of vancomycin (4). Unlike 
vancomycin, they retain activity against both 
vancomycin-sensitive and vancomycin-resis- 
tant strains even when the peptide binding 
pocket is damaged (5). In vitro, they block a 
different step of peptidoglycan synthesis than 
does vancomycin (5). In addition, they kill 
bacteria very rapidly, whereas vancomycin 
only stops growth (6 ) .  

Because vancomycin and its derivatives 
affect cells differently (i.e., produce different 
phenotypes), it might be possible, using a 
chemical genetics approach, to identify genes 
involved in the cellular response to these 
compounds. The synthesis of peptidoglycan 
from its disaccharide precursor involves nu- 
merous enzymes with overlapping functions 
that are subject to tight temporal and spatial 
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regulation (7). Most of the major enzymes in 
peptidoglycan synthesis-the transglycosy-
lases and transpeptidases-have been identi- 
fied, but how these enzymes are regulated 
remains poorly understood. In developing an 
experimental approach to probe the cellular 
response to glycolipid derivatives of vanco- 
mycin, we focused on the following facts: 
Vancomycin blocks the transpeptidation step 
of peptidoglycan synthesis and kills cells 
slowly; glycolipid derivatives of vancomycin 
block the transglycosylation step of pepti- 
doglycan synthesis (Fig. 1B) and provoke a 
rapid lethal response in cells (Fig. 1C). 
Moenomycin, another transglycosylase in- 
hibitor, also induces a rapid lethal response in 
cells (8).Thus, inhibiting the transglycosyla- 
tion step of peptidoglycan synthesis may ac- 
tivate a pathway that triggers rapid cell death. 
If so, it should be possible to identify com- 
ponents of this pathway by selecting for mu- 
tants that are resistant to small molecules that 
inhibit transglycosylation. 

We initiated a search for mutants resis- 
tant to three different transglycosylase in- 
hibitors: chlorobiphenyl vancomycin, des- 
leucyl chlorobiphenyl vancomycin, and 
moenomycin (Fig. 1A). Moenomycin binds 
directly to key bacterial transglycosylases 
(9). Chlorobiphenyl vancomycin inhibits 
transglycosylation by binding to the D-Ala- 
D-Ala terminus of the peptidoglycan pre- 
cursor lipid I1 and also by binding to com- 
ponents of the transglycosylation complex 
(5). Desleucyl chlorobiphenyl vancomycin 
cannot bind D-Ala-D-Ala and is proposed to 
inhibit transglycosylation primarily by the 
latter mechanism (5). 

Mutants resistant to transglycosylase in- 
hibitors were obtained by growing E. coli 
imp (10) on plates impregnated with chlo- 
robiphenyl vancomycin, desleucyl chloro- 
biphenyl vancomycin, or moenomycin. 
Three mutants were isolated that were re- 
sistant to each of these antibiotics (BE101, 
BE102, and BE103; Table 1). The muta- 
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tions do not cause a significant change in the resistant strains by a factor of 27 to 100, not show any resistance to vancomycin. 
growth rates (11). Nevertheless, each mu- whereas chlorobiphenyl vancomycin was less The mutants remained as sensitive as the 
tant was resistant not only to the transgly- active by a factor of about 10. The mutants parent strain BElOO to antibiotics that inhibit 
cosylase inhibitor it was raised on, but also were also resistant to the glycopeptide anti- peptidoglycan synthesis but do not block 
to both of the other two antibiotics. For biotic teicoplanin (Table I), another inhibitor transglycosylation, such as the transpeptidase 
example, relative to the wild-type strain, of the transglycosylation step of peptidogly- inhibitors ampicillin, penicillin, or cefoxitin 
moenomycin was less active in all three of can synthesis (12). However, the mutants did (p-lactams) (Table 1); they also remained 
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the transglycosylation step; vancomycin and P-lac- 

tams inhibit the transpeptidation ste . (C and D) 
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strain BElOl (D) in the presence of antibiotics at g

their MICs. A standard microdilution assay was per- 

formed in LB. Samples were removed and serial 
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15, 30, 60, 120, and 240 rnin of exposure to each 

antibiotic. Drug concentrations were 0.8 pg/rnl and 1.6 pg/ml for vancomycin (+) and 0.3 pg/rnl and 3.2 pglml for chlorobiphenyl vancomycin (0) 

for BE100 and BElOl, respectively. (E) Genetic map of the hiss operon. The mutant strains BElOl, BEIOZ, and BE103 were obtained from parent strain 

BE100 by plating onto LB agar containing 5 times the MIC for a given antibiotic. Individual colonies were purified. Genetic mapping and DNA sequence 

analysis revealed insertion mutations inyfgM andyfgL. The insertions are IS7E elements Located at base 342 inyfgM (.BElOl) and at bases 171 (BEIO2) 

and 1024 (BE103) in yfgL (where +1 refers to the A of their predicted ATG start codons). Arrows indicate direction of transcription. 
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sensitive to compounds that inhibit cytoplas- 
mic steps of peptidoglycan synthesis, such as 
fosfomycin and cycloserine. The mutants 
were also sensitive to antibiotics that target 
other essential cellular functions, including 
erythromycin (a macrolide) and kanamycin 
or gentamicin (aminoglycosides). The mu-
tants showed increased minimum inhibitory 
concentrations (MICs) for molecules that 
block the transglycosylation step of pepti- 
doglycan synthesis, but not for antibiotics 
with other modes of action; this finding rules 
out nonspecific mechanisms of resistance, 
such as altered membrane permeability. A 
plausible interpretation of the results is that 
inhibition of transglycosylation in sensitive 
cells activates a common pathway that leads 
to rapid cell death. This pathway may be 
blocked in the mutants. If so, one would 
predict that the mutants should resist rapid 
cell death upon treatment with transglycosy- 
lase inhibitors, even at the increased MICs. 

To test this prediction, we measured the 
survival rates of resistant and sensitive bac- 
teria when exposed to vancomycin and the 
three transglycosylase inhibitors. Vancomy- 
cin at its MIC prevented growth of all the 
strains but did not kill them (Fig. 1, C and D). 
Chlorobiphenyl vancomycin, in contrast, 
caused the number of colony-forming units 
(CFUs) of the wild-type strain to decrease by 
four orders of magnitude in 2 hours (Fig. 1C). 
However, it did not significantly reduce the 
CFUs of the mutant strain in 2 hours even at 
a concentration 10 times that used against the 
wild-type strain (Fig. ID). The other trans- 
glycosylase inhibitors also showed a signifi- 
cant decrease in their ability to kill mutant 
strains. The bacteriostatic activity of the 
transglycosylase inhibitors against the mutant 
strains is consistent with the inactivation of 
one or more genes that would otherwise ac- 
tivate a bactericidal response. A prediction 
that follows from this is that the mutation that 
causes resistance should be a recessive null 
mutation. 

Our next goal was to identify the mutat- 

ed gene(s) that lead to resistance. Using 
standard genetic methods, we mapped the 
mutations in all three strains to minute 56.8 
in the E. coli genome (13). Sequencing of 
this region showed that ISIE elements (14) 
had inserted into either yfgL or yfgM in the 
hiss operon in all three mutants (Fig. 1E). 
To verify that the mutations in yfgL or yfgM 
were responsible for the resistant pheno- 
type, we carried out complementation ex-
periments. The chromosomal region encod- 
ing the wild-type hiss, yfgM, and yfgL 
genes (with their promoter region) was in- 
serted into a plasmid and introduced into 
both the wild-type and mutant strains (15). 
The mutant strains carrying the wild-type 
genes in trans regained sensitivity to trans- 
glycosylase inhibitors (as judged by MIC) 
and showed a bactericidal response similar 
to that of the wild-type strain. The wild- 
type strains carrying either the mutant or 
the wild-type genes in trans retained the 
wild-type phenotype. Thus, the loss of a 
functioning copy of yfgM or yfgL (or both) 
in the mutant strains leads to the resistant 
phenotype. 

These results clearly implicate the yfgL 
gene product in the bactericidal response to 
compounds that inhibit transglycosylation. 
However, because an IS insertion in yfgM 
prevents expression of yfgL by polarity, the 
role of yfgM remained ambiguous. To deter- 
mine whether yfgM plays any role in cell 
death upon transglycosylase inhibition, we 
cloned yfgL and yfgM separately into an in- 
ducible vector and introduced it into the mu- 
tant strains. The mutants became sensitive to 
transglycosylase inhibitors only if yfgL pro-
duction was induced. In the absence of induc- 
er, or when yfgM alone was expressed, the 
mutant strains remained resistant. Thus, the 
bactericidal effects of transglycosylase inhi- 
bition require a functional yfgL gene. 

Sequence analysis of the gene products 
suggests that YfgL is a lipoprotein located on 
the inner surface of the outer membrane of 
the bacterial cell (16). We do not yet know 

Table 1. Minimum inhibitory concentrations for wild-type and mutant strains. MlCs were determined 
against strains grown in LB medium in a standard microdilution format. The MIC is defined as the lowest 
antibiotic concentration that resulted in no visible growth after incubation at 3S°C for 22 hours. For 
desleucyl chlorobiphenyl vancomycin, higher numbers could not be obtained because of low solubility. 
Mutant BElOl was raised on chlorobiphenyl vancomycin, BE102 on desleucyl chlorobiphenyl vancomycin, 

the mechanism by which YfgL causes cell 
death in the presence of transglycosylase in- 
hibitors, but one possibility is that it affects 
the regulation of lytic transglycosylases (au- 
tolysins) (17). These enzymes break pepti- 
doglycan bonds to permit the incorporation of 
new peptidoglycan during growth and cell 
division (7). Some lytic transglycosylases are 
located on the inner surface of the outer 
membrane and could cause rapid cell death if 
they are inappropriately activated (18). We 
have found that bacterial strains that do not 
produce the wild-type yfgL gene product 
make considerably more peptidoglycan than 
do the parent strains (19),consistent with the 
hypothesis that the normal function of YfgL 
is to up-regulate lytic transglycosylases. 

Homologs of yfgL can be identified in 
many Gram-negative organisms, but not in 
Gram-positive bacterial species. This may 
not be surprising because the latter do not 
have an outer membrane. Nevertheless, en- 
terococcal strains, which are Gram-positive, 
behave similarly to permeable E. coli in that 
they die very rapidly upon exposure to gly- 
colipid derivatives of vancomycin (6). The 
bactericidal behavior suggests that an analo- 
gous signaling pathway exists in enterococcal 
strains, even though homologous proteins 
have not been identified. Thus, transglycosy- 
lases are particularly good targets for the 
design of new antibiotics because they are 
extracytoplasmic and because inhibiting them 
provokes a bactericidal response. 

The discovery that yfgL confers resistance 
to glycolipid derivatives of vancomycin, but 
not to vancomycin itself, establishes a genetic 
basis for the activity differences between 
these compounds. We could not have discov- 
ered yfgL easily using traditional genetics 
alone because cells can survive without it. 
The yfgL gene gives rise to a discernable 
phenotype only in the presence of small mol- 
ecules that perturb the transglycosylation step 
of peptidoglycan synthesis. We presume that 
YfgL is involved in regulating peptidoglycan 
synthesis at some level. Small molecules 
have been used previously to identify regula- 
tory networks (20). The classic example in- 
volves the use of cyclosporin to elucidate the 
cyclophilinicalcineurin network in mammali- 
an cells (21, 22). Microbial regulatory net- 
works are simpler to study using a chemical 
genetics approach because it is easier to se- 
lect for mutants and straightforward to ana- 
lyze them genetically. Small-molecule probes 
of various kinds should be useful for identi- 
fying other "nonessential" genes that regulate 
essential enzymes in bacteria. In the mean- 
time, understanding how yfgL and its putative 
counterparts in other organisms trigger cell 
death upon exposure to transglycosylase in- 
hibitors may lead to a better understanding of 
the regulatory networks involved in bacterial 
cell growth and division. 

and BE103 on moenomycin. 

Antibiotic 

Vancomycin 
Chlorobiphenyl vancomycin 
Desleucyl chlorobiphenyl vancomycin 
Moenomycin 
Teicoplanin 
Penicillin C 

Wild type Mutant Mutant Mutant 
(BE100) BE101 BE102 BE103 

0.8 1.6 1.6 1.6 
0.2 	 3.2 1.6 3.2 
25 >I25 >I25 >I25 

0.03 1.6 0.8 3.2 
0.25 16 3 4 
3.2 3.2 1.6 3.2 
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Young Loggerhead sea turtles (Caretta caretta) from eastern Florida undertake 
a transoceanic migration in which they gradually circle the north Atlantic Ocean 
before returning to the North American coast. Here we report that hatchling 
loggerheads, when exposed to magnetic fields replicating those found in three 
widely separated oceanic regions, responded by swimming in directions that 
would, in each case, help keep turtles within the currents of the North Atlantic 
gyre and facilitate movement along the migratory pathway. These results imply 
that young loggerheads have a guidance system in which regional magnetic 
fields function as navigational markers and elicit changes in swimming direction 
at crucial geographic boundaries. 

Hatchling loggerhead sea turtles (Caretta 
caretta) from eastern Florida begin a long- 
distance migration immediately after entering 
the sea ( I ) .  Turtles swim from the Florida 
coast to the North Atlantic gyre, the circular 
current system surrounding the Sargasso Sea, 
and remain within the gyre for a period of 
years (2-4). During this time, they gradually 
migrate around the Atlantic before returning 
to the North American coast (5, 6) .  

For young loggerheads, conditions within 
the North Atlantic gyre are favorable for 
survival and growth, but straying beyond the 
latitudinal extremes of the gyre is often fatal 
(2, 3). As the northern edge of the gyre 
approaches Portugal, the east-flowing current 
divides. The northern branch continues past 
Great Britain and the water temperature de- 
creases rapidly. Loggerheads swept north in 
this current soon die from the cold (2-4). 
Similarlv, turtles that venture south of the 
gyre risk being swept into the South Atlantic 

~~~~~~~~tof ~ i ~university of ~~~h l ~ ~ , carolina, 
Chapel Hill, NC 27599, USA, 

*To whom correspondence should be addressed. E-
mail: klohmann@email.unc.edu 

current system and carried far from their 
normal range. An ability to recognize the 
latitudinal extremes of the gyre, and to re- 
spond by orienting in an appropriate direc- 
tion, might therefore have adaptive value. 

Previous experiments have shown that 
hatchling loggerheads can detect magnetic 
inclination angle ( 7 )  and field intensity (8), 
two geomagnetic features that vary across 
Earth's surface and could, in principle, pro- 
vide positional information to a migrating 
turtle (9, 10). In these initial experiments, one 
of the two parameters was held constant 
while the other was varied. This approach 
was necessary to demonstrate that turtles can 
detect each field element. In nature, however, 
these field elements vary together across 
Earth's surface. Most pairings of inclination 
and intensity used in previous studies resulted 
in fields with combinations of parameters that 
do not naturally occur in the North Atlantic 
( 7 ) .  

To determine whether hatchlings can dis- 
tinguish among the magnetic fields actually 
found in different oceanic regions, we sub- 
jetted hatchling loggerheads to fields repli- 
cating those found in three widely separated 
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