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We have previously shown that the Enterococcus faecalis lsa gene, encoding the putative ABC protein Lsa,
influences resistance to quinupristin-dalfopristin (Q-D) and clindamycin (CLI). We have now found that, while
cloned lsa from E. faecalis strain V583 (lsaV) fully restored resistance to Q-D, CLI, and dalfopristin (DAL) lost
by the OG1 lsa disruption mutant TX5332 and also caused increased MICs for Lactococcus lactis LM2301,
cloned lsa from OG1 (lsaOG) did not cause any increase in MICs for either species. Sequencing of ca. 2 kb of
these two lsa alleles found differences between lsaOG and lsaV in the upstream region as well as in the 5� and
3� halves of the lsa gene. To investigate the reason for the phenotypic differences expressed by the two cloned
loci, 5� half plus 3� half hybrid constructs were created. When introduced into both TX5332 and L. lactis, cloned
lsaV5�OG3� conferred increases in MICs of Q-D, CLI, and DAL similar to those of cloned lsaV while cloned
lsaOG5�V3� showed a moderate increase in MICs relative to those of lsaOG, indicating that both halves of the
locus can influence resistance expression. After site-directed mutagenesis of the cloned lsa alleles at positions
�131 and �133 (relative to the putative Lsa start codon ATG), which converted two A’s of lsaV to the G and
T of lsaOG and vice versa, MIC testing showed that mutagenized lsaOG (lsaOG-M) was strongly influenced by
these changes in terms of conferring increased MICs of Q-D, CLI, and DAL relative to lsaOG while the
phenotype of mutagenized lsaV (lsaV-M) was less influenced, with moderately decreased MICs, primarily to CLI,
relative to lsaV. In conclusion, this study found that changes in different regions of the E. faecalis lsa locus
influence the ability of cloned lsa to confer resistance to Q-D, CLI, and DAL.

Quinupristin-dalfopristin (Q-D) is a mixture of strepto-
gramin B and streptogramin A, respectively, and studies have
shown that the species Enterococcus faecalis has intrinsic resis-
tance to this compound (2, 8, 19, 25). Our previous study of Lsa
(which stands for lincosamide and streptogramin A resistance),
a predicted ABC protein homologue, implicated it as being the
cause of the intrinsic resistance of E. faecalis to clindamycin
(CLI), dalfopristin (DAL), and Q-D (25). Specifically,
TX5332, a mutant of OG1RF (henceforth referred to as OG1)
with a disruption in lsa (formerly abc23) (6) showed a marked
increase in susceptibility to Q-D, CLI, and DAL, and comple-
mentation of TX5332 with an intact lsa gene (lsaV) from the
sequenced E. faecalis strain V583 (17) restored resistance to
Q-D, CLI, and DAL (25). Consistent with this finding, a sub-
sequent study by Dina et al. (7) found that the lsa alleles of two
clinical isolates of E. faecalis susceptible to lincosamides and
dalfopristin contained mutations within lsa that produced pre-
mature termination codons, further supporting the role of lsa
in Q-D resistance.

In the present study, we attempted complementation of the
mutant TX5332 with a recombinant plasmid carrying an intact
lsa allele from wild-type E. faecalis strain OG1 (lsaOG) and
found that this strain’s gene did not restore resistance, unlike
the equivalent fragment from strain V583 in our previous study

(25). We compared the lsa sequences derived from both E.
faecalis V583 and OG1, constructed hybrid fragments by com-
bining different regions of lsa from each strain, generated site-
directed mutagenized DNA fragments of lsa, and then tested
the impact of these cloned elements on the susceptibility of
TX5332 to Q-D, CLI, quinupristin, and DAL. We also tested
these constructs in another gram-positive host, Lactococcus
lactis LM2301 (27), and PCR amplified, sequenced, and stud-
ied lsa and upstream sequences from six Q-D- and CLI-sus-
ceptible E. faecalis isolates of different origins.

MATERIALS AND METHODS

Bacterial strains. The strains and plasmids used in the study are listed in Table
1. These include E. faecalis strains OG1RF (14) (referred to here as OG1) and
V583 (17, 22), L. lactis LM2301 (27), four Q-D- and CLI-susceptible E. faecalis
isolates TX4107 to TX4110 from animal feed (provided courtesy of S. Simjee,
U.S. Food and Drug Administration, Bethesda, Md.), and two Q-D-susceptible
clinical E. faecalis isolates, TX0263 and TX0271, isolated from the Houston area.
Mutant strains of E. faecalis used as controls to determine the effect of kana-
mycin (KAN; used for selection of the OG1 lsa disruption mutant) on MICs of
test compounds include TX5076 (30), TX5243 (18), and TX5248 (18), which
were constructed by using cloned intragenic gene fragments in the suicide vector
pTEX4577 containing aph(3�)-llla (24), the method used for the construction of
the OG1 lsa disruption mutant, TX5332 (6, 25).

MIC studies. MICs were determined by the broth microdilution method (15,
16) or by E-test (PDM Epsilometer test; AB BIODISK North America, Inc.,
Piscataway, N.J.) by using Mueller-Hinton II broth (MHB) or Mueller-Hinton II
agar (MHA) (Becton Dickinson Company, Sparks, Md.) as test media following
the manufacturer’s instruction. KAN, CLI, and chloramphenicol (CHL) were
purchased from Sigma Chemical Co., St. Louis, Mo., and quinupristin, DAL, and
Q-D were provided by Aventis Pharma S.A., Vitry-sur-Seine Cedex, France. For
the lsa disruption mutant TX5332 and for TX5332 derivatives containing the
shuttle vector pWM401 (29), KAN (2,000 �g/ml) and KAN (2,000 �g/ml) plus
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CHL (8 �g/ml), respectively, were added to the MIC test media; for LM2301
derivatives with pWM401, CHL (8 �g/ml) was added to the test media. For
wild-type strains, only test compounds were added to the media.

DNA extraction, PCR, sequencing, and cloning. DNA extraction was done by
using previously published methods (12, 28). PCRs were performed by using the
optimized buffer B kit (Invitrogen, San Diego, Calif.). PCR was generally per-

formed in volumes of 50 �l, with an initial denaturation at 94°C for 2 min
followed by 25 to 30 cycles consisting of 1 min of denaturation at 94°C, 2 min of
annealing at 55°C, 3 min of extension at 72°C, and a 10-min final extension at
72°C. Primers used for amplification and sequencing are listed in Table 2 and
were initially designed by using the V583 genome database (www.tigr.org). PCR
products were analyzed by automated DNA sequencing at the Microbiology and

TABLE 1. Bacterial strains and plasmids used in the study

Strains or plasmid Purpose and relevant characteristic(s) Reference(s)
or source

E. faecalis strain(s)
OG1RF Used for lsa insertional mutagenesis and to amplify lsa for

complementation experiments; Rifr, Fusr
14

V583 TIGR-sequenced strain; used to amplify lsa for complementation
experiments

17, 22

TX4107–TX4110 Q-D- and CLI-susceptible isolates from animal feed This study
TX0263, TX0271 Q-D- and CLI-susceptible clinical isolates This study
TX5076 Antigen gene disruption mutant generated with pTEX4577 containing

aph(3�)-llla; Kanr
30

TX5243 sprE gene disruption mutant [OG1RF sprE::pTEX4577 containing
aph(3�)-llla]; Kanr

18

TX5248 orf1 gene disruption mutant [OG1RF orf1::pTEX4577 containing
aph(3�)-llla]; Kanr

18

TX5332 lsa gene disruption mutant [OG1RF lsa::pTEX4577 containing
aph(3�)-llla]; Kanr

25

TX5332(pTEX5333.04) (contains lsaV); Kanr, Chlr 25
TX5332(pTEX5333.03) (contains lsaOG); Kanr, Chlr This study
TX5332(pTEX5333.08) (contains lsaOG5�V3�); Kanr, Chlr This study
TX5332(pTEX5333.09) (contains lsaV5�OG3�); Kanr, Chlr This study
TX5332(pTEX5333.12) (contains a mutagenized gene, lsaV-M); Kanr,

Chlr
This study

TX5332(pTEX5333.13) (contains a mutagenized gene, lsaOG-M); Kanr,
Chlr

This study

L. lactis strains
LM2301 Used as a gram-positive host for E. faecalis lsa 27

LM2301(pTEX5333.04) (contains lsaV5); Chlr This study
LM2301(pTEX5333.03) (contains lsaOG); Chlr This study
LM2301(pTEX5333.08) (contains lsaOG5�V3�); Chlr This study
LM2301(pTEX5333.09) (contains lsaV5�OG3�); Chlr This study
LM2301(pTEX5333.12) (contains lsaV-M); Chlr This study
LM2301(pTEX5333.13) (contains lsaOG-M); Chlr This study

TX5392 LM2301(pWM401); Chlr This study

Plasmids
pTEX4577 pBluescript SK(�) with aph(3�)-IIIa inserted into the ScaI site; Kanr,

used for insertional mutagenesis
24

pWM401 Shuttle vector; Chlr, Tetr 29
pCR2.1 vector PCR product cloning vector Invitrogen
pTEX5333.03 pWM401::lsaOG, contains a ca. 2-kb lsa fragment from OG1RF, used

for complementation of TX5332 and transformation of L. lactis
LM2301; Chlr

This study

pTEX5333.04 pWM401::lsav, contains a ca. 2-kb lsa fragment from V583, used for
complementation of TX5332 and transformation of L. lactis
LM2301; Chlr

25

pTEX5333.08 pWM401::lsaOG5�V3�, contains a hybrid gene with the 5� half of lsaOG
and 3� half of lsav, used for complementation of TX5332 and
transformation of L. lactis LM2301; Chlr

This study

pTEX5333.09 pWM401::lsaV5�OG3�, contains a hybrid gene with the 5� half of lsaV
and 3� half of lsaOG, used for complementation of TX5332 and
transformation of L. lactis LM2301; Chlr

This study

pTEX5333.12 pWM401::lsaV-M, contains ca. 2-kb lsaV fragment mutagenized in its
upstream region at positions �131 and �133 with A’s replaced
with a G and a T, used for complementation of TX5332 and
transformation of L. lactis LM2301; Chlr

This study

pTEX5333.13 pWM401::lsaOG-M, contains ca. 2-kb lsaOG fragment mutagenized in
its upstream region at positions �131 and �133 with G and T
replaced by A’s, four additional nucleotide changes were found at
�109, �1248 (silent), �1572 (downstream), and �1517
(downstream), used for complementation of TX5332 and
transformation of L. lactis LM2301; Chlr

This study
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Molecular Genetics core facility, University of Texas Medical School, Houston.
Sequence analysis was done by using the BLAST network service of the National
Center for Biotechnology Information, and DNASTAR software (Madison,
Wis.) was used to compare similarities among other sequences. Cloning was done
by using the pCR2.1 vector of the TA cloning kit following the manufacturer’s
instructions or with standard methods (23) into the shuttle vector pWM401 (29).

Generation of OG1 lsa and hybrid lsa fragments. A ca. 2-kb OG1 fragment
consisting of intact lsa (lsaOG) equivalent to the previously published ca. 2-kb
V583 lsa fragment (lsaV) (25) was PCR amplified with primers abc2F and abc2R
from wild-type E. faecalis strain OG1, cloned into the pCR2.1 vector, and des-
ignated pTEX5333.01. The lsaOG fragment was then excised from pTEX5333.01
by digestions with XbaI and BamHI and was recloned into the shuttle vector
pWM401, resulting in pTEX5333.03. The ca. 2-kb V583 lsa fragment (lsaV)
previously cloned into pCR2.1 was designated pTEX5333.02 and, in pWM401,
pTEX5333.04 (Table 1).

Using the single KpnI site located in pCR2.1 and a SmaI site located in
approximately the middle of the lsa gene of both OG1 and V583, we exchanged
the two halves (including the upstream region with the 5� coding half). The
resulting plasmid constructs in pCR2.1 were designated pTEX5333.06, contain-
ing the upstream plus 5� half (nucleotides �309 to �1102 relative to the pre-
dicted start codon) of OG1 lsa plus the 3� half (nucleotides �1103 to �2044) of
lsa of V583 (lsaOG5�V3�), and pTEX5333.07, containing the upstream plus 5� half
(nucleotides �309 to �1102) of V583 lsa plus the 3� half (nucleotides �1103 to
�2044) of lsa of OG1 (lsaV5�OG3�). The cloned fragments were excised from the
pCR2.1 vector by digestion with BamHI and EcoRV and recloned into the
shuttle vector pWM401. The recombinant shuttle plasmids containing hybrid lsa
genes were designated pTEX5333.08 (containing lsaOG5�V3�) and pTEX5333.09
(containing lsaV5�OG3�) (Table 1). In cloning experiments, we noticed many
deletions by restriction enzyme digestions; therefore, all of the cloned lsa deriv-
atives in the shuttle vector were resequenced in both directions before use for
complementation experiments.

Site-directed mutagenesis of lsa. Two nucleotides in the regions immediately
upstream of V583 and of OG1 lsa were targeted for mutagenesis by using the
previously published mega primer method (5). The primers used for mutagenesis
experiments are listed in Table 2. The A’s at positions �131 and �133 (bases
relative to the predicted ATG start codon) in the upstream region of the ca. 2-kb
lsaV fragment were replaced with a G and a T, respectively. Similarly, the same
nucleotide positions were targeted in the ca. 2-kb lsaOG fragment for changing
the G and T at �131 and �133, respectively, to A’s. Mutagenized lsa fragments
were generated by PCR. Both mutagenized lsa fragments were cloned into
pCR2.1 and then into pWM401. The resulting recombinant shuttle plasmids
were designated pTEX5333.12 (lsaV-M) and pTEX5333.13 (lsaOG-M), respec-
tively (Table 1), and their sequences were reconfirmed by sequencing.

Complementation of the OG1 lsa disruption mutant, TX5332, and transfor-
mation of L. lactis LM2301. Electrocompetent cells of TX5332 and LM2301 were
prepared by following the previously published method (9), and the electropo-
ration conditions used were the same as those previously published (10). Recombi-
nant plasmids pTEX5333.03 (lsaOG), pTEX5333.04 (lsaV), pTEX5333.08
(lsaOG5�V3�), pTEX5333.09 (lsaV5�OG3�), pTEX5333.12 (lsaV-M), and pTEX5333.13
(lsaOG-M) were electroporated into competent cells of TX5332 and LM2301. Com-
plemented colonies were recovered on Todd-Hewitt agar (Difco Laboratories,
Sparks, Md.) plus KAN (2,000 �g/ml) plus CHL (8 �g/ml) and Todd-Hewitt agar
plus CHL (8 �g/ml) for TX5332 and LM2301, respectively. The presence of lsa and
the identity of the host were confirmed by pulsed-field gel electrophoresis (PFGE)
(13) and hybridization (14) to an intragenic lsa DNA probe. The resulting comple-
mented colonies in TX5332 and LM2301 were designated as described in Table 1.

Q-D- and CLI-susceptible E. faecalis isolates. For Q-D- and CLI-susceptible
isolates (TX4107 to TX4110, TX0263, and TX0271), PCR-amplified lsa-contain-
ing fragments were sequenced in both directions, and the sequences were aligned
with each other as well as with lsa from OG1 and V583 (The Institute for
Genomic Research [TIGR] genome database [www.tigr.org] and our own re-
sults). The relatedness of the isolates was examined by PFGE (14, 26).

RESULTS

Sequencing of lsaOG and lsaV and use for complementation
of TX5332 and LM2301. Our previously published study
showed that the intact lsaV gene on a ca. 2-kb DNA fragment
cloned into a shuttle vector (pTEX5333.04) was able to fully
restore the MIC decreases seen with TX5332 (Fig. 1A) for
Q-D (from 0.75 to 32 �g/ml), CLI (from 0.12 to 0.5 �g/ml to 32

T
A

B
L

E
2.

Pr
im

er
s

us
ed

in
th

e
st

ud
y

Pr
im

er
Po

si
tio

na
Se

qu
en

ce
(5

�–
3�

)b

ab
c2

F
c

�
30

9,
�

28
8

�
G

G
C

A
A

T
C

G
C

T
T

G
T

G
T

T
T

T
A

G
C

G
ab

c2
R

�
17

35
,�

17
13

�
G

T
G

A
A

T
C

C
C

A
T

G
A

T
G

T
T

G
A

T
A

C
C

ab
c3

F
d

�
10

8,
�

12
9

�
G

A
T

T
G

G
C

C
G

C
A

A
T

G
G

C
C

G
T

G
G

G
ab

c3
R

�
11

23
,�

11
01

�
G

G
T

G
A

G
C

C
A

A
A

G
T

G
G

C
T

T
C

G
C

C
ab

c3
F

2
�

13
49

,�
13

72
�

G
A

T
G

A
A

C
C

C
C

T
T

A
A

T
T

A
C

T
T

G
G

ab
c7

F
�

20
3,

�
18

2
�

G
A

C
G

A
A

A
A

G
A

G
G

G
A

T
T

C
G

T
G

C
G

ab
c7

R
�

11
,�

32
�

C
C

A
T

A
A

A
G

C
A

A
A

A
T

T
G

A
T

G
C

A
G

ab
c2

F
e

�
30

9,
�

28
8

�
G

G
C

A
A

T
C

G
C

T
T

G
T

G
T

T
T

T
A

G
C

G
Is

a
m

ut
�

10
5,

�
85

�
G

A
A

T
T

C
T

T
T

A
A

G
C

T
A

A
T

T
T

C
M

eg
a

pr
im

er
F

(O
G

1)
(d

ou
bl

e
st

ra
nd

ed
)f

�
30

9,
�

85
G

G
C

A
A

T
C

G
C

T
T

G
T

G
T

T
T

T
A

G
C

G
A

A
T

A
A

T
T

T
A

A
A

T
T

T
T

T
A

T
C

A
G

A
A

T
G

A
A

A
G

C
A

A
G

G
G

G
C

C
T

T
C

G
T

T
G

A
C

A
A

A
T

C
A

G
T

G
A

A
G

A
G

A
T

G
C

T
A

A
A

T
T

C
T

A
G

A
T

A
A

T
A

A
A

A
G

A
C

G
A

A
A

A
G

A
G

G
G

A
T

T
C

G
T

G
C

G
T

T
G

A
A

A
A

T
T

T
A

A
G

T
T

A
A

T
T

T
T

T
T

A
G

A
G

A
A

A
C

T
G

T
A

T
A

A
C

T
T

T
G

C
C

T
G

A
T

T
G

T
A

A
C

G
G

G
T

G
G

A
G

T
G

T
G

C
G

G
A

T
T

T
T

C
G

G
A

A
A

T
T

A
G

C
T

T
A

A
A

G
A

A
T

T
C

M
eg

a
pr

im
er

F
(V

58
3)

(d
ou

bl
e

st
ra

nd
ed

)g

�
30

9,
�

85
G

G
C

A
A

T
C

G
C

T
T

G
T

G
T

T
T

T
A

G
C

G
A

A
T

A
A

T
T

T
A

A
A

T
T

T
T

T
A

T
C

A
G

A
A

T
G

A
A

A
G

C
A

A
G

G
G

G
C

C
T

T
C

G
T

T
G

A
C

A
A

A
T

C
A

G
T

G
A

A
G

A
G

A
T

G
C

T
A

A
A

T
T

C
T

A
G

A
T

A
A

T
A

A
A

A
G

A
C

G
A

A
A

A
G

A
G

G
G

A
T

T
C

G
T

G
C

G
T

T
G

A
A

A
A

T
T

T
A

A
G

T
T

A
A

T
T

T
T

T
T

A
G

A
G

A
A

A
C

T
G

T
A

T
A

A
C

T
T

T
G

C
C

T
G

A
A

T
A

T
A

A
C

G
G

G
T

G
G

A
G

T
G

T
G

C
G

G
A

T
T

T
T

C
G

G
A

A
A

T
T

A
G

C
T

T
A

A
A

G
A

A
T

T
C

a
B

as
es

re
la

tiv
e

to
A

T
G

.
b

�
,s

en
se

pr
im

er
;�

,a
nt

is
en

se
pr

im
er

.
c

Pr
im

er
s

ab
c2

F
an

d
ab

c2
R

w
er

e
us

ed
to

am
pl

ify
in

ta
ct

ls
a

on
a

2-
kb

fr
ag

m
en

t.
d

Pr
im

er
s

ab
c3

F
to

ab
c7

R
ar

e
in

tr
ag

en
ic

pr
im

er
s

us
ed

to
co

nfi
rm

th
e

ls
a

se
qu

en
ce

.
e

Pr
im

er
s

ab
c2

F
an

d
ls

a
m

ut
w

er
e

us
ed

fo
r

si
te

-d
ir

ec
te

d
m

ut
ag

en
es

is
(t

o
ge

ne
ra

te
m

eg
a

pr
im

er
).

f
M

eg
a

pr
im

er
F

(O
G

1)
an

d
ab

c2
R

w
er

e
us

ed
to

ge
ne

ra
te

ls
a V

-M
.B

ol
df

ac
ed

T
an

d
G

w
er

e
ta

rg
et

ed
in

si
te

-d
ir

ec
te

d
m

ut
ag

en
es

is
.

g
M

eg
a

pr
im

er
F

(V
58

3)
an

d
ab

c2
R

w
er

e
us

ed
to

ge
ne

ra
te

ls
a O

G
-M

.B
ol

df
ac

ed
A

an
d

A
w

er
e

ta
rg

et
ed

in
si

te
-d

ir
ec

te
d

m
ut

ag
en

es
is

.

34 SINGH AND MURRAY ANTIMICROB. AGENTS CHEMOTHER.



to 48 �g/ml) and DAL (from 16 to 512 �g/ml) (25) (Fig. 1A,
row 2). In the present study, cloned lsaOG on the equivalent ca.
2-kb fragment (pTEX5333.03) did not increase the resistance
of TX5332 to Q-D, CLI, or DAL (Fig. 1A, row 1). We also
determined the effect of lsaOG and lsaV on MICs of Q-D, CLI,
and DAL in another gram-positive host LM2301 (Fig. 1B, rows
1 and 2), and again, no increase in MICs was conferred by
lsaOG versus wild-type LM2301 or LM2301(pWM401) while
lsaV conferred an increase in MICs of Q-D (from 0.75 to 1
�g/ml to 3 �g/ml), CLI (from 0.094 to 0.125 �g/ml to 3 to 4
�g/ml) and of DAL (from 32 to 128 �g/ml), consistent with the
results with the E. faecalis lsa disruption mutant, TX5332.
MICs of quinupristin were the same for LM2301 and LM2301
containing the recombinant plasmids, as was also the case with
TX5332 (data not shown).

In an effort to understand these differences, we determined
the nucleotide sequence of lsaOG and lsaV, which showed that
the ca. 2-kb lsaOG (accession no. AY587982) fragment differed
by 22 nucleotides from the lsaV sequence (Fig. 1, rows 1 and 2,
and 2A). In the upstream region, we found differences at
positions �131 and �133 (relative to the predicted ATG start
codon), a possible strong promoter region for lsaV, where the
A’s present in lsaV were replaced with a G and a T in lsaOG

(Fig. 2A), and at �83 where A in lsaV was replaced with a G
in lsaOG. The peptide sequence of LsaOG also showed 4 amino
acid changes versus LsaV; two of those are in the N-terminal
half (V18 and E95 in OG1 versus A18 and K95 in V583) while
the other two amino acid differences are in the C-terminal half
(P299 and L331 in OG1 versus S299 and I331 in V583) (Fig.
2B).

In an effort to determine the influence of the difference in
these three regions of lsaOG versus lsaV, we first exchanged the
two halves of lsa. The hybrid lsa fragment of pTEX5333.09
(containing lsaV5�OG3�) (Fig. 1A, row 4) fully restored the
MICs of Q-D (from 0.75 to �32 �g/ml), CLI (from 0.125 to 0.5
�g/ml to 32 �g/ml), and DAL (from 16 �g/ml to 256 to �512
�g/ml) to levels equivalent to those of lsaV (Fig. 1, row 2).
Similarly, this plasmid in LM2301 also conferred an increase in
MICs of Q-D similar to the MIC levels of these drugs against
LM2301 containing cloned lsaV (Fig. 1B, row 4), with slightly
less increase for DAL (64 versus 128 �g/ml for lsaV). This
suggests that the presence of A’s at the �131, �133, and �83
positions of lsaV and the two amino acid changes present in the
5� half are sufficient to fully complement the lsa disruption in
TX5332 as well as cause the increased MICs of Q-D and CLI
in LM2301 (Fig. 1, row 4).

FIG. 1. Susceptibility of E. faecalis and L. lactis derivatives to Q-D, DAL, and CLI. Rows 1 to 6 show the lsa gene constructs and nucleotide
differences of lsaOG (ca. 2-kb lsa from OG1RF), lsaV (ca. 2-kb lsa from V583), lsaOG5�V3� (hybrid lsa with 5� half of OG1RF and 3� half of V583),
lsaV5�OG3� (hybrid lsa with 5� half of V583 and 3� half of OG1RF), lsaOG-M (mutagenized lsaOG at positions �131 and �133 where G and T were
replaced with A’s [and four unintended changes were also found]), and lsaV-M (mutagenized lsaV at positions �131 and �133 where A’s were
replaced with G and T, respectively) cloned into pWM401 and their influence on susceptibility of TX5332 (E. faecalis OG1 lsa disruption mutant)
(A) and L. lactis LM2301 (B) to Q-D, DAL, and CLI. n.t., nucleotide.
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TX5332 complemented with a second hybrid fragment
(pTEX5333.08 containing lsaOG5�V3�) showed a moderate in-
crease in MICs of Q-D and CLI (from 0.75 and 0.125 �g/ml,
respectively, to 8 to 12 �g/ml for both drugs) (Fig. 1A, row 3)
and higher MICs of DAL (from 16 to �512 �g/ml). This
indicates that the amino acid changes in the 3� half of lsa can
also contribute to resistance. LM2301 containing cloned
lsaOG5�V3� showed little to modest increases in MICs relative to
lsaOG of Q-D (1 versus 1 to 1.5 �g/ml), DAL (16 versus 32
�g/ml), and CLI (0.09 to 0.12 versus 0.38 �g/ml) (Fig. 1B, row
3), implying that the host background can also influence the
effect of the lsa gene.

To explore the independent contribution of the nucleotide
changes at the �131 and �133 positions (which could generate
a strong promoter in V583) versus the changes in the coding
region, we mutagenized the lsaOG and lsaV fragments with
primers directed toward this region. The lsa nucleotide se-
quences of two mutagenized fragments, pTEX5333.12 contain-
ing lsaV-M, and pTEX5333.13, containing lsaOG-M, were recon-
firmed in both directions. No nucleotide changes were found in
lsaV-M except the ones targeted at nucleotide positions �131
and �133 (Fig. 1, row 6). However, in lsaOG-M (Fig. 1, row 5),
four unintended nucleotide changes were found (one upstream
of lsa at nucleotide position �109, one at �1248 [silent] in the
lsa coding region, and two downstream of the putative stop
codon at positions �1517 and �1572). We did not evaluate the
specific effect of each unintended nucleotide change.

The lsa disruption mutant, TX5332, complemented sepa-
rately with lsaV-M and lsaOG-M, showed full restoration of
MICs of Q-D (from 0.75 to �32 �g/ml) and DAL (from 16 to

�512 �g/ml) (Fig. 1A), similar to MICs of Q-D and DAL for
wild-type E. faecalis OG1 and the lsa disruption mutant com-
plemented with lsaV. Both lsaV-M and lsaOG-M also conferred
an increase in MICs of CLI (from 0.12 to 0.5 �g/ml to 16 to 24
�g/ml); however, this increase was less than that seen with the
cloned lsaV (from 0.12 to 0.5 �g/ml to 32 �g/ml) (Fig. 1A).
These results show that the changes in the coding region, as
well as those in the upstream region, can independently influ-
ence resistance to Q-D, DAL, and/or CLI.

In L. lactis, both lsaOG-M and lsaV-M increased the MICs of
Q-D (from 0.75 to 1 �g/ml to 2 to 3 �g/ml), DAL (from 32
�g/ml to 64 to 128 �g/ml), and CLI (from 0.09 to 0.12 �g/ml to
0.5 to 1.5 �g/ml) (Fig. 1B); the latter are somewhat lower than
those conferred by lsaV or lsaV5�OG3�, consistent with the effect of
these plasmids on CLI MICs when present in TX5332. Prelimi-
nary reverse transcription (RT)-PCR results (unpublished data)
implied much lower expression of lsa in lsaV-M than lsaOG-M,
consistent with the increased levels of drug resistance of lsaOG-M

in L. lactis. However it is also possible that some of the unin-
tended nucleotide changes may influence RNA stability.

Even though MIC comparisons were done to derivatives also
grown in KAN with and without CHL, we also tested other E.
faecalis OG1-derived strains, TX5076 (30), TX5243 (18), and
TX5248 (18), which have genes inactivated with the help of
suicide vector pTEX4577 containing aph(3�)-llla (conferring
KAN resistance), the same vector used in construction of
TX5332 (6, 25). All three mutants showed MICs of Q-D and
CLI on MHA plus KAN (2,000 �g/ml) plates similar to those
determined with wild-type E. faecalis OG1 on MHA, indicating
that the presence of KAN in the test media did not decrease

FIG. 2. Sequence differences among four strains of E. faecalis. (A) Region upstream (from �239 to �1) of lsa (including putative start codon)
derived from E. faecalis strains V583, OG1RF, TX4107 (representative of feed clone), and TX0263 (a human clinical isolate). The nucleotide
differences are highlighted (black with white letters). The nucleotide sequence from �309 to �240 is not shown, as it was identical among all
strains. Predicted (from V583) �35 (a), �10 (b), and ribosomal binding sites (c) of V583 are marked by boxes. (B) Amino acid differences encoded
by the lsa alleles. The amino acids that are shared by all of the strains are not shown. The amino acids present in E. faecalis V583 at each of the
variable sites are shown (B). The position of each variable amino acid within the sequenced fragment is shown in the numbers above the amino
acids, read vertically. The sequence of lsa from TX4107 is identical to that of TX4108, TX4109, and TX4110, and the sequences of TX0263 and
TX0271 are also identical.
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the Q-D and CLI MICs (data not shown) for KAN-resistant
mutants. Similarly, both LM2301(pWM401) in MHB plus
CHL (8 �g/ml) and LM2301 in MHB showed equivalent MICs
of test drugs (Fig. 1B), suggesting that the presence of the
shuttle vector or CHL (8 �g/ml) in test media did not affect the
MICs of all of the drugs tested, except for a slight decrease in
MICs of DAL with pWM401.

Q-D- and CLI-susceptible E. faecalis isolates. To investigate
the Q-D and CLI susceptibility noted among several other E.
faecalis isolates, their lsa sequences were analyzed. Nucleotide
sequences of lsa from a group of animal feed isolates TX4107
(accession no. AY737525) to TX4110 (MICs: Q-D, 0.5 �g/ml;
CLI, 0.38 to 0.5 �g/ml; DAL, 8 �g/ml; quinupristin, 8 to 16
�g/ml) were found to be identical with each other; by PFGE,
TX4107 and TX4108 appeared clearly related (a three-band
difference) while TX4109 and TX4110 are possibly related to
TX4107 and TX4108 (four- to five-band differences). The two
clinical isolates TX0263 (accession no. AY737526) and TX0271
(MICs for both: Q-D, 1 �g/ml; CLI, 2 to 4 �g/ml; DAL, 128 to
256 �g/ml; quinupristin, 8 to 16 �g/ml) had identical nucleotide
sequences with each other; however, they were different (a �7-
band difference) from each other and from the animal feed iso-
late by PFGE. In the lsa allele of the feed isolates (e.g., TX4107)
(Fig. 2A), four and five nucleotide changes were found versus the
upstream sequence of the lsa alleles of V583 and OG1, respec-
tively. Like lsaV, the feed allele has �131A and �133A and, like
lsaOG, �83G; at the other upstream positions, where the feed lsa
allele differs, lsaV and lsaOG are the same (Fig. 2A). In the coding
region of the feed isolates, Lsa differs from LsaV by 7 amino acids
(three in the N-terminal half and four in the C-terminal half) (Fig.
2B); three of these amino acids (at positions 95, 299, and 331) are
also found in LsaOG. There were 23 silent nucleotide changes in
lsaTX4107 versus lsaV.

The lsa sequence of the susceptible human isolate (TX0263),
in comparison to lsaV, had �83G (like lsaOG) and one nucle-
otide difference in the putative ribosomal binding site, fol-
lowed immediately by two additional nucleotides (Fig. 2A). In
the Lsa coding region, there were five amino acid differences
versus LsaV (two in the N-terminal half and three in the C-
terminal half) with K95E (like LsaOG and the feed isolate),
S299P (like LsaOG and the feed isolate), D360G, and N361D
(Fig. 2B). In lsaTX0263, there were 15 silent nucleotide changes
versus lsaV. We did not find any frameshift mutations in lsa of
TX4107 or TX0263, as has been reported previously as the
cause of susceptibility of E. faecalis isolates to lincosamide and
streptogramin A compounds (7). While we note the consistent
changes in all susceptible strains at �83 and residues 95 and
299, these changes have not been further evaluated.

DISCUSSION

We previously identified 34 putative transporter system
components in the E. faecalis V583 sequence at TIGR and
made mutants of 31 of these in strain OG1, some of which
showed increased susceptibility to various compounds includ-
ing novobiocin, pentamidine, daunorubicin, norfloxacin, Q-D,
and CLI (6). One of these mutants, abc23, with reduced sus-
ceptibility to Q-D, DAL, and CLI, was renamed lsa when we
showed, with an E. faecalis OG1 disruption mutant as well as
with complementation, that this gene influenced resistance to

lincosamide (e.g., CLI) and streptogramin A compounds (e.g.,
DAL) (25). We also described the presence of conserved ele-
ments of ABC proteins, including the Walker A and B motifs,
which are involved in the binding and hydrolysis of ATP, as
well as an ABC signature sequence thought to be involved in
energy transduction (11, 25). Lsa does not have any obvious
transmembrane domains (7, 25), and it appears that the pre-
dicted two ATP-binding regions of Lsa represent a fused single
protein, as has been previously described for Msr(A) (21). In
the literature, both Msr(A) and Lsa, along with Vga(B),
Vga(A), Orf5, and MsrC, have been classified into the class 2
type of ABC proteins which have duplicated fused ABC do-
mains and lack identifiable transmembrane domains, and it has
been suggested that these systems may be involved in cellular
processes other than transport (4, 20).

In the present study, we found that, in contrast to cloned lsa
from V583, the cloned lsa allele of OG1 did not increase
resistance to Q-D, CLI, and DAL when introduced into
TX5332 or L. lactis. This is despite the fact that disruption of
lsa eliminated resistance to these antibiotics in OG1. Sequenc-
ing found several differences between the OG1 and V583 lsa
loci, including the N-terminal half of Lsa, where two amino
acid changes were identified, the first of which (V18A) is lo-
cated before the first conserved Walker A motif (amino acid
positions 40 to 48) and the second of which (E95K) is located
between the Walker A and Walker B motifs (amino acid po-
sitions 141 to 144) of the first ABC domain. The C-terminal
Lsa half also contains two amino acid changes (P299S and
L331I), both of which are located in the interdomain se-
quences before the Walker A (amino acid positions 347 to 351)
motif of the second ABC domain. In considering other ABC
homologues, we note that in a study on P-glycoprotein, the
replacement of a small number of residues near the Walker B
motif of nucleotide binding domain 1 by the corresponding
nucleotide binding domain 2 residues caused profound alter-
ations of the drug resistance profile both in mammalian and yeast
cells, showing the importance of amino acids and their positions
for proper functioning of nucleotide binding domain 1 (3). Also,
in another published study (20), the functionality and importance
of the N- and C-terminal domains of Msr(A), both of which are
essential, were demonstrated when independently cloned do-
mains did not function when introduced into S. aureus strain
RN4220 separately and did not complement if expressed from
separate plasmids, suggesting the essential structural or functional
role of the Q-linker region that joins the two ATP-binding do-
mains (1, 20). These observations suggested that the changes we
found may indeed influence the function of Lsa.

While we did not interconvert specific residues, our experi-
ments show that, in the face of what would be a poor �10
region (ATTGTA in OG1), the amino acid sequence encoded
by lsa from OG1 did not cause an increase in MICs to the
agents tested when cloned and inserted into either TX5332 or
L. lactis LM2301. Preliminary RT-PCR results (unpublished
data) also indicate considerably less lsa transcript from an
OG1-like promoter region than a V583-like promoter region.
However, even this predicted a poor �10 region which, to-
gether with the amino acids changes found in LsaV, can sub-
stantially restore resistance (lsaV-M) (Fig. 1, row 6). The higher
MICs with lsaOG5�V3� versus lsaOG indicate that the 3� amino
acids can exert an effect independent of the 5� half of the locus,
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although the effect is less than that when both the 5� and 3�
coding regions of V583 occur together. Conversely, when
present together with the strong promoter-like region found in
V583, the amino acids found in LsaOG restored MICs
(lsaOG-M) (Fig. 1, row 5) almost to the levels of wild-type lsaV,
and the presence of the V583 upstream sequence plus the
V583 5� half were sufficient to fully increase the MIC to those
levels conferred by the entire lsaV locus. A contribution of the
N-terminal amino acid differences, independent of the differ-
ent upstream nucleotides, is suggested by the higher MICs of
lsaV-M (Fig. 1, row 6) versus lsaOG5�V3� (Fig. 1, row 3), which
differ at residues 18 and 95, although these alleles also differ at
the �83 position.

Although the cloned lsa locus from OG1 does not confer
resistance, we know that disruption of lsa in OG1 causes loss of
resistance. Since it appears very unlikely from sequence anal-
ysis that there is a polar effect, this suggests that another
promoter or an upstream cis-acting element is functional in the
natural setting in OG1, causing its resistance to Q-D, CLI, and
DAL. Additional sequence analysis of lsa and preliminary
mRNA and RT-PCR experiments also indicate that there is
another potential promoter further upstream of lsa, which may
drive expression of the native gene. Future studies, including
mapping of the transcriptional start site(s), will assess these
potential promoter regions and transcriptional differences in
the wild-type strains versus recombinant genes.

We also analyzed other isolates of Q-D-susceptible E. fae-
calis. In a study by Dina et al. (7), it has been found previously
with Q-D- and CLI-susceptible E. faecalis that frameshift mu-
tations in lsa resulting in a premature termination codon were
the cause of susceptibility in these isolates. In the present study
of six Q-D- and CLI-susceptible E. faecalis isolates, among
which we found two clonal types, we did not detect frameshift
mutations or premature termination codons in our isolates.
However, in addition to unique changes not shared with LsaOG

or each other, there were common amino acids (95E and 299P)
found among LsaOG and the representative types, LsaTX4107

and LsaTX0263, which were different than that of LsaV and,
additionally, 331L shared by LsaOG and LsaTX4107. These two
lsa loci also share the �83G with lsaOG, a position we did not
study here. Whether these or other changes contribute to the
lowered MICs for Q-D and CLI resistance in these isolates is
also an area of further interest.

In conclusion, we demonstrated that changes in different
regions of lsa (the upstream region of lsa which can create a
strong promoter, the rest of the lsa 5� half, and the lsa 3� half)
can influence the MICs for Q-D, CLI, and DAL. We have also
shown that lsa is functional in the L. lactis LM2301 strain
where changes in all three regions influenced the MICs of
Q-D, CLI, and DAL to various degrees. Further studies of
mRNA expression, start site mapping of lsaOG and lsaV, and
efflux experiments to determine whether active transport oc-
curs versus ribosomal protection, as suggested may occur with
class 2 ABC systems (20), should help clarify the mechanisms
by which these phenotypic differences occur.
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